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The research results described in the following summaries were 
submitted by the investigators on October 15, 1988 and cover the 
period from May 1, 1988 through October 1, 1988. These reports 
include both work performed under contracts administered by the 
Geological Survey and work by members of the Geological Survey. 
The report summaries are grouped into the five major elements of 
the National Earthquake Hazards Reduction Program.
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Southern California Seismic Arrays 

Cooperative Agreement No. 14-08-0001-A0257

Clarence R. Alien and Robert W. Clay ton
Seismological Laboratory, California Institute of Technology

Pasadena, California 91125 (818-356-6912)

Investigations

This semi-annual Technical Report Summary covers the six-month period from 1 
April 1988 through 30 September 1988. The Cooperative Agreement's purpose is the 
partial support of the joint USGS-Caltech Southern California Seismographic Network, 
which is also supported by other groups, as well as by direct USGS funding to its own 
employees at Caltech. According to the Agreement, the primary visible product will be 
a joint Caltech-USGS catalog of earthquakes in the southern California region; quarterly 
epicenter maps and preliminary catalogs have been submitted as due during the Agreement 
period. Approximately 250 copies of the monthly epicenter list are distributed each month 
to interested parties.

Results

Figure 1 shows the southern California seismicity for the reporting period. The largest 
event and also probably the most unusual was the ML 5.4 shock near Tejon Ranch on June 
10. This event was located 5 km north of the Garlock fault and 20 km east of its intersection 
with the San Andreas fault. The focal mechanism and aftershock locations (Figure 2) show 
that this earthquake occurred on a fault stiking N82°E, dipping about 70°to the north. 
The movement on the fault was oblique reverse and left-lateral strike slip. The strike of 
the preferred focal plane is parallel to the Garlock fault; however, there are also a number 
of small reverse faults with the appropriate strike and dip in the Tehachapi mountains 
just north of the Garlock fault. Another ML 5.4 shock occurred on August 31 in northern 
Baja California. Since this event was well outside of the the recording network, details are 
unavailable.

The second largest event within the network occurred on June 26 and was centered in 
the Upland area just south of the frontal fault system of the San Gabriel mountains. This 
event was accompanied by an unusually intense aftershock sequence; over 50 aftershocks 
were recorded, including an ML 3.8 on July 3.

An interesting feature of the recent seismicity is the activity in southern Owens Valley. 
An ML 4.0 events occurred there on July 5 and a number of ML greater than 3.0 events 
occurred in the months of July and August. A search of the historical catalog shows that 
no other earthquakes above ML 4.0 have occurred near the Owens Valley or Sierra Nevada 
faults between Haiwee Reservoir and Bishop since 1955. Before that, however, there were
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several. Our network coverage in Owens Valley is currently limited to two photographically 
recorded stations (TIN and CWC). At present, we plan to telemeter these two and also 
relocate a few stations from the Coso area into the Sierra Nevada and Inyo Mountains to 
improve the coverage.

The total numbers of earthquakes for the reporting period can be summarized as 
follows:

Total number of events: 4833
Number of events of magnitude 3.0 and greater: 108
Number of events of magnitude 4.0 and greater: 7
Magnitude 5.0 and greater events: 2
Number of events reported felt: 42

Beginning in September 1988, the new "generic CUSP" software now runs on the on 
line Micro VAX system, which replaced one of our aging PDP 11/34's. "Generic CUSP" 
is a joint effort between Caltech and the USGS at Menlo Park and the Hawaiian Volcano 
Observatory to consolidate the many versions of the CUSP earthquake processing system 
running at the various sites. The on-line part is primarily due to Robert Dollar in Menlo 
Park. As September 1988 closed, a large chunk of the off-line CUSP code that runs on 
the VAX 750 was also being converted to "generic", with the help of Peter Johnson from 
Menlo Park. With luck, we will be using this code in full-scale routine processing by 
mid-October.
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Figure 1.  Southern California seismicity, 1 April 1988 
to 30 September 1988.
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Regional Seismic Monitoring Along The Wasatch Front Urban 
Corridor And Adjacent Intel-mountain Seismic Belt

14-08-0001-A0265

W. J. Arabasz, R.B. Smith, J.C. Pechmann, and S. J. Nava 
Department of Geology and Geophysics

University of Utah
Salt Lake City, Utah 84112

(801) 581-6274

Investigations

This cooperative agreement supports "network operations" associated with the University 
of Utah's 85-station regional seismic telemetry network. USGS support focuses on the seismi- 
cally hazardous Wasatch Front urban corridor of north-central Utah but also encompasses 
neighboring areas of the Intermountain seismic belt. Primary products for this USGS support 
are quarterly earthquake catalogs and a semi-annual data submission, in magnetic-tape form, to 
the USGS Data Archive.

During the report period, significant efforts were made in: (1) ongoing in-situ calibration 
on remote telemetry stations (2) long-term planning for upgrading of network instrumentation 
and computing facilities, and (3) installation and operation of nine temporary seismograph sta 
tions (including four telemetered stations) in and around the source zone of an M,5.3 earth 
quake in central Utah.

Results

Network Seismicity: 1 April - 30 September, 1988

Figure 1 shows the epicenters of 346 earthquakes (M,<5.3) located in part of the Univer 
sity of Utah study area designated the "Utah region" Gat. 36.75°-42.5°N, long. 108.75°- 
114.25°W) during the six-month period 1 April to 30 September, 1988. The seismicity sample 
includes thirteen shocks of magnitude 3.0 or greater and eight felt earthquakes.

The largest earthquake during the six-month report period was a shock of ML5.3 (m, 5.5, 
USGS) on 14 August (20:03 GMT), on the NW flank of the San Rafael swell and 55 kilome 
ters south of Price, Utah. Data in hand suggest buried slip at about 8 to 15 km depth on a 
NNE-trending fault in Precambrian basement, beneath 3 km of Mesozoic-Paleozoic cover 
rocks, on the flank of a broad Laramide anticlinal structure within the Colorado Plateau. The 
14 August earthquake was felt strongly throughout central Utah (MMI V - VI) and was 
reported felt western Colorado and as far away as Rock Springs, Wyoming, Golden, Colorado, 
and Alburquerque, New Mexico (USGS, PDE No. 33-88). The main shock was proceeded by 
several foreshocks, and a cluster of 7 preshocks (ML < 2.5) occurred in the epicentral area in 
January 1988. Foreshocks on 14 August at 18:58 GMT (ML2.9) and at 19:07 GMT (ML3.8) 
were felt locally. The largest aftershock of the sequence occurred on 18 August at 12:44 GMT
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UTAH EARTHQUAKES 
April 1 - September 30, 1988
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(ML4.4; mb4.6, USGS) and was felt in several nearby small towns. Through 30 September, 
152 earthquakes have been located in the San Rafael swell sequence. A corresponding 
magnitude-time plot (Figure 2) illustrates a normal foreshock-main shock-aftershock sequence 
with 24 events of ML 2.0 and greater.

Earthquakes greater than magnitude 3.0, that occurred from 1 April - 30 September 1988 
are identified in Figure 1. Felt earthquakes in Utah during the report period include: an M, 2.7 
event on 13 June, 8 km E of Richfield; an M,3.l earthquake on 11 July, near Fayette; an 
ML1.6 shock on 24 August, located and felt in NE Salt Lake City; and an M,2.4 event on 24 
September, located and felt in West Valley City.

Reports and Publications

Brown, E.D., Utah earthquake activity July through September 1987, and October through 
December 1987, Wasatch Front Forum, v. 4, no. 1-2, p. 27-28, 1987.

Brown, E.D., Utah earthquake activity, October through December, 1987, Survey Notes (Utah 
Geological and Mineral Survey), v. 21, no. 4, p. 6, 1987.

[For other reports and publications and for additional details of the Mj5.3 San Rafael swell, 
Utah, earthquake sequence, see technical summary for companion research award R.B. Smith, 
W.J. Arabasz, J.C. Pechmann, University of Utah, this volume.]
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Stream Responses to Uplift, Northern Canterbury, New Zealand

William B. Bull
  Geosciences Department

University of Arizona
Tucson, AZ 85721

(602) 621-6024

Objectives: I intend to identify active faults and folds, and estimate uplift rates, by 
examining responses of streams to uplift. New Zealand streams near the Hope fault have 
responded rapidly to late Quaternary uplift and climatic changes, and thus are ideal for 
the development of new concepts. Piedmont reaches of some of these powerful streams 
cut broad straths in bedrock at about 30,000 years ago, and at the present. Confirmation 
of the 30,000 years age estimate, and measuring amounts of stream-channel downcutting 
since then, will (1) identify active faults and folds and (2) provide the data for a regional 
map of late Quaternary uplift rates. This map will be used to separate local from 
regional uplift and to describe subareas with different tectonic styles that have resulted 
from the oblique convergence of the Pacific and Australian plates. Stream-gradient 
indices describe variations in channel slope and will be used to further examine amounts 
of recent faulting and to study rates of upstream migration of rapids and waterfalls 
caused by faulting in streams with different amounts of power.

Topographic Map Analyses: The initial work has centered about the characteristics of 
stream channels that head in the Seaward Kaikoura Range and flow across the highly 
active Hope fault. Major climatic changes and rapid uplift along the Hope fault have 
affected each basin draining the south side of the Seaward Kaikoura Range in a different 
manner. Semiarid, frigid latest Pleistocene full-glacial climates (Soons, 1979) probably 
were responsible for intense periglacial processes and greatly increased sediment yields 
from fractured greywacke hillslopes. Backfilling of valleys with 10 to > 40 m of stream 
gravels created extensive aggradation surfaces at about 15,000 ± 3000 years ago in the 
piedmont reaches downstream from the Hope fault. With the return of humid, mesic 
climates in the Holocene (McGlone and Bathgate, 1983), sediment yields seem to have 
decreased markedly as dense forests again mantled the lower hillslopes. Dating of 
stream terraces by radiocarbon-calibrated weathering rind measurements on greywacke 
cobbles (Knuepfer, 1984) indicates that the Char well River began to degrade the 
aggradation gravels at rates of <; 4 m/1000 yr. Then rates accelerated to about 
30 m/1000 yr before declining to about 1.3 m/1000 yr during the past 4000 years. Valley- 
floor degradation locally was >80 m.

Each stream had a different response time to the late Quaternary climatic changes, and 
to continuing pulses of uplift along the Hope fault. The piedmont reach of the Charwell 
River was downcutting into bedrock again by about 9000 years ago, but the valley of 
Cribb Creek is still floored with a broad expanse of gravel whose surface is only a few 
meters below the aggradation surface. Piedmont reaches of some streams are presently 
cutting broad straths indicative of attainment of equilibrium longitudinal profiles despite 
having been overwhelmed by climatically induced sediment-yield increases during times 
of full-glacial climate, and maintaining a long-term degradation rate equal to the 
average uplift rate.

Stream-profile analyses (Hack, 1982) provide considerable insight regarding responses to 
uplift upstream from the Hope fault. The longitudinal profiles of streams in bedrock are 
much steeper and generally much more concave in the rapidly rising mountain reaches
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than in the slowly rising piedmont reaches or gravel-floored mountain reaches. Straight 
plots of semi-logarithmic profiles for many streams indicate a systematic adjustment 
between downstream increases in stream discharge, uplift, changing climate, and spatial 
variations in lithologic resistance.

Analysis of variations of stream-gradient index (Hack, 1973) are valuable for defining the 
magnitudes and locations of nickpoints and nickzones resulting from uplift along the 
Hope fault, and for identification of reaches that are underlain by more resistant rocks. 
Bedrock nickpoints generally have migrated farther upstream from the Hope fault in 
large than in small streams   8600 m up the.,48 km Conway River, 600 m up the 30 km 
Charwell River, and <100 m up the 10 km Right Branch (Bull and Knuepfer, 1987). 
Episodic vertical movements along the Hope fault continued during times of valley-floor 
aggradation, but stream flows were able to eradicate only the surficial fault scarps in 
loose fluvial gravel. Sub-alluvial bedrock fault scarps became progressively higher during 
aggradation and during the initial stages of degradation of the valley fill. Holocene 
degradation eventually exposed the bedrock scarps for some streams. Climatic controls 
that affected stream power and sediment load were important in determining the time of 
exposure of the bedrock scarp and the upstream rate of migration of the nickpoint.

The highly active environment of streams in the Seaward Kaikoura Range is not 
conducive for uniform values of stream gradient index, such as John Hack (1982) noted 
for some streams of the Appalachian Mountains region in the eastern United States. 
Kahutara Creek is a typical example of one set of process interactions for the Seaward

1000 Kahutara Creek 
B I

1500

  1000
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-500

5000 10000

Distance, m
15000

Figure 1. Longitudinal profile and stream-gradient index (distance from headwaters 
divide times slope) for Kahutara Creek, Seaward Kaikoura Range, New Zealand. Reach 
A is characterized by an orderly increase in SL index values. Reach B is dominated by 
tectonically induced steepening of the stream gradient resulting from cumulative 
vertical displacements along the Hope fault. Reach C is a broad valley floor underlain by 
stream gravels that may be a product of late Quaternary climatic changes.
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Kaikoura Range. Stream gradient indices increase progressively for the first 6 km down 
stream from the headwaters divide. The limiting trend line indicates that a systematic 
adjustment between streamflow variables has occurred; the peaks above the trend line 
are the result of reaches underlain by more resistant rock and/or are nickpoints and 
nickzones that have migrated upstream from the Hope fault. Reach C has values of 
stream gradient index that are less than the trend line values, because this reach is 
characterized by a broader stream flowing on valley-fill gravels. Reach B is anomalously 
steep, and is believed to reflect the influence of many vertical displacements along the 
Hope fault. Such displacements have migrated upstream as nickpoints, but the upstream 
migration has been slowed by the presumed greater resistance to bedrock erosion of 
reach B. In this way, the cumulative effects of many fault displacements are recorded in 
the longitudinal profile of an actively downcutting stream.
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Regional Seismic Monitoring in Western Washington

14-08-0001-A0266

R.S. Crosson and S.D. Malone
Geophysics Program

University of Washington
Seattle, WA 98195

(206) 543-8020

Investigations

Operation of the western Washington regional seismograph network and routine preliminary 
analysis of earthquakes in western Washington are carried out under this contract. Quarterly cata 
logs of seismic activity in Washington and Northern Oregon are available for 1984 through 1987. 
Final catalogs are available though 1986. These catalogs were funded jointly by this contract and 
others. The University of Washington operates approximately 80 stations west of 120.5°W. 
Twenty eight are funded under this contract.

Data are provided for USGS contract 14-08-0001-G1390 and other research programs. 
Efforts under this contract are closely related to and overlap objectives under contract G1390, also 
summarized in this volume. Publications are listed in the G1390 summary. This summary covers 
a six month period from April 1, 1988 through September 30, 1988.

We have updated our on-line seismic recording system. Since 1980 a DEC PDP-11/34 has 
recorded incoming digital data, and a DEC PDP-11/70 has been used for analysis. In April of this 
year a Masscomp-5600 minicomputer was acquired and installed by the U.S. Geological Survey in 
our lab to take the place of the DEC equipment. By June 1 we had software running on the 
Masscomp computer to to do both data acquisition and analysis tasks for the network. This 
software is a modified version of RAVEN, a specialized data acquisition system from NEWT Inc. 
We have a software agreement with NEWT Inc. for the development of a regional network 
recording version of this software called HAWK. By July the HAWK software running on the 
Masscomp computer had taken over all acquisition and analysis tasks and the DEC equipment was 
being phased out. The PDP-11/34 is still running as a backup system to the Masscomp; however, 
all recording, processing, and archiving are now routinely done on the Masscomp. The HAWK 
data acquisition system is a great advance over the PDP-11/34. It can record more channels of 
data and has a much greater capacity for recording unattended. Also, operating parameters can be 
changed while the system is running, data are recorded directly onto disk (instead of onto mag 
netic tape), and automatic post-recording processing begins as soon as the event is recorded. The 
automatic post-recording processing includes phase and coda-duration picking, and preliminary 
event location. An alarm system notifies seismologists when a sizable local earthquake occurs 
(includes a buzzer, and automatic telephone notification). Several other types of system emergen 
cies (power outage, digitizer failure, disk full) are also identified, and initiate similar alerts. The 
automatic post-recording processing can quickly determine preliminary locations of both telese- 
isms and local events. For teleseisms, we are exploring the possibility of using the preliminary 
location to reactivate the recording system to record later phases which might not trigger the 
recording system on their own.

Excluding blasts, probable blasts, and earthquakes outside the U. W. network, 518 earth 
quakes west of 120.5°W were located during this period. 71 of these were located near Mount St. 
Helens, which has not erupted since October of 1986. The largest earthquake located in western 
Washington/northern Oregon between April 1 and September 30 was an Mc 4.1 earthquake on

11
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July 29, 1988 which occurred at a depth of 12 km on the western flanks of Mount Rainier, Wash 
ington. An Mc 3.8 earthquake occurred in the same location an hour later. Both hypocenters were 
located approximately 12 km west of Mount Rainier's summit. Nearly two weeks later, on 
August 12, an Mc 3.0 earthquake with a similar location occurred. The July 29th earthquake is the 
largest earthquake to occur in the Mt. Rainier region since an Mc 4.7 shock on April 20, 1974.

Mount Rainier seismicity is high compared to other strato-volcanos of the central Cascade 
region, which (with the exception of Mount St Helens) are seismically quiet. Figure 1 shows all 
earthquakes since 1969 in the Mount Rainier region. There is a north-south trend of seismicity 
just to the west of the mountain, as well as a cluster at the summit Focal mechanism solutions 
for the three earthquakes in July and August of 1988 are very similar to solutions found for earth 
quakes in 1973 (Crosson and Frank, 1975) and 1974 (Crosson and Lin, 1975) in this region. Fig 
ure 1 shows focal mechanism solutions for selected events larger than Mc 3.0.

: ja    - > .    
  .

 t 
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Figure 1. Earthquakes located in the vicinity of Mount Rainier from 1969 through August, 1988. The 
map includes the area from 121.4° to 122.2° west longitude and from 46.6° to 47° north latitude. The 
contours on the map represent the 7,500 ft and 10,000 ft contours of Mount Rainier. Two symbol 
sizes are used, the smaller for earthquakes with magnitude less than 3.0, and the larger for earthquakes 
greater than magnitude 3.0. Lower hemisphere, equal-area focal mechanisms for larger earthquakes are 
shown, and are numbered to correspond to the table below.

* 
1
2
3
4
5
6
7

DATE 
73/07/18
74/04/20
75/04/18
76/11/11
85/01/01
85/12/27
88/07/29

TIME 
21:58:06.01
03:00:09.38
0457:56.62
0528:28.43
19:15:00.80
19:12:00.81
04:59:47.27

LAT 
464954
4642.95
4654.68
4651.86
465257
4658.02
465127

LON DEPTH(KM) 
121 49.03 6.94
1212854
121 35.83
121 46.38
121 57.39
121 51.91
121 54.82

5.55
5.05
0.56

11.31
7.02

11.83

MAG 
3.9
4.7
3.9
3.1
3.1
3.0
4.1
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Central California Network Operations 

9930-01891

WesHall

Branch of Seismology 

U.S. Geological Survey 

345 Middlefield Road - Mail Stop 977 

Menb Park, California 94025 

(415)329-4730

Investigations:

Maintenance and recording of 341 seismograph stations (429 components) located in Northern 

and Central California. Also recording 55 components from other agencies. The area covered is 

from the Oregon border south to Santa Maria.

Results:

1. Bench Maintenance Repair:

seismic VCO units 143 

summing amplifiers 36 

discriminators 72 

dc-dc converters 29

2. Production/Fabrication:

V02L/V02H printed ckt boards 41 

summing amplifier units 28 

J502A VCO units 17 

dc-dc converter/regulator 30 

seismic test units 2

4. Modifications:

J50X VCO units 28 

summing amplifiers 18

5. Completed Open File Report - "Discriminator Output to CUSP, RTP, and MOTOROLA Computer 

System Input"

13
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6. Completed preliminary telemetry routing diagrams for all seismic components on Macintosh Data 
Base.

7. Order parts for:
a. 100 ea. J502AVCO/AMPS 
b. 200 ea. V02H VCO boards 

c. 250 ea. J601 regulator boards

8. Stations deleted: LTN (Tennant); LCS (College of the Syskious); CAC (Antioch)

9. New staions: LOM (Orr Mountain); LGR (Grenada)

10. Increased the Hog Canyon microwave facility solar power system capacity to support the additional 

microwave system equipment and to insure adequate power during the winter months.

11. Moved Central California seismic network receiver site from the old California Division of Forestry 

(CDF) vault and tower to the new CDF vault and tower at Mt. Pierce.

12. Moved Central California seismic network receiver site from the CDF vault and tower to Bureau of 
Land Management (BLM) vault and tower at Cahto Peak.

13. Performed a radio path survey for a new bore-hole seismic array in the Mammoth Lakes, CA .area. 

This array is a joint effort with Lawrence Berkeley Laboratories.

14. Moved microwave antennas from a 80 foot tower to an adjacent 40 foot tower at Edwards AFB, CA. 

The antennas were moved to eliminate an interference problem with Air Force Telemetry Systems.

14
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Central Aleutian Islands Seismic Network

Agreement No. 14-08-0001-A0259

Carl Kisslinger
Cooperative Institute for Research in Environmental Sciences

Campus Box 449, University of Colorado
Boulder, Colorado 80309

(303) 492-6042

Brief Description of Instrumentation and Data Reduction Methods

The Adak seismic network consists of 13 high-gain, high-frequency, two- 
component seismic systems and one six-component system (ADK) located at 
the Adak Naval Base. Station ADK has been in operation since the mid- 
1960s; nine of the additional stations were installed in 1974, three in 1975, and 
one each in 1976 and 1977.

Data from the stations are FM-telemetered to recording sites near the 
Naval Base, and are then transferred by cable to the Observatory on the Base. 
Data were originally recorded by Develocorder on 16 mm film; since 1980 the 
film recordings are back-up and the primary form of data recording has been 
on analog magnetic tape. The tapes are mailed to CIRES once a week.

At CIRES, the analog tapes are played back at four-times the speed at 
which they were recorded into a computer which digitizes the data, automati 
cally detects events, and writes an initial digital event tape. This tape is 
edited to eliminate spurious triggers, and a demultiplexed tape containing only 
seismic events is created. All subsequent processing is done on this tape. 
Times of arrival and wave amplitudes are read from an interactive graphics 
display terminal. The earthquakes are located using a program developed for 
this project by E. R. Engdahl. This program uses corrections to the arrival 
times which are a function of the station and the source region of the earth 
quake.

Data Annotations

The network was serviced from mid-July through September, 1988. Of 
the 28 short-period vertical and horizontal components, 16 were operating for 
most of the time period of May through July 1988. By the end of the 1988 
summer field trip to Adak (end of September 1988), all 28 of the 28 com 
ponents were operating. Our network was able to obtain use of a Coast Guard 
helicopter and bring up AK2, AK3, and AK4, which have been down for about 
six years due to difficult access.

Current Observations

In late 1987, the network purchased a Sun 3/50 work-station, Sun 
1600/6250 tape drive and controller, and two 140 Mbyte hard disks to replace 
our PDF 11/70. Currently, the tape drive and Versatec are driven by a Sun 
3/260 belonging to CIRES, free of charge, while all of our computing is done 
on the Sun 3/50. Our plan was to bring up the locating package developed at 
Lamont-Doherty Geological Observatory on our Sun, while locating continued
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on the 11/70. Once the new software was up, our data-processing would 
switch over entirely to the Sun and the 11/70 would be replaced. Unfor 
tunately, all of CIRES was moved to a new building in May 1988 and we were 
forced at that time to turn off the 11/70 before all of the new software was 
operational. We have spent the remainder of the summer getting our new Sun 
system installed in the new building, as well as reinstalling our PDF 11/34- 
TEAC sub-system which handles our digitization. We have also been working 
on getting our original software running on the Sun to have a base of com 
parison for results from the new software.

We are still working on our plotting software for the Versatec, due to 
some hardware problems, but we have begun locating earthquakes again as of 
August 29, 1988. Previously, we had been locating all events with duration 
magnitude (MD) greater than 2.3 after the May 7, 1986 major event (Ms 7.7) 
and are far behind as a result. Our plan is for a research assistant to locate 
earthquakes during the first week of each month, starting with August 1986, in 
order to maintain a rough estimate of seismicity after the May 7, 1986 event. 
The rest of our locators will be moved ahead to begin locating data from the 
beginning of 1988 when the seismicity has decreased to more "normal" rates 
for the network area. This will result in a large data gap in the catalog, how 
ever, we feel it is important to return to observations of current seismicity.

In the meantime, we have compiled an interesting set of experiences and 
notes to pass on to others who might also be interested in acquiring a Sun net 
work, running the Lamont software, or bringing up software from an 11/70. 
One major problem in bringing up the Lamont software was the fact that 
Lamont processes their data "real-time"; events are digitized as they occur and 
located shortly afterwards. Our data is recorded on analog tape at Adak 
Island, and the resulting tapes are shipped to CIRES where they are digitized 
and located, at the very least, one week after they have occurred. It required 
some effort to customize the Lamont software to handle this delayed process 
ing, but basically, it was ready to run when received. Most of our efforts were 
spent in bringing up our old software due to differences in internal formats 
between an 11/70 and a Sun, and in compilers from UNIX 2.9BSD and Sun 
UNIX 4.2 Release 3.5. We spent time on this in order to compare results from 
the Lamont routines with our Adak routines to ensure consistency in locations.

A memo has been prepared and sent to the National Earthquake Infor 
mation Center (NEIC, Golden, Colorado), as well as to Karen Ward (USGS, 
Menlo Park), describing in more detail the major revisions we have made. 
NEIC is replacing their 11/70 with a Sun network and they will have to make 
some of the same modifications to their software. We will be working with 
them on this and also developing software for the new "Standard for Exchange 
of Earthquake Data" (SEED).

Despite these problems, we highly recommend the Sun systems and the 
Lamont software. The Suns are very well documented and easy to use, besides 
being faster, easier to maintain, and more compact than the 11/70. We are 
still using the location program developed by E. R. Engdahl since it is so well 
"customized" to Adak earthquakes, but we are using the rest of the Lamont 
packages exclusively for demultiplexing and phase picking. We have found the 
Lamont package fairly well documented, easily modified, and simple to learn 
and use.
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Alaska Seismic Studies 

9930-01162

John C. Lahr, Christopher D. Stephens, 
Robert A. Page, Kent A. Fogleman

Branch of Seismology 
U. S. Geological Survey
345 Middlefield Road

Menlo Park, California 94025
(415) 329-4744

Investigations

1) Continued collection and analysis of data from the high-gain 
short-period seismograph network extending across southern Alaska 
from the volcanic arc west of Cook Inlet to Yakutat Bay, and 
inland across the Chugach Mountains. This region spans the 
Yakataga seismic gap, and a special effort is made to monitor for 
changes in seismicity that might alter our assessment of the 
imminence of a gap-filling rupture.

2) Cooperated with the Branch of Engineering Seismology and 
Geology in operating 16 strong-motion accelerographs in southern 
Alaska, including 11 between Icy Bay and Cordova in the area of 
the Yakataga seismic gap.

3) Installed four additional seismograph stations along the 
volcanic arc, three near Mt. Redoubt and one near Mt. Spurr. 
These stations will provide enhanced monitoring capabilities for 
the newly established Alaska Volcano Observatory, a cooperative 
program between the USGS, the Geophysical Institute of the 
University of Alaska, and the Alaska Division of Geological and 
Geophysical Surveys.

4) Installed two additional seismograph stations within the 
Yakataga seismic gap in order to improve both depth and focal 
mechanism control for events within the persistent cluster 
beneath Waxell ridge.

Results

1) During the past six months, preliminary hypocenters and 
magnitudes were determined for 829 earthquakes that occurred 
between February and May, 1988 (Figures 1 and 2) . A total of 
142 shocks had duration magnitudes (MD ) of 3 or larger 
(corresponding to bodywave magnitudes 3.8 m^ and larger). The 
two largest shocks occurred on March 6   the Ms 7.6 (mjj 6.8, 
NEIS) Gulf of Alaska earthquake, which has an epicenter located 
250 south-southeast of the eastern tip of the Aleutian trench, 
and an mjj 6.2 aftershock 60 km north of the mainshock epicenter. 
Thirty-six other earthquakes located within the principal 
aftershock zone of this event also had magnitudes of at least 3
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MD . Seventy-nine of the remaining larger earthquakes were 
located within the Aleutian Wadati-Benioff zone west of longitude 
150°W and below 35 km depth. Among this latter group is a 
magnitude 5.4 MD (5.5 m^) shock that occurred on February 7 and 
was located 138 km deep between Mt. Iliamna and Mt. Redoubt 
volcanoes.

The distribution of shallow epicenters (Figure 1) is 
dominated by aftershocks of the March 6 earthquake. This event 
was preceded by two other large shocks in the Gulf of Alaska: an 
Ms 6.9 shock on November 17, 1987, and an Ms 7.6 shock on 
November 30 (Stephens and others, 1988). Aftershocks for this 
recent earthquake define a narrow, north-south-trending zone. 
Together with the pattern of P-wave first motions for the 
mainshock, the distribution of the first six hours of aftershocks 
is compatible with a rupture that involved dextral slip on a 
nearly vertical fault about 130 km long. This mechanism is 
similar to that inferred for the Ms 7.6 shock of November 30, 
which has an epicenter about 200 km north of the March 6 
epicenter. Combined, the aftershock zones of these two shocks 
extend for more than 250 km, but near latitude 58°N, the March 7 
aftershock zone appears to be offset to the west by about 10-15 
km relative to the main aftershock distribution of the earlier 
event.

Other nearby shocks from this recent time period were 
located off the principal trend of the March 6 aftershock zone, 
and include an m^ 4.3 shock 140 km east of the March 6 
epicenter, and an mjj 5.1 shock about 60 km to the west. Off- 
fault seismicity was also observed following the November 30 
mainshock. The November 17 shock, which occurred west of the 
November 30 epicenter, is inferred to involve left lateral 
rupture on a steeply-dipping, east-west trending fault. These 
observations suggest the presence of a complex network of 
faults, and that, at least in this area, the Pacific plate may be 
highly fragmented.

A magnitude 5.1 m^ shock that occurred on March 10 was 
located near the eastern tip of the Aleutian megathrust. The 
nature of this event (for example, whether or not it occurred at 
a result of low-angle thrusting on the megathrust) is uncertain 
because focal depths in this area are poorly constrained, and 
because the P-wave first motions of the event recorded by the 
regional seismograph network are not clear. Likewise, the nature 
of other shocks that occurred beneath the continental shelf 
southeast of Prince William Sound are difficult to ascertain.

Concentrations of shallow epicenters occur in coastal areas 
east of Prince William Sound where persistent seismicity has been 
observed over at least the past decade. These areas include the 
Copper River delta, the Waxell Ridge area near the center of the 
Yakataga seismic gap, the aftershock zone of the 1979 St. Elias 
earthquake north of Icy Bay, and the northern tip of the 
Fairweather fault system near Yakutat Bay. Epicenters clustered
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near the intersection of the Duke River and Totschunda faults 
(near latitude 61.5°N, longitude 141.5°W) represent continuing 
aftershock activity of an m^ 5.7 shock that occurred on November 
23, 1987. Concentrations of small crustal shocks (M £ 2) are 
located along the volcanic arc west of Cook Inlet, and a tight 
cluster of small shocks near the intersection of the Castle 
Mountain and Caribou faults (near latitude 61.75°N, longitude 
148.5°W) reflects continuing seismicity in this area. The 
apparent decrease in the rate of seismicity beneath western 
Prince William Sound compared to preceding time periods is due to 
failures of local seismograph stations.

The 138 km-deep magnitude 5.4 Mp shock of February 7 beneath 
the volcanic arc occurred within a zone characterized by a high 
relative rate of activity compared to adjacent segments of the 
Cook Inlet Wadati-Benioff zone. The focal mechanism for this 
shock determined from P-wave first motions has the T axis (axis 
of least-compressive stress) approximately aligned with the 
downdip direction of the subducting Pacific plate; the P axis 
(axis of greatest-compressive stress) dips at a moderate angle to 
the NNE, approximately parallel to the strike direction of the 
plate. The inferred orientation of stress axes is consistent 
with other observations from this area (for example, Pulpan and 
Frohlich, 1985). One of the interesting aspects of this event is 
that at least twelve aftershocks with magnitudes as large as MD 
3.8 (4.1 mjj) were recorded, so that it may be possible to 
determine the rupture plane from precise relative relocations of 
these events.

2) Seismographs were installed at two new sites in the Chugach 
Mountains to obtain more detailed recordings of shallow 
earthquakes that persist in this area. This seismicity occurs 
near the center of the Yakataga seismic gap, and determining the 
nature of this seismicity is important to our understanding of 
regional tectonic processes. Two of the three stations near 
Knight Island in Prince William Sound were removed and one was 
reinstalled to the south on Latouche Island. Three new 
seismographs were installed within 15 km of the summit of Mt. 
Redoubt, and a third seismograph was reestablished near Mt. Spurr 
to improve the monitoring capability of the network near these 
volcanoes.

3) The data acquisition node at Yakutat was upgraded from an 
IBM PC to a PC/AT. Advantages of the new system include real- 
time graphics display of the waveforms, continuous on-line 
monitoring, and recorded event durations that depend on the 
amplitude of the coda following event triggers. In addition, FFT 
routines have been implemented on a digital signal processing 
(DSP) board to facilitate the detection of signals indicating 
calibrations, SMA triggers and gain-ranging at the remote field 
sites.
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Seismic Data Library 

9930-01501

W. H. K. Lee 
U. S. Geological Survey
Branch of Seismology

345 Middlefield Rd., MS 977
Menlo Park, CA 94025

(415) 329-4781

This is a non-research project and its main objectives is to 
provide access of seismic data to the seismological community. 
The Seismic Data Library was started by Jack Pfluke at the 
Earthquake Mechanism Laboratory before it was merged with the 
Geological Survey. Over the past ten years, we have built up one 
of the world's largest collections of seismograms (almost all of 
them microfilm) and related materials. Our collection includes 
approximately 4.5 million WWNNS seismograms (1962-present), 1 
million USGS local earthquake seismograms (1966-1979), 0.5 
million historical seismograms (1900-1962), 20,000 earthquake 
bulletins, reports and reprints, and a collection of several 
thousand magnetic tapes containing (1) a complete set (to 1984) 
of digital waveform data of the Global Digital Seismic Network 
(Data Tapes) , and (2) a complete set of digital archive data of 
Calnet (CUSP archive tapes) since April 1984.
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North and Central California Seismic Network Processing

9930-01160

Frederick W. Lester
Branch of Seismology

U.S. Geological Survey
345 Middlefield Rd., MS 977

Menlo Park, CA 94025
(415) 329-4747

Investigations

1. In 1966 a seismographic network was established by the USGS 
to monitor earthquakes in central California. In the 
following years the network was expanded to monitor 
earthquakes in most of northern and central California, 
particularly along the San Andreas Fault, from the Oregon 
border to Santa Maria. In its present configuration there 
are over 350 single and multiple component stations in the 
network. There is a similar network in southern California. 
From about 1969 to 1984 the primary responsibility of this 
project was to manually monitor, process, analyze, and 
catalog the data recorded from this network. In 1984 a 
more efficient and automatic computer-based monitoring and 
processing system (CUSP) began online operation, gradually 
replacing most of the manual operations previously performed 
by this project. For a more complete description of the 
CUSP system see the project description "Consolidated 
Digital Recording and Analysis" by S. W. Stewart.

Since the introduction of the CUSP system the 
responsibilities of this project have changed considerably. 
The main focus of the project now is that of finalizing and 
publishing preliminary network data from the years 1978 
through 1984. We also continue to manually scan network 
seismograms as back-up event detection for the CUSP system. 
We then supplement the CUSP data base with data that were 
detected only visually or by the other automatic detection 
system (Real-Time Processor, RTP) and digitized from the 
continuously recording analog magnetic tapes. Project 
personnel also act as back-up for the processing staff in 
the CUSP project.

2. This project continues to maintain a data base for the years 
1969 - present on both a computer and magnetic tapes for 
those interested in doing research using the network seismic 
data. As soon as the older data in the data base.
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3. For nearly two decades this office monitored earthquakes in 
Yellowstone National Park and vicinity. The data from these 
earthquakes have been collected and processed, and more than 
6000 events have been located for the time period 1964 to 
1981. These data are currently being used to produce a map 
of epicenters for the region. This map will compliment the 
recently published catalog of earthquakes for 1973 to 1984 
covering the same area.

Results

1. Figure 1 illustrates 6777 earthquakes located by this office 
for northern and central California during the time period 
April through September 1988. The largest earthquakes 
recorded during that time period were three magnitude 5 
events. The first occurred on June 10 and was located 
approximately 41 kilometers southeast of Bakersfield, near 
the Garlock fault. It was magnitude 5.2. The second of the 
three was magnitude 5.3 and it occurred on June 13 and was 
located along the Calaveras fault, approximately 15 
kilometers northeast of San Jose near Calaveras Reservoir. 
The last large quake occurred on June 27, was M5.0, and was 
located on the San Andreas fault, approximately 22 
kilometers south of San Jose in the Santa Cruz Mountains.

2. Final processing of the data for the second half of calendar 
year 1982 is complete and those data are ready for 
publication, as are the data from the Lake Shasta area for 
1981 - 1984. Those data will be published as soon as 
possible, either as separate volumes or as part of the data 
that are being reprocessed (see item 3 below).

3. Since June 1986 this project has been involved in a combined 
effort with personnel from many different projects. The 
first purpose of this group endeavor has been to collect all 
available seismic data pertaining to the more than 150,000 
earthquakes that the USGS has located in northern and 
central California, mainly from 1969 to the present. Those 
data will then be combined, checked for errors and 
omissions, reprocessed as necessary, and finalized for 
publication. It is estimated that reprocessing will take 
six months to one year, which is much less time than would 
be necessary for coordinating much of this group effort. 
To date all of the data have been collected, had gross 
errors corrected, and have been rerun through the location 
program. Merging of the individual pieces of data is 
underway.

4. For the time period April through September 1988 there were 
from 0 to 8 events per day missed by the CUSP automatic 
detection system, with an average of 2.9 missed each day. 
These were added to the existing CUSP data base from the 
back-up magnetic tapes and processed using standard CUSP
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processing techniques. Most of the earthquakes that were 
missed occurred in northern California, north of latitude 39 
degrees. This is a particular problem in the north because 
of telemetry noise that exists on those circuits. To avoid 
producing an abnormally large number of false triggers in 
the detection system the trigger thresholds are often set 
higher than normal and therefore some of the real events are 
missed by the automatic system.

5. Quarterly reports were prepared on seismic activity around 
Monticello Dam, Warm Springs Dam, the Auburn Sam site and, 
New Melones Dam for the appropriate funding agencies.

6. The maps of earthquake epicenters for Yellowstone park and 
vicinity is now undergoing final review and revisions. It 
is expected to be completed late this year.

Reports;

Pitt, A. M., (in press), Maps showing earthquake epicenters 
(1964-1981) in Yellowstone National Park and vicinity, 
Wyoming, Idaho, and Montana. U. S. Geological Survey, 
Miscellaneous Field Studios Map, MF-2022, scale 1:250:000.
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WESTERN GREAT BASIN-EASTERN SIERRA NEVADA SEISMIC NETWORK

USGS Cooperative Agreement 14-08-0001-A0262

Principal Investigators: M. K. Savage andW.F. Nicks
Seismological Laboratory

University of Nevada
Reno, NV 89557
(702) 784-4315

Investigations
This contract supported continued operation of a seismic network in the 

western Great Basin of Nevada and eastern California, with the purpose of 
recording and locating earthquakes occurring in the western Great Basin, and 
acquiring a data base of phase times and analog and digital seismograms from 
these earthquakes. Research utilizing the data base was performed under USGS 
contract 14-08-0001-G1524 and is reported elsewhere in this volume.

Results
Development of the network

Figure 1 shows the network as of September 15, 1988. We are beginning the 
process of expanding and updating our digital network and our recording facili 
ties. We plan to replace our existing 11/34-11/70 processing system with a sys 
tem developed by the USGS and Caltech based on a microvax cluster, the CUSP 
(Caltech-USGS Seismic Processing system). The system is being configured for 
the recording of a large number of digital stations, so that the CUSP data base 
will eventually comprise all data being recorded at UNR. CUSP has been 
installed on our microvax system and we are comparing triggers between the 
11/34 and CUSP and testing the CUSP software. The CUSP system triggers less 
often on noise spikes: we are in the process of fine-tuning the trigger to minim 
ize the percentage of noise triggers while continuing to trigger on events greater 
than 10 seconds duration.
Seismicity during report time

From April 1, 1988 through August 31, 1988, the University of Nevada 
Seismological Laboratory located 1250 earthquakes (fig 2, 3). 328 events were 
magnitude 2 or greater, 38 were magnitude 3 or greater, and 2 had magnitude 
greater than 4 (4.1 on May 28 near Red Slate Mountain in the Sierran Block, and 
4.2 on July 5 in Owens Valley north of Owens Lake). Most activity was associated 
with the Long Valley Caldera area and the Mono Lakes area. Small swarms were 
associated with the Red Slate Mountain event (May: 34 events), the Saline range 
(May: 10 events), and the southern Long Valley caldera (9 events on July 14). 
The Owens Valley earthquake was part of an increase in activity that began in 
May, and is outside our station coverage. The activity near Warm Springs (figure 
2) included a swarm in July and other events throughout the time period. Sta 
tion coverage is poor in that area, but the occurrence times suggest that the 
events are earthquakes rather than mining blasts.

More detailed monthly reports of seismicity can be obtained by contacting 
the laboratory. The bulletin for 1983-1984 was just completed, and that for 
1984-1987 is near completion.
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Regional Microearthquake Network in the 
Central Mississippi Valley

14-08-0001-A0263

William V. Stauder and Robert B. Herrmann 
Department of Earth and Atmospheric Sciences

Saint Louis University
P.O. Box 8099 - Laclede Station

St. Louis, MO 63156-8099
(314) 658-3131

Investigations

The purpose of the network is to monitor seismic activity in the Central Mis 
sissippi Valley Seismic zone, in which the large 1811-1812 New Madrid earth 
quakes occurred. The following section gives a summary of network observations 
during the first six months of the year 1988, as reported in Network Quarterly 
Bulletins No. 55 and 56.

Results

In the first six months of 1988, 56 earthquakes were located and 30 other 
nonlocatable earthquakes were detected by the 42 station regional telemetered 
microearthquake network operated by Saint Louis University for the U.S. Geologi 
cal Survey and the Nuclear Regulatory Commission. Figure 1 shows 56 earth 
quakes located within a 4° x 5° region centered on 36.5°N and 89.5°W. The magni 
tudes are indicated by the size of the open symbols. Figure 2 shows the locations 
and magnitudes of 46 earthquakes located within a 1.5° x 1.5° region centered at
36.25°N and 89.75°W.

In the first six months of 1988, 101 teleseisms were recorded by the PDF 
11/34 microcomputer. Epicentral coordinates were determined by assuming a 
plane wave front propagating across the network and using travel-time curves to 
determine back azimuth and slowness, and by assuming a focal depth of 15 kilom 
eters using spherical geometry. Arrival time information for teleseismic P and 
PkP phases has been published in the quarterly earthquake bulletin.

The significant earthquakes occurring in the first six months of 1988 include 
the following:
1. January 5 (1439 UCT). Southern Illinois. mbu = 3.2 (NEIS). Felt (IV) at 

Calhoun, Bridgeport, Lawrenceville, Olney and West Liberty, (III) at Birds, 
Dundas, and Nobel, Illinois. Also felt at Chauncey, Claremont, and Summer, 
Illinois.

2. January 31 (0012 UCT). Arkansas, mbu = 3.5 (NEIS). Felt (V) at Leparts; 
(IV) at Bay and Gilmore; (III) at Black Oak, Marked Tree, Rivervale, and 
Tyronga, Arkansas.
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3. February 27 (1517 UTC). North of New Madrid. mbu (3 Hz) = 3.0 (SLU).

4. March 10 (2124 UCT). Southern Illinois. mbu (3 Hz) = 2.8 (SLU). Felt in 
the Marion, Illinois area.

5. May 2 (1343 UTC). Marked Tree, Arkansas. mbu (3 Hz) = 3.0 (SLU).

6. May 20 (2306 UTC). South-central Missouri. mbu (3 Hz) = 3.4 (SLU).

7. June 25 (1502 UTC). North of New Madrid, Missouri. mbu (3 Hz) = 3.0 
(SLU).
The file of epicenter data available for study now includes 3,027 events 

located since July 1974 in the 4° x 5° area covered by the network. Of these, 2361 
events occurred in the 1.5° x 1.5° area of the immediate New Madrid region. Since 
digital data recording began in 1980, 1884 events have been located. Of these, 
553 are of mb > 2.0 in the 4° x s° area and 342 in the 1.5° x 1.5° area.
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Consolidated Digital Recording and Analysis 

9930-03412

Sam Stewart
Branch of Seismology

U. S. Geological Survey
345 Middlefield Road, Mail Stop 977

Menlo Park, California 94025

Investigations

This project (usually referred to as the CUSP project) is 
centered around developing and using computer-based hardware/software 
systems to operate very large local seismic networks. Specifically, 
the project is responsible for collecting, analyzing and storing data 
from the USGS Central California Seismic Network. This network has 
about 500 seismometers transmitting continuously to a central recording 
point in Menlo Park. The system was conceived of, designed and developed 
by Carl Johnson while in Pasadena. It has been modified considerably 
by Peter Johnson, Bob Dollar and Sam Stewart to meet the specific needs 
of Menlo Park. There are four principal areas of responsibility for 
this project, as follows.

1. Daily processing of earthquake activity within the 
Central California Network.

2. Development, upgrading and daily use of realtime earthquake 
data acquisition systems.

3. Development of GKS-based interactive graphics systems 
to process the earthquakes detected within the Central 
California network.

4. Development of an integrated CUSP system, based on items 
2 and 3 above, and installing and supporting this system 
at CUSP sites in Menlo Park, Parkfield (2 sites),Pasadena, 
USC, and University of Nevada (Reno).

Results (keyed to the four categories above):

1. The CUSP system processed approximately 6300 earthquakes detected 
online during the period March thru August. This is a lower seis- 
micity level than usual. In addition, a few thousand noise events 
that were detected had to be examined and deleted from the system 
as well. In addition, we are reviewing and cleaning up older data, 
using programs and techniques that were not available to us when 
the system first started in April 1984. Events missed by the 
online system (for various reasons) but recorded by the telemetry 
analog tape system are being digitized and folded into the CUSP 
data base.

2. A realtime earthquake detection system based upon DEC VAX hard 
ware and VMS operating system has been under development for 36
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a few years. It has now reached the point where it is the 
primary online system for the USGS/CALTECH co-op project in 
Pasadena, and is running as a secondary system at the University 
of Nevada (Reno). It is also the primary data acquisition system 
for the 'Varian' network in Parkfield, as part of the Parkfield 
earthquake prediction experiment. It can easily detect events 
in a 500-station network where each station is digitized at a 
100 Hz rate.

A realtime alarm interface was written for the Rex Alien/Jim Ellis 
RTF system now working in Pasadena. This interface takes the RTF 
output, puts it into the CUSP database, computes locations and 
magnitudes, and signals event alarms based upon criteria such as 
event magnitude, location, swarm characteristics.

3. In June we took delivery of one DEC Vaxstation 3200 and two DEC 
Vaxstation 2000's. These are intended to replace the DEC PDP 
11/44 systems currently used in Menlo Park for realtime event 
detection and data analysis. We intend to use these systems in 
a Local Area Vax Cluster (LAVC) arrangement, and to use the GKS 
system as the foundation of a new interactive graphics analysis 
system. So far we have gotten the real-time (RT) system 
running on the 32-bit 3200, and are investigating simple 
graphics routines written in GKS.

4. We are developing a 'generic' CUSP system that will be the
'official' version distributed to other CUSP sites and used in 
Menlo Park as well. At the end of this report period it was 
undergoing final testing in Menlo Park and Pasadena. Having one 
version makes it easier to maintain and distribute, and helps 
assure compatibility of data exchanges among CUSP sites.

Reports

None.
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Seismic Monitoring of the Shumagin Seismic Gap, Alaska 

USGS 14-08-0001-A0260

John Taber
Lamont-Doherty Geological Observatory of Columbia University

Palisades, New York 10964
(914) 359-2900

Investigations
Seismic data from the Shumagin seismic network were processed to obtain origin times, hypo- 

centers, and magnitudes for local and regional events. The processing resulted in files of hypo- 
center solutions and phase data, and archive tapes of digital data. These files are used for the 
analysis of possible earthquake precursors, seismic hazard evaluation, and studies of regional tecton 
ics and volcanicity (see Analysis Report, this volume). Yearly bulletins are available starting in 
1984.

Results
The Shumagin network was used to locate 637 earthquakes from January through August 25, 

1988. The seismicity of the Shumagin Islands region for this time period is shown in map view in 
Figure 1 and in cross section in Figure 2 (top). There were a total of 19 events over magnitude 4 
during the time period. The largest event in this period within the network occurred on 3/25/88, 
had a mb of 5.4, and was located just south of the Shumagin Islands at 54.68N, 159.64W The most 
significant activity through August, 1988 was an earthquake sequence near Mt. Button volcano and 
the town of King Cove (Figure 2, bottom). There have been no historic eruptions of Mt. Button, 
nor are there any fumeroles or hot springs on the volcano. The only previous known activity was a 
much smaller swarm of shallow earthquakes beneath Mt. Button starting in August, 1984 (Taber 
and Jacob, USGS Open File Report 85-464, p. 32). That sequence peaked in September, 1984 and 
continued at a somewhat elevated level through the fall of 1985. The largest event of the present 
sequence had an mfc =4.6 (NEIS). The distribution of epicenters forms a roughly linear zone which 
extends in a SE direction about 10 km from the western shoulder of the volcano. All events are 
high frequency in character, there have been no low frequency volcanic earthquakes so far.

Otherwise the overall pattern over this time period is similar to the long term seismicity. 
Concentrations of events occur at the base of the main thrust zone and in the shallow crust directly 
above it The continuation of the thrust zone towards the trench is poorly defined. West of the net 
work (which ends at 163°), the seismicity is more diffuse in map view and extends closer to the 
trench. Eight of the 19 located events larger than magnitude 4 occurred in this western region. 
Below the base of the main thrust zone (~45 km) the dip of the Benioff zone steepens. Part of the 
double plane of the lower Benioff zone is evident between 50 and 100 km depth.

Servicing of the network was successfully completed in July. Two new seismic stations were 
added to the telemetered network with the help of University of Alaska personnel to improve the 
seismic monitoring of Mt. Button. The network is capable of digitally recording and locating 
events as small as A/; =0.4 with uniform coverage at the 2.0 level. Events are picked and located 
automatically at the central recording site in Sand Point, Alaska and the results, along with subsets 
of the digital data, can be accessed via telephone modem. Onscale recording is possible to ~A/,=6.5 
on two telemetered 3 component force-balance accelerometers. Larger events are recorded by one 
digitally recording accelerometer and on photographic film by 10 strong-motion accelerometers.
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Figure 2. Top: Cross-section of Shumagin network seismicity along line A-A' in previous 
figure. Note Mt. Dutton seismicity at surface above double Wadati-Benioff zone. Bottom: 
Expanded map view of ML Dutton seismicity (see previous figure for location). Only best 
locked crustal events from 7/20-7/25/88 and 8/8/88 are shown. Trend of epicenters is the 
same as the direction of ma-gunum horizontal compression resulting from subduction of Pacific 
plate.
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Earthquake Hazard Research in the Greater Los Angeles Basin
and Its Offshore Area

#14-08-0001-A0264

Ta-liang Teng
Thomas L. Henyey

Egill Hauksson

Center for Earth Sciences
University of Southern California

Los Angeles, CA 90089-0740
(213) 743-6124

INVESTIGATIONS

Monitor earthquake activity in the Los Angeles Basin and the adjacent offshore 
area. Upgrade of instrumentation for onscale recording of waveforms from local 
earthquakes.

RESULTS

SCS: The USC Seismograph Station in Los Angeles

The 1987 Whittier Narrows earthquake sequence demonstrated that moderate-sized 
earthquakes can occur in the immediate vicinity of U.S.C.. Although the campus is a 
relatively noisy site (located in the middle of the Los Angeles basin), we have installed in 
our basement a 3-component L4C-Mark Products IHz seismometer and a vertical 
component CMG-4 broad band strong motion seismometer (Figure 1). This is our new 
stations SCS. Both of these instruments are wired directly to the TUSTIN 16 bit digitizer. 
The L4C seismometer is recorded at two different gain levels 48db apart. It has already 
provided waveforms on scale for several earthquakes such as the (ML=5.2) Garlock fault 
earthquake of 10 June 1988. Because the TUSTIN digitizer has a dynamic range of 90 db, 
we expect to be able to record nearby Mi^6.0 earthquakes on scale. The CMG-4 has been 
operating for one month and already we have high quality records from a ML=4.2 San 
Jacinto fault earthquake (2 July 1988) and the (ML=3.8) Redondo Beach earthquake of 12 
September 1988 (Figure 2). The onscale seismograms allow rapid determination of local 
magnitude for larger events. These data are also the types of data we need for studying 
ground motions and site effects at average to bad sites, where site effects may prove to be 
destructive in future large earthquakes. Presently we are planning to compare the site 
effects at U.S.C. with the site effects at the Pasadena station (PAS) as recorded by the 
U.S.C. Streckheisen seismometers, which are installed on granitic bedrock. The station 
PAS is an IRIS test station operated jointly by U.S.C., CIT and USGS.

The 01 January-15 September. 1988 Los Angeles Basin Seismicity

The Los Angeles basin seismicity has remained high during the first nine months of 
1988. The 1988 seismicity from January through September 15 is characterized by 
continued Whittier Narrows aftershocks and a new sequence located near Upland in San 
Bernardino (Figure 3). The (ML = 4.5) Upland main shock occurred on 26 June 1988. It 
was followed by numerous aftershocks indicating distinctly different behavior from the
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Whittier Narrows sequence. The Upland sequence does not appear to be simply related to 
the adjacent Sierra Madre fault that is a part of the frontal fault of the central Transverse 
Ranges. A ML=3.8 mainshock occurred offshore from Redondo Beach on 12 September 
1988. It was followed by five aftershocks of M>1.8 during the first three days of 
aftershock activity. This sequence may be related the north end of the Palos Verdes fault or 
to faults beneath the Redondo Platform, which is an anticlinal structure. In addition to 
these mainshock-aftershock sequences there is scattered seimicity around the Newport- 
Ingle wood fault, the Whittier fault and offshore in Santa Monica Bay.

PUBLICATIONS

Hauksson, E., L. M. Jones, T. L. Davis, L. K. Hutton, A. G. Brady, P. A. Reasenberg, 
A. J. Michael, R. F. Yerkes, P. Williams, G. Reagor, C. W. Stover, A. L. Bent, 
A. K. Shakal, E. Etheredge, R. L. Porcella, C. G. Bufe, M. J. S. Johnston, E. 
Cranswick, The 1987 Whittier Narrows Earthquake in the Los Angeles 
Metropolitan Area, California, Science. 239, 1409-1412, 1988.

Hauksson, E., and L. M. Jones, The July 1986 Oceanside (ML=5.3) Earthquake Sequence 
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Hutton, K. L., L. M. Jones, E. Hauksson and D. G. Given, Seismotectonics of Southern 
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USC SEISMOGRAPH STATION (SCS)
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Figure 1 Instrumentation in use at the USC seismograph station (SCS) located on the USC campus 
in Downtown Los Angeles.
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Figure 2. Vertical component seismograms 
recorded at SCS, located 25 km away from the 
12 Sept. (M=3.8) Redondo Beach earthquake.
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Field Experiment Operations 

9930-01170

John Van Schaack
Branch of Seismology

U. S. Geological Survey
345 Middle*ield Road MS-977

Menlo Park, California 94025
(415) 329-4780

Invest ioat ions

This project performs a broad range of management, maintenance, 
field operation, and record keeping tasks in support of seismology and 
tectonophxsics networks and field experiments. Seismic field systems 
that it maintains in a state of readiness and deploiys and operates in 
the field (in cooperation with user projects) include:

a. 5-dax recorder portable seismic systems,
b. "Cassette" seismic refraction systems.
c. Portable digital event recorders.

This project is responsible for obtaining the required permits from 
private landowners and public agencies for installation and operation of 
network sensors and for the conduct of a variety of field experiments 
including seismic refraction profiling, aftershock recording, teleseism 
P-delax studies, volcano monitor ing, etc.

This project also has the responsibility for managing 5.1 i radio 
telemetry frequency authorizations for the Office of Earthquakes, 
Volcanoes, and Engineering and its contractors.

Personnel of this project are responsible for maintaining the 
seismic networks data tape library. Tasks includes processing daily 
telemetry tapes to dub the appropriate seismic events and making 
playbacks of requested network events and events recorded on the 5-day 
recorders.

Results

Seismic Refraction
The seismic cassette recorders were deployed in two seperate 

experiments during this period. In the first experiment 120 recorders 
were deployed along a line extending from South Central Oregon to a point 
just north of Beatty Nevada. The energy for the recordings was produced 
from two large shots fired to test Russian recorders in the U.S. The 
second experiment was carried out in New England during the month of 
September along a line extending from Waterville Maine to Water town New 
York with an extension into Canada. The experiment was a cooperative
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e-f-fort consisting o-f the U.S. Geological Survey* the Canadian Geological 
Survey, and the U.S. Air Force Geophysics Lab in Massachussets. The 
Canadian section was shot and recorded in Canada by the Canadian 
Geological Survey. This same group also cooperated in recording two 
sections o-f the line in the U.S. There were approximately 30 shots fired 
at 23 seperate shotpoints over a two week period. The U.S. Geological 
Survey provided 120 recorders, the Geological Survey o-f Canada provided 
about 150 recorders and the U.S. Air Force Geophysics Lab provided about 
35 instruments. Shot size ranged -from 2,000 Ibs. to 6,000 Ibs. with 
energy being recorded well at all recording locations.

Portable Networks
A temporary teleseismic network was deployed in central Arizona 

during July 1988. The network consists o-f 13 -five day recorders and 10 
telemetry sites. The network is scheduled to operate into November 1988.
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Geothermal Seismotectonic Studies 

9930-02097

Craig S. Weaver
Branch of Seismology

U. S. Geological Survey
at Geophysics Program AK-50

University of Washington
Seattle, Washington 98195

(206) 442-0627

Investigations

1. Continued analysis of the seismicity and volcanism patterns of the Pacific 
Northwest in an effort to develop an improved tectonic model that will be useful in 
updating earthquake hazards in the region. (Weaver)

2. Continued acquisition of seismicity data along the Washington coast, directly above 
the interface between the North American plate and the subducting Juan de Fuca 
plate. (Weaver, Yelin, UW contract)

3. Continued seismic monitoring of the Mount St. Helens area, including Spirit Lake 
(where the stability of the debris dam formed on May 18, 1980 is an issue), Elk Lake, 
and the southern Washington-Oregon Cascade Range (north of Newberry Volcano). 
The data from this monitoring is being used in the development of seismotectonic 
models for southwestern Washington and the interaction of the Basin and Range with 
the Oregon Cascades. (Weaver, Zollweg, Grant, Norris, Yelin, UW contract)

4. Study of Washington seismicity, 1960-1969. Earthquakes with magnitudes greater 
than 4.5 are being re-read from original records and will be re-located using master 
event techniques. Focal mechanism studies are being attempted for all events above 
magnitude 5.0, with particular emphasis on the 1962 Portland, Oregon event. (Yelin, 
Weaver)

5. Detailed analysis of the seismicity sequence accompanying the May 18, 1980 erup 
tion of Mount St. Helens, including about 500 deep earthquakes (>3 km) that 
occurred prior to May 18. Earthquakes are being located in the ten hours immediately 
following the onset of the eruption, and the seismic sequence is being compared with 
the detailed geologic observations made on May 18. Re-examination of the earth 
quake swarms that followed the explosive eruptions of May 25 and June 13, 1980, 
utilizing additional playbacks of 5-day recorder data. (Weaver, Zollweg, Norris, UW 
contract)

6. Study of earthquake catalogs for the greater Parkfield, California region for the 
period 1932-1969. Catalogs from the University of California (UCB) and CalTech 
(CIT) are being compared, duplicate entries noted, and the phase data used by each 
reporting institution are being collected. The study is emphasizing events greater than 
3.5, and most events will be relocated using station corrections determined from a set 
of master events located by the modern networks. (Meagher, Weaver, with Lindh, 
Ells worth)

7. Study of estuaries along the northern Oregon coast in an effort to document prob 
able subsidence features associated with paleosubduction earthquakes (Grant).
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Results

1. Spatial, temporal, and compositional distributions of approximately 4000 volcanic 
vents formed since 16 Ma in Washington, Oregon, northern California, and 
northwestern Nevada illustrate the evolution of volcanism related to subduction of the 
Juan de Fuca plate system and extension of the Basin and Range province into the 
area of the Cascade volcanic arc. Using the subset of volcanic vents less than 5 Ma, 
the Cascade Range is divdided into five segments, with the vents of the High Lava 
Plains along the northern margin of the Basin and Range in Oregon forming a sixth 
province (Figure 1). Some aspects of the Cascade Range segmentation can be related 
to gross structural features of the subducting Juan de Fuca plate system. First, the 
orientation of the volcanic frount of segments one and two (Figure 1) changes from 
NW in northern Washington to NNE in southern Washington, paralleling the strike of 
the subducting Juan de Fuca plate. Second, the 90-km gap in late Cenozoic volcanism 
between segments one and two is landward of the portion of the subducting plate that 
has the least average dipe to a depth of 60 km (Figure l). Third, the narrow, N-S 
striking belt of predominantly andesitic vents in Oregon constitutes the third segment,! 
and is landward of the seismically quiet portion of the subduction zone. Fourth, vol 
canic vents are sparse between segment four (Mount Shasta and Medicine Lake) and 
segment five (Lassen Peak area) where the Juan de Fuca and Gorda North plates are 
characterized by differing age, amounts of subcrustal seismicity, and probably plate 
geometry.

2. A total of 223 local and regional earthquakes were located using data from a 6- 
station telemetered seismic network installed at Nevado del Ruiz, Colombia, shortly 
after the disastrous 1985 eruption. These locations represent the best-recorded high 
frequency or tectonic-like earthquakes to occur through early May, 1986. Earthquake 
activity that may be related to volcanic processes occurs over a large area, about 50 
km2 (Figure 2). Seismicity observed during the study period is largely unrelated to 
mapped faults, including some with late Holocene displacement. An exception is the 
Villamaria Fault, which is mapped across Ruiz's northeast sector and is associated with 
an epicenter lineation a few kilometers long. Composite focal mechanisms for three 
areas under or adjacent to the volcano indicate Ruiz is in a zone of local extension 
with a variation of nearly 90° in the strike of T-axes. Epicenter and first motion plots 
demonstrate that earthquake activity is occurring on a number of faults of varying 
orientation, and suggest that the volcano's plumbing system is poorly integrated. No 
clear evidence was found for a conduit system. High frequency earthquake activity at 
Ruiz does not have a well-defined relationship to eruptive activity and may not be use 
ful in prediction efforts.

3. The Masscomp 5600 computer system has been fully implemented at the Univer 
sity of Washington to both collect digital seismic data from the UW seismic network 
and to handle the routine analysis of that data. We continue to run a DEC 11/34 to 
backup the data acquisition.

Reports

Grant, W. C. and Weaver, C. S., Seismicity of the Spirit Lake area: Estimates of possi 
ble earthquake magnitudes for engineering design, in The formation and 
significance of major lakes impounded during the 1980 eruption of Mount St. Helens, 
Washington, U. S. Geological Survey Professional Paper, edited by R. L Shuster 
and W. Meyer, (still in press).

Guff an ti, M. and C. S. Weaver, Distribution of late Cenozoic volcanic vents in the
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Cascade Range (USA): Volcanic arc segmentation and regional tectonic con- 
siderationsr, J. Geophys. Res., 98, 6513-6529, 1988.

Mooney, W. and C. S. Weaver, Regional crustal structure and tectonics of the Pacific 
Coastal States: California, Oregon, and Washington, paper, for GSA Memoir 
"Geophysical Framework of the Continental United States", (in press), 1989.

Yelin, T. S., Magnitude and cumulative moment release estimates for earthquakes in 
Washington and northern Oregon, 1960-1984, Bull. Seism. Soc. Amer., (submit 
ted).

Ludwin, R., C. S. Weaver, and R. S. Crosson, Seismicity and tectonics in Oregon and 
Washington, paper for DNAG seismicity volume, 25 pages, 10 figures, (submit 
ted).

Zollweg, J. E. and P. Johnson, The Darrington seismic zone in northwestern Washing 
ton, Bull. Seism. Res. Amer., 19 pages, 10 figures, (submitted).

Zollweg, J. E., High frequency earthquakes following the 1985 eruption of Nevada del 
Ruiz, Columbia, /. Volcan. and Geotherm. Res., 19 pages, 8 figures, (submitted).
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Figure 1: Map showing plate tectonic features of the Juan de Fuca-North American subduction 
system and the volcanic arc segmentation model. Open arrows show ridge-spreading directions; 
solid arrows shows direction of convergence between the Juan de Fuca and North American 
plates. Numbers refer to volcanic arc segments; segment 6 is along the northern margin of the 
High Lava Plains. Dashed lines indicate uncertainty. The 40- and 60-km contours (dashed 
where higher uncertainty exists) show depth of seismicity in the upper part of the Gorda and 
Juan de Fuca plates. Volcanic front (v.f.) is indicated by light line along westernmost edge of 
volcanic vents (dashed where few vents, queried where uncertain). Bold triangles are major 
Quaternary stratovolcanoes except in British Columbia where bold crosses show generalized 
locations (detailed vent maps are in preparation for these centers). Pluses, basalt; squares, 
andesite; triangles, dacite; circles, rhyolite.

51



I.I
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FIGURE 2. Mapped faults in the vicinity of Nevado
del Ruiz Volcano, Colombia, and epicenters 
of high frequency earthquakes occurring 
between December, 1985, and May, 1986. 
Only better quality solutions are plotted.
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Strong Ground Motion Data Analysis

9910-02676

J. Boatwright, and L. Wennerberg 
Branch of Engineering Seismology and Geology

U. S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5609, 329-5607, 329-5659

Investigations

1. Analyses of the aftershock sequence from the November 24, 1987, Superstition Hills, 
California, earthquake.

2. Theoretical investigation of the earthquake rupture process, with application to locating 
subevents of a complex rupture process.

3. Modeling the high-frequency acceleration radiated by extended seismic sources. 

Results

1. Twelve GEOS digital event recorders were deployed at 21 different sites in the epicentral 
area of the Superstition Hills earthquakes. The sites included a liquefaction array on the 
floodplain of the Alamo River, three of the stations of the El Centro Accelerograph array, 
and five other permanent strong motion accelerograph stations. Approximately 400 
aftershocks, whose magnitudes ranged from 1.0 to 4.6, were recorded during the two week 
deployment. The recordings of the aftershocks are being collated to determine a complete 
set of Green's functions for modeling the mainshock rupture process. The apparent 
complexity of the body-wave propagation in the area, particularly for seismic sources at 
shallow depths (< 3 km) indicates that exploiting the aftershock recordings to obtain 
Green's functions is far more efficient than trying to determine a sufficiently detailed 
(3-dimensional) velocity model for the region.

2. An inversion procedure for determining the time history of subevents in a complex earth 
quake rupture process has been developed, following the theoretical work of Boatwright 
(1988). The complex rupture is decomposed into the rupture of a set of discrete subevents. 
The slip associated with the stress release of the subevent is calculated by modeling the 
subevent as an asperity. To model the subevent radiation, aftershock recordings are 
causally filtered to enhance their low frequency content. The method of inversion incor 
porates positivity constraints for the stress drops of the subevents. The set of subevents is 
determined inductively, where the amplitudes of the subevents are resolved iteratively each 
time a new subevent is added to the solution. A statistical test for the reduction of variance
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is used to limit the number of subevents. This inversion procedure is presently being 
applied to a set of accelerograph recordings of the 1976 Friuli, Italy, earthquake sequence, 
in cooperative work with Dr. Massimo Di Bona, an Italian seismologist.

The inversion theory has also been extended to determine the spatio-temporal distribution 
of subevents in an earthquake. A multiply recorded aftershock of the 1983 Coalinga, 
California, earthquake has been decomposed into a sequence of 20 subevents, using a 
smaller aftershock as the Greens' function. The inversion procedure follows the iterative 
scheme outlined above for the single station recordings, except that an areal grid of 
possible subevents are considered. The initial results from this analysis yield sources 
which are far more diffuse than expected. This diffusion is being addressed by incor 
porating a compactness constraint in the inversion.

3. The theory derived by Boatwright (1982) has been extended to analyze the acceleration 
radiated by extended faults. In contrast to kinematic treatments, where the source excita 
tion is obtained from the distribution of the slip velocity multiplied by the radiation pattern, 
in the high-frequency analysis, the source excitation is obtained from the distribution of the 
dynamic stress drop multiplied by a high-frequency radiation pattern which incorporates 
directivity and crack diffraction effects. By specifying the approximate rupture history, the 
high-frequency analysis yields an envelope for the radiated acceleration. The method has 
been tested using a computer model of a 3-D dynamic rupture (Boatwright and Quin, 
1986). The technique is presently being applied to accelerograph recordings of the 1980 
Irpinia, Italy, earthquake.

References

Boatwright, J., 1982, A dynamic model for far-field acceleration, Bulletin of the Seismological 
Society of America, v. 72, p. 1049-1068.

Boatwright, J., 1988, The seismic radiation from composite models of faulting, Bulletin of the 
Seismological Society of America, v. 78, p. 489-508.

Boatwright, J. and H. Quin, 1986, The seismic radiation from a 3-D dynamic model of a complex 
rupture process, Earthquake Source Mechanics, Geophysical Monograph 37, Maurice 
Ewing Series, v. 6, S. Das, J. Boatwright, and C.H. Scholz, Eds., American Geophysical 
Union, Washington, D.C., p. 97-109.

Publications

Boatwright, J., A dynamic decomposition of the earthquake rupture process, abstract submitted 
for the American Society of Mechanical Engineers, Symposium on the Mechanics of 
Earthquakes.

Wennerberg, L., 1988, Estimating ground motion with zero-phase scaling filters: EOS, 
Transactions, American Geophysical Union, in press.
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Earthquake Hazard Investigations in the Pacific Northwest

14-08-0001-G1390

R.S. Crosson and K.C. Creager
Geophysics Program

University of Washington
Seattle, WA 98195

(206) 543-8020

Investigations

The objective of this research is to investigate earthquake hazards in western Washington, 
including the possibility of a large subduction-style earthquake between the North American and 
Juan de Fuca plates. Improvement in our understanding of earthquake hazards is based on better 
understanding of the regional structure and tectonics. Current investigations by our research group 
focus on the configuration of the subducting Juan de Fuca plate, differences in characteristics of 
seismicity between the overlying North American and the subducting Juan de Fuca plates, deter 
mination of regional stresses through analysis of earthquake focal mechanisms, and modeling of 
lateral velocity variations in the shallow crust. Research during this contract period concentrated 
on the following topics:

1. Tomographic inversion of earthquake travel times to determine 3-D velocity structure in the 
Puget Sound Region.

2. A semi-automated method of determining accurate relative phase arrival times for teleseisms 
recorded on regional networks.

3. Modeling 3-D kinematic flow of the subducted slab.

Results
1. We are investigating the three dimensional seismic velocity structure of western Washington 
using tomographic techniques. Delay times of local earthquake phase arrivals at Washington 
Regional Seismographic Network stations are inverted to determine velocity structure. Approxi 
mately 30 thousand source-receiver pairs were used in the western-Washington inversion. Initial 
results indicate high velocity structures that correlate with the Crescent formation along the eastern 
flank of the Olympic Peninsula. A low velocity lineation beneath Puget Sound is evident down to 
16 km depth, possibly reflecting sediment accumulation. The tomographic velocity inversion is 
part of the Ph.D. research of Jonathan Lees. An article detailing inversion results in the Mount 
St. Helens area has been submitted to the JGR.

2. We have developed a semi-automated method of determining accurate relative phase arrival 
times for teleseisms recorded on regional networks. Our analysis begins by obtaining preliminary 
arrival times with a single-trace phase picking algorithm. For each possible pair of traces we then 
perform a "quick search" for the maximum of their cross-correlation function in order to obtain
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relative delay times. Best results are obtained by using the first 3-4 sec of the major energy pulse 
of the phase. The cross-correlation derived delay times are then used to generate an over- 
determined system of linear equations whose solution is an optimized set of relative arrival times. 
A least-squares criteria is used to solve for these times. This procedure is effective in eliminating 
cycle skipping through the re-evaluation of cross-correlation functions which yield high residuals. 
Quantitative estimates of timing uncertainty are obtained from the variance of the residuals associ 
ated with each trace.

Utilizing data from the Washington Regional Seismograph Network we have found that, for 
reasonably good events, the rms uncertainty in arrival time estimates is on the order of the sample 
interval (.01 sec). Reproducibility of delay anomalies is excellent for events from the same geo 
graphic locations despite differences in waveform and in frequency spectra. A paper on the use of 
this technique to study the deep velocity structure of the Cascadia subduction zone has been sub 
mitted to the BSSA. This work is part of the Ph.D. research of John VanDecar.

3. A wide variety of geophysical investigations including the accurate location of earthquakes, 
teleseismic receiver-function analyses, reflection profiling, tomographic inversion of teleseismic 
travel times and electromagnetic analyses are beginning to delineate the geometry of the subduct 
ing Cascadia slab. This task has proven difficult because only a small part of the slab is seismi- 
cally active. This activity is concentrated beneath the Puget Sound region where it extends to a 
depth of 100 km. The slab appears to have a shallow dip (-10-12°) beneath the Olympic Penin 
sula and Puget Sound and a much steeper dip (-15-20°) to the north and south of this area form 
ing an arch. Coincident with the latitude of the arch, the trench bends concave oceanward by 35°. 
We have constructed 3-D kinematic flow models of the subducting slab that minimize the in-plane 
strain rates associated with deforming the oceanic plate (spherical shell) into a predefined shape 
(observed slab geometry). Two important results have emerged: 1) The strain rates are smaller for 
the arch geometry than for a slab with a constant dip of 20° everywhere along the trench. 2) The 
strain rates reach a peak value of 2*l(T16/s and are concentrated beneath the Olympic Peninsula 
and Puget Sound, coinciding with the region of seismic activity within the slab. Thus, to first 
order it appears that the slab shape and slab seismicity distribution are controlled by the in-plane 
strains associated with the atypical trench curvature. (Most trenches have the opposite sense of 
curvature.) In this analysis, we have specified the slab geometry a priori and have assumed the 
slab is infinitely thin, thus ignored bending strains. We are extending the analysis to include a 
slab with finite thickness. The new formulation will be used to determine the slab geometry that 
minimizes the the in-plane and bending strain rates, given the trench geometry and the slab 
geometry at two cross sections, say below Vancouver Island and Oregon. Similar calculations for 
the Aleutian slab explain the along-arc distribution of recent andesitic volcanism, seismicity cutoff 
depth, and the focal mechanisms and seismic moment release of intermediate-focus earthquakes 
[Boyd and Creager, 1988]. Three-dimensional kinematic flow calculations have the potential of 
explaining a wide variety of geophysical observations in the Cascadia subduction zone as well.
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Articles
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Ludwin, R. S., C.S. Weaver, R.S. Crosson, S.D. Malone, 1988 (submitted), Seismicity and Tec 
tonics of the Pacific Northwest, in: Slemmons, D.B., E.R. Engdahl, D. Shwartz, and 
M. Zoback editors, Decade of North American Geology associated volume 
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Reports

Univ. of Wash. Geophysics Program, 1988, Quarterly Network Report 88-B on Seismicity of 
Washington and Northern Oregon

Final Technical Report: 1987, 1988, Earthquake Hazard Research in the Pacific Northwest, USGS 
Grant #14-08-0001-01390.

Abstracts

Lees, J.M. and Crosson, R.S., 1988 (submitted), Tomographic imaging of local earthquake delay 
times for 3-D velocity variations in western Washington, EOS Fall 1988 PNAGU.

Creager, K.C., and T.M. Boyd, 1988(submitted), 3-D Kinematic Slab Flow in the Aleutians, EOS, 
Fall 1988 AGU.
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Crosson, R.S., and E.L. Crosson, 1988(submitted), A new detection algorithm for phase arrivals 
using a regional seismograph network, EOS, Fall 1988 AGU.

Crosson, R.S., and J.M. Lees, 1988(submitted), Regularization or smoothing in inversion and 
seismic tomography as a linear filtering operation, EOS, Fall 1988 AGU.

Lees, J.M. and Crosson, R.S., 1988 (submitted), Bayesian ART versus conjugate gradient tomo- 
graphic imaging in application to delay times from local earthquakes in western 
Washington, EOS, Fall 1988 AGU.

Ma, Li, R.S. Crosson and R.S. Ludwin, 1988, Regional tectonic stress in western Washington 
from focal mechanisms of crustal and subcrustal earthquakes, Seismol. Research 
Letters, V. 59, p. 16.
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Comparative Earthquake and Tsunami Potential for Zones

9600-98700

George L. Choy 
Stuart P. Nishenko
William Spence

Branch of Global Seismology and Geomagnetism
U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. Prepare a comprehensive map detailing comparative earthquake risk for 
the circum-Pacific region.

2. Develop a working model for the interaction between forces that drive 
plate motions and the occurrence of great subduction zone earthquakes.

3. Compile tsunami data for the circum-Pacific and the corresponding 
seismic source zones.

4. Develop methods for the rapid estimation of the source properties of 
significant earthquakes.

5. Develop methods for improving significance and accuracy of determining 
probability of earthquake recurrence.

Results

1. A comprehensive map "Circum-Pacific Seismic Hazards Forecast," has been 
prepared by Dr. Nishenko that details the probabilities of large-earthquake 
recurrence within the next two decades for the entire circum-Pacific. It is 
based on studies of historic repeat time carried out under this project, as 
well as data drawn from papers published in the open literature. Work on 
this map that has been in progress this year include a probability study for 
the Mexican subduction zone (Nishenko and Singh, in press). In preparation 
is a paper by Drs. Nishenko and McCann, who have identified areas of high 
seismic hazard in SW New Britain, San Cristobal, and the central Tonga arc. 
Data collection and analysis should be finished by late 1988. Data on the 
occurrence of great earthquakes and tsunamis from the Queen Charlotte 
Islands to the Aleutian Islands have been collected and a paper describing 
the evaluation of probabilistic recurrence for this region is also being 
prepared by Drs. Nishenko and Jacob.

2. In evaluating potential earthquake damage, the probabilistic assessment 
can be complemented by an understanding of the rupture mechanics of such 
earthquakes. Mendoza and Hartzell (1988) have studied the source character-
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istics of the Michoacan earthquake of September 1985. They conclude that 
rupture during moderate-to-large earthquakes involves stress heterogeneity 
along the fault surface.

3. Several tsunami catalogs have been gathered prior to compilation of a 
comprehensive tsunami catalog. In cooperation with NOAA, Dr. Nishenko has 
designed a form for systematically gathering and analyzing tsunami data. 
Currently, there is no uniform approach for this data acquisition.

4. We have incorporated algorithms into NEIC operations that now permit the 
analysis of broadband data for all earthquakes with magnitude greater than 
5.8. We have begun a program to systematically compute radiated energy for 
earthquakes with magnitude greater than 5.8. In the past six months, radi 
ated energy has been computed for 57 earthquakes. Choy and Boatwright 
(1988) have developed a method for determining maximum expected acceleration 
levels from teleseismic data. These estimates will fill the void due to the 
lack of near-field recording in regions of high seismic risk.

5. Drs. Nishenko and Buland have completed a paper to improve the methodol 
ogy of determining the probability of earthquake recurrence.

Reports

Choy, G. L. and Boatwright, J., 1988, Teleseismic and near-field analysis of 
the Nahanni earthquakes in the Northwest Territories, Canada: Bulletin 
of the Seismological Society of America, in press.

Mendoza, C., and Hartzell, S. H., 1988, Inversion for slip distribution 
using teleseismic P waveforms North Palm Springs, Borah Peak, and 
Michoacan earthquakes: Bulletin of the Seismological Society of 
America, v. 78, p. 1092-1111.

Nishenko, S., and Buland, R.P., 1988, A generic recurrence interval distri 
bution for earthquake forecasting: Bulletin of the Seismological 
Society of America, in press.

Nishenko, S., and Singh, S. K., 1988, The Acapulco-Ometepec Mexico
earthquakes of 1907-1982 Evidence for a variable recurrence history: 
Bulletin of the Seismological Society of America, in press.
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Spatial and Temporal Patterns of Seismicity in the Garm Region, USSR: 
Applications to Earthquake Prediction and Collisional Tectonics

14-08-0001-G1382

Michael W. Hamburger, Gary L. Pavlis
Mariana Eneva, and William Swanson

Department of Geology
Indiana University

Bloomington, Indiana 47405
(812)335-2934

Investigations

This program focuses on the highly active seismic zone between the Pamir and Tien Shan 
mountain belts in Soviet Central Asia. The Garm region, shown in Figure 1, is located directly 
atop the collisional boundary between the Indian and Eurasian plates, and is associated with a 
dense concentration of both shallow and intermediate-depth earthquakes. Since the early I950's, 
Garm has been the home of the Complex Seismological Expedition (CSE), whose primary mission 
is the prediction of earthquakes in the USSR (Nersesov et al., 1979). Beginning in 1975, the 
USGS, in cooperation with the CSE, has operated a telemetered seismic network nested within a 
stable CSE network that has operated in the area for over thirty years. The fundamental aims of the 
present research project are: (1) to elucidate the structures and processes involved in active 
deformation of the broad collisional plate boundary, and (2) to examine the temporal variations in 
seismicity near Garm, in the form of changing spatial, depth, and stress distribution of 
microearthquakes that precede larger events. The data base for this study includes the combined 
resources of the global, regional, and local seismic networks.

Results

Spatial Distribution of Earthquakes. All work reported here is predicated on the 
compilation, still in progress, of earthquake catalogs from five distinct sources: (1) Historical 
earthquake catalogs of Central Asia, including all events of Ms > 6, from a variety of historical 
earthquake sources; (2) global seismicity catalogs, from the ISC and PDE bulletins and their 
precursors; (3) the Soviet regional catalog ("Earthquakes in the USSR," Acad. Sci. USSR), which 
covers an area of approximately 15° by 25° and includes over 30,000 events since 1962 (compiled 
in collaboration with D.W. Simpson, Lamont-Doherty Geol. Obs.); (4) the CSE network covers 
an area of about 2° square surrounding Garm, and has recorded over 70,000 events since the early 
1950's; (5) the USGS/CSE network is a telemetered seismic network located over the highly 
active Peter the First Range (Wesson et al., 1976) and provides the most precise spatial 
information on earthquake distribution for an area about 1° square.

Our work during this period has focused on analysis of regional seismicity patterns, 
compilation of refined hypocentral locations from the two local networks at Garm, and analysis of 
space-time patterns within a series of well recorded aftershock sequences in the Garm region. 
Large, shallow earthquakes within Soviet Central Asia (Figure 1) are concentrated near the edges 
of the Pamir and Tien Shan mountain belts. Near Garm, these two zones coalesce to form a single 
dense nest of activity beneath the Peter the First Range, which is a highly deformed sedimentary 
terrane sandwiched between the converging Pamir and Tien Shan crystalline massifs. Despite the
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obvious geological complexity of the area, teleseismic earthquake focal mechanisms document an 
overall pattern of north-south shortening along east-trending thrust and reverse faults. We used 
Roecker and Ellsworth's program, VELEST, to simultaneously invert for improved hypocentral 
parameters, station corrections, and one-dimensional P- and S-wave velocity structure beneath the 
Peter the First Range. We then relocated earthquakes (using Lahr's (1988) single-event location 
program HYPOELLIPSE) for the two networks using the revised velocity models and station 
corrections obtained from VELEST. To date, we have completed locating all events from the 
USGS network, 1975-1982, including some 1600 events that post-date the previous compilation 
by Pelton and Fischer (1981). The CSE catalog is complete for the same period, including over 
15,000 events of magnitude greater than 1.0.

The relocated earthquake catalogs indicate an extremely dense concentration of seismicity 
within the thick sedimentary sequence underlying the Peter the First Range (Figure 2). The best 
constrained earthquake depths in the Garm region are largely restricted to the upper crust (3-16 
km), with a small number of well located events extending to 25 km depth. A very few events, 
mostly outside the networks, may be as deep as 35 km, but there is little evidence for deeper 
midcrustal seismicity that has been suggested by teleseismic studies (Nelson et al., 1987). 
Earthquakes within the Peter the First Range appear to concentrate near its axial zone, coinciding 
with the Peter the First thrust fault. One very striking basement fault (at depths > 20 km) cuts 
across the structural grain of the Peter the First Range, parallelling the sharp northwesterly trending 
segment of the Obi-Khingou River. Other deep earthquakes, located beneath the Peter the First 
Range, suggest a southward-dipping seismic zone associated with the underthrusting passive 
continental margin of Eurasia (Figure 3). This southward-dipping zone suggests a continuation of 
the intermediate-depth Wadati-Benioff Zone beneath the Pamir Range to the south.

Aftershock Properties. During the eighteen years of CSE network data that we currently 
have access to (1969-1986), a series of moderate to large events (ML > 4.5) occurred within or 
close to the CSE network at Garm (Figure 4). In order to characterize the patterns of aftershock 
occurrence in this unusual tectonic environment, we examined ten of these earthquakes, including 
the large 1984 Dzhirgital earthquake (Ms = 6.3), which occurred approximately 50 km to the 
northeast of the network. We identified aftershocks using two alternative approaches: (1) 
identification of a rigid space-time window following each mainshock, within which all events are 
considered aftershocks. Here the time window was arbitrarily defined as 90 days, and the spatial 
window varied with the size of the aftershock zone; (2) application of a newly devised algorithm 
that effectively separates aftershock activity from the "background" seismicity that would have 
occurred during the aftershock sequence (described by Eneva and Hamburger, 1988). This 
method provides a much more conservative estimate of aftershock productivity.

Independent of the method used, aftershock productivity has proven to be highly variable 
in this complex collisional zone (Table 1, Figure 4). Seven of these events, with magnitudes 
ranging from 4.5 to 5.5, produced-from 80 to 430 aftershocks with ML> 1-0. The larger 
Dzhirgital earthquake produced over 800 aftershocks. All eight of these sequences showed a 
characteristic decay in time, following the modified Omori's Law (Utsu, 1961), with decay 
constants ranging from 0.54 for the Dzhirgital event to a high of 0.7. Two other events were 
completely anomalous in their aftershock productivity: (1) a magnitude 4.5 earthquake at a depth 
of 36 km that had no associated aftershock activity, and (2) a magnitude 5.2 event at a depth of less 
than 1 km with fewer than ten aftershocks. These observations were corroborated by the 
distribution of larger events (ML > 2.5) reported by the Soviet regional network. The unusual 
location of the two earthquakes (both occurred at the southwestern edge of the CSE network), and 
their unusual depths (they were the deepest and shallowest events studied) suggest that the 
aftershock properties of the Garm region may be controlled by local variations in lithology, pore 
pressure, and stress conditions that are superimposed on the pressure/ temperature conditions that 
influence rock strength.
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Figure 1. Teleseismically located earthquakes and active faults of the Garm region. Earthquakes recorded from 1964- 

1984 and located by > 20 stations, are from the ISC catalog. Open circles represent earthquakes at < 70 km 
depth; filled circles: h > 70 km. Fault maps are adapted from Keith et al. (1982) and Wesson (1988). Dashed 
ellipses indicate aftershock zones of 1974 Markansu and 1978 Alai Valley earthquakes. Heavy arrow shows the 
location of Garm.
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Figure 2. Map of earthquakes recorded by the CSE network during one representative year (1981). Earthquakes have 

been classified by location quality: Filled circles - 'A* quality; shaded circles - 'B' quality; open circles - 'C' 
quality; crosses - TX quality. Triangles show locations of CSE seismic stations. Heavy lines show locations of 
cross sections.
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Figure 3. Northwest-southeast cross section_across the Peter the First Range near Garm. The width of the cross 

section is 10 km. Earthquakes are classified by grade: filled circles - 'A1 quality; shaded circles - 'B' quality; 
filled circles - 'C quality. Note the pronounced gap in activity between about 12 and 17 km depth and the 
apparent southward dip in activity beneath the gap.
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Figure 4. Large and moderate-sized earthquakes (ML > 4.5) in the Garm region, 1969-1986. Earthquake locations 
are from the original CSE catalog. Large circles represent mainshocks and small circles represent aftershock 
sequences. Numbers denote earthquakes listed in Table 1.

TABLE 1

Garm Aftershock Properties
Event

1
2
3
4
5
6
7
8
9

10

Date
690322
741208
750609
760710
760903
771225
780926
791020
830226
841026

Magnitude
5.5
4.5
5.2
4.8
5.1
5.0
4.6
4.5
5.2
6.3

N
205

8
24
74

126
215

65
83

104
862

n
194

1
8

62
102
157
32
47
69

849

P
0.66

*
*

0.67
0.70
0.63
0.70
0.61
0.62
0.54

N = Total number of earthquakes (3 months of aftershocks) 
n = Number of aftershocks (N - background activity) 
p = Decay constant in Omori's Law 
* - Insufficient data to estimate p
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INVESTIGATIONS

Seismotectonic analysis of earthquake data recorded by the USC and CIT/USGS 
networks during the last 14 years in the greater Los Angeles basin. Improve models of the 
velocity structure to obtain more accurate earthquake locations including depth and to 
determine focal mechanisms. Studies of the earthquake potential and the detailed patterns of 
faulting along major faults in the metropolitan area and adjacent regions.

Analysis of the October 1987 Whittier Narrows (ML= 5.9) earthquake sequence in 
the Los Angeles metropolitan area has been completed.

RESULTS

The October 1, 1987 Whittier Narrows earthquake (ML=5.9) was located at 34° 
2.96' N, 118° 4.86' W,at a depth of 14.6 km in the northeastern Los Angeles basin (Figure 
1). The focal mechanism of the mainshock derived from first motion polarities showed 
pure north over south thrust motion on east striking nodal planes with dips of 25°±5° and 
65°+5°, respectively. The aftershocks define an approximately circular surface that dips 
gentry to the north, centered at the hypocenter of the mainshock with a diameter of 4 km, a 
small rupture surface for an earthquake of this magnitude in California. Hence the spatial 
distribution of the mainshock and aftershocks as well as the focal mechanisms of the main 
shock indicate that the causative fault was a gently dipping thrust fault with an east strike, 
and is confined to depths from 12 to 15 km. This blind thrust fault was not recognized as a 
seismogenic fault prior to the earthquake. Although most of the 59 aftershock focal 
mechanisms document a complex sequence of faulting, they are consistent with block 
motion caused by the thrust faulting observed in the mainshock (Figure 2). A cluster of 
reverse faulting events on north striking planes occurred within hours of the mainshock, 2 
km to the west of the mainshock. The largest aftershock ML=5.3 occurred on October 4 
and showed right-lateral faulting on a north-northwest striking plane within the hanging 
wall above the mainshock fault plane. Similarly several left-lateral focal mechanisms are 
observed near the eastern edge of the mainshock rupture. The mainshock and most of the 
aftershock focal mechanisms thus describe thrust faulting on a west striking plane with 
north over south movement, while the largest aftershock and several smaller aftershocks 
define a steeply dipping north to north-northwest striking fault that may have confined the 
slip of the mainshock. The earthquake and calibration blast arrival time data were inverted 
to obtain two refined crustal velocity models and a set of corresponding station delays. 
When relocating the blast using the new models and delays, the absolute hypocentral 
location bias is less than 0.5 km. The mainshock was followed by under 500 locatable 
aftershocks, which is an unusually small number of aftershocks for this magnitude

66



1.2

mainshock. The decay rate of aftershock occurrences with time was unusually fast, while 
the b-value was unusually low or 0.81+0.05 for a Los Angeles basin sequence.
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Seismic Source Characteristics of Western States Earthquakes
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Investigation

A study on the characteristics of pre and post- 1962 Western U.S. 
earthquakes is continuing with special emphasis on clusters. The 
study has begun with well recorded modern events (post-1962) and will 
proceed to (pre-1962) events later. Four major tasks will be addressed 
in this funding cycle. These tasks are:

1.) Extended analysis of low-gain recordings of earthquakes 
occurring in the Imperial Valley and Northern Baja; to 
fix the depths of main energy release (asperity concen 
tration).

2.) Analysis of body waves at all ranges using direct 
inversion for fixed earth models, application of the 
intercorrelation method to measure differences between 
events and develop master events per region.

3.) Analysis of historic events (pre-1962) using the same 
methods (masters) but on a more regional basis.

A.) Reassessment of events with sparsely recorded strong 
motions using more accurate Green's functions computed 
from laterally varying earth models.

Results

Significant progress has occurred on all four tasks with particu 
lar interest being given to the recent Superstition Hills events, 23 
and 24 November 1987, as Well as older events in this same region. 
Three types of data are being collected and analyzed, namely strong- 
motions recorded in Imperial Valley, teleseismic (De Bilt and US) and 
Caltech's strong-motion Wood-Andersons. The latter issue is discussed 
in a paper on modeling regional seismograms submitted for publication. 
An abstract of this work is given below. This is followed by a brief 
review of a paper on waveform modeling of the Superstition Hills 
events.

a) Modeling Regional Love Waves: Imperial Valley to Pasadena

Long period seismograms recorded at Pasadena of earthquakes 
occurring along a profile to Imperial Valley are studied in terms of 
source phenomena (e.g., source mechanisms and depths) versus path 
effects. Some of the events have known source parameters, determined
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by teleseismic or near-field studies, and are used as master events 
in a forward modeling exercise to derive the Green's functions (SH 
displacements at Pasadena that are due to a pure strike-slip or 
dip-slip mechanism) that describe the propagation effects along the 
profile. Both timing and waveforms of records are matched by synthe 
tics calculated from 2-dimensional velocity models. The best 2-dimen- 
sional section begins at Imperial Valley with a thin crust containing 
the basin structure and thickens towards Pasadena. The detailed 
nature of the transition zone at the base of the crust controls the 
early arriving shorter periods (strong motions), while the edge of the 
basin controls the scattered longer period surface waves. From the 
waveform characteristics alone, shallow events in the basin are easily 
distinguished from deep events, and the amount of strike-slip versus 
dip-slip motion is also easily determined. Those events rupturing the 
sediments, such as the 1979 Imperial Valley earthquake, can be recog 
nized easily by a late-arriving scattered Love wave that has been 
delayed by the very slow path across the shallow valley structure.

b) Waveform Modeling of the November 1987 Superstition Hills 
Earthquakes

Long period body wave data recorded at teleseismic distances and 
strong-motion data at Pasadena for the Superstition Hills earthquakes 
of 23 (EQ1) and 24 (EQ2) November 1987 are modeled to obtain the 
source parameters. At all distances the first earthquake appears to a 
simple left-lateral strike-slip event on a fault striking NE. It is a 
relatively deep event with a source depth of 10 km. It has a tele- 
seismic moment of 2.7 x 10^ dyne cm and a modest stress drop. The 
second and more complex event was modeled in two ways: by using EQ1 as 
the Green's function and by using a more traditional forward modeling 
technique to create synthetic seismograms. The first method indicated 
that EQ2 was a double event with both subevents similar, see Figures 1 
and 2, but not identical to EQ1 and separated by 7 + .5 seconds. From 
the synthetic seismogram study we obtained a strike of 305° for the 
first subevent and 320° for the second. Both have dips of 80° and 
rakes of 175°. The first subevent has a moment of 3.6 x 10^ which is 
half that of the second. We obtain depths of 10 and 6 km for the 
first and second subevents respectively. The teleseismic data give a 
30 km north-south subevent separation, which would allow the subevents 
to occur on conjugate faults. The strong motion data at PAS however, 
imply a much smaller source separation.
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Nov. 23, 1987 
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Figure 1: SH data recorded at STJ for EQ1, EQ2 and the 1968 Borrego 
Mountain event. The data are plotted at the correct relative 
amplitudes of the original records. Note that the magnification 
has changed since 1968. These teleseismic records indicate that 
EQ2 may consist of two subevents similar to EQ1, but with the 
second subevent larger than the first.
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STJ (SH)

Nov. 23, 1987

Nov. 24, 1987

Apr. 9, 1968

Figure 2: The middle trace is the SH data at STJ for EQ2. The upper 
trace is the data for EQ1 added to itself with a 9 sec. delay and 
with the delayed event being twice as large as the first. The 
lower trace is the same as the upper but is for the Borrego 
Mountain earthquake. Amplitudes are normalized so that the 
maximum S amplitude is the same on all three traces. The ratio of 
s l to ^2 changes with azimuth indicating non-planar faulting.
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Investigations

1. A reconnaissance geologic map of the Pilot Creek 15-minute quadrangle, Humboldt and 
Trinity Counties, California.

2. A geologic compilation of the Klamath Mountains and adjacent areas in northwestern 
California and southwestern Oregon for purposes of tectonic analysis,

3. The distribution of radiolarian-bearing chert deposits in the California Coast Ranges.

4. Preparation of a field trip guidebook. 

Results

1. The reconnaissance geologic map of the Pilot Creek quadrangle was prepared in collabora 
tion with K. R. Aalto of Humboldt State University and H, M. Kelsey of Western Wash 
ington University. The quadrangle straddles the South Fork fault which forms the boun 
dary between the Coast Ranges to the southwest and the Klamath Mountains to the north 
east. The Coast Range portion of the quadrangle is composed of South Fork Mountain 
Schist and Franciscan rocks; and the Klamath mountains portion includes Galice Forma 
tion and Rattlesnake Creek terrane. In addition to the South Fork faults, the Coast Range 
portion of the quadrangle contains other major fault and shear zones including the well- 
known Grogan fault. The map was revised for reproduction and distribution.

2. Compilation of the geology of the Klamath Mountains (scale 1:500,000) from various 
source maps and preparation of the peripheral explanatory material has been completed. 
The map is planned for publication in the Miscellaneous Geologic Investigations map 
series. The map was revised following technical review and is now being reviewed by 
Geologic Names Unit.
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3. Samples of radiolarian chert have been collected from the main exposures of Franciscan 
rocks in the central and southern coast ranges for the purpose of extending and refining the 
known distribution of the Lower Jurassic chert. The Lower Jurassic chert, which is the 
oldest paleontologically dated rock of the Franciscan assemblage, has previously been paid 
scant attention, but its pattern of distribution may possibly provide important information 
relating to large tectonic dislocations of the Franciscan rocks on either side of the Salinian 
block. The study is in collaboration with C. D. Blome and M. J. Rymer.

4. A chapter of a guidebook for the International Geological Congress, 1989, was prepared. 
It consists of a description of the Klamath Mountains terranes, and a roadlog for a traverse 
along Highway 36 across the southern part of the province.

Reports

Irwin, W.P., Terranes of the Klamath Mountains, California and Oregon: International Geologic 
Congress, 1989, Field Guidebook, submitted to collector of papers.

Aalto, K.R., Irwin, W.P., and Kelsey, H.M., 1988, Reconnaissance geologic map of the Pilot 
Creek quadrangle, Humboldt and Trinity Counties, California: U.S. Geological Survey 
Open-File Map 88-363, scale 1:62,500.
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Research during May through September, 1988 was directed to four main tasks: (1) conver 
sion of the entire data processing and analytical system from the PDF-11/70 computer to the Sun 
system; (2) development of techniques for investigating changes in fault zone properties associ 
ated with the occurrence of the May 7,1986, Andreanof Islands earthquake; (3) studies of the aft 
ershocks of the May 7,1986 earthquake as one approach to elucidating the seismogenic processes 
and to understanding the physical basis of the pre-event quiescence that had been detected and 
tracked with the Central Aleutians network; and (4) initiation of the study of selected earthquakes 
in the Tohoku district of Japan, with emphasis on a comparison of the behavior of pre-event 
seismicity and of aftershocks in the Aleutian and Japanese subduction zones.

Conversion to the New Computer System
At the end of April, all CIRES personnel working on USGS-sponsored research in the Aleu 

tian Islands, as well as the CIRES Computing Facility, moved into newly constructed space. As 
part of the move, and with the assistance of funds provided by the USGS, the PDP-11/70 com 
puter, which had been the primary machine used in this research, was replaced by a Sun 
workstation-based system. Unfortunately, because of requirements imposed by the University on 
the evacuation of the old space, and other practical considerations, it was not possible to keep the 
old system in operation while the new one was being brought up, and it was not possible to start 
work with the new system until the move was complete. Therefore, all work requiring computa 
tion with the principal machine, including earthquake locations and data analysis, came to a halt 
for several months. Work has proceeded by the use of various microcomputers, but much of the 
primary data base has not been available until the conversion was complete.

The conversion is now completed, with all of the codes essential to this research debugged 
and running on the new system, the documentation for the new earthquake location program 
prepared, and training of project personnel in the use of the system in progress. Personnel from 
the National Earthquake Information Center, Golden, and the Bureau of Mines, Denver, have 
been briefed on the new system, as they contemplate the adoption of a similar system.

One consequence of the change-over has been a delay in the investigation of velocity 
changes associated with the occurrence of the May 7, 1986 earthquake. Considerable effort was 
required to develop the software to read the digital waveform tapes written with the old system on 
the Sun system. This problem is now solved and the study of seismic velocity changes planned as 
part of this research will proceed as described in earlier Technical Summaries.

Attenuation and Velocity Changes Related to the May 7,1986 Event
The need to determine the details of material properties within the rupture zone of the May 

7 earthquake, and possible changes in these properties caused by the earthquake has been made 
more clear by the results of the aftershock studies reported below. The aftershocks occur in clus 
ters that, with one exception, coincide with the locations of clusters of earthquakes during the 22
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years before this event, so that important differences in the mechanical properties of these sites, 
compared to the less active portions of the thrust plane, are indicated.

A new method for mapping Q has been developed as part of this task. The method uses a 
3-dimensional tomographic reconstruction of the distribution of Q within the seismic zone. The 
first step in testing the feasibility of the technique was to determine the coverage available with 
the existing data set and station locations. The result is shown in Figure 1. The locations of 2553 
events located with the network in 1985 were used as input data to a count of the number of rays 
that passed through each block, 5 km on a side, within the depth ranges shown. The result shows 
the parts of the zone in which high-resolution results can be achieved, and where they cannot.

To test the reconstruction efficiency of the method, a synthetic data set was processed. Q 
was set at 200 throughout, except for a small zone between 7.5 and 12.5 km, top of Figure 2, in 
which Q was set at 220. Average Q values to each station for each postulated event were calcu 
lated to create a synthetic observed Q data set. When this data set was processed once through the 
reconstruction program, the anomaly was smeared out over a wide depth range. The result after 
100 iterations, Figure 2, shows that the input anomaly has been recovered in a satisfactory 
manner. The influence of noise on the results is still to be determined, and then the method will 
be applied systematically to real data.

This approach is being done in parallel with the completion of the coda-Q studies started 
earlier.

Aftershocks of the May 7,1986 Event
The analysis of the spatial and temporal behavior of the aftershocks of the Andreanof 

Islands earthquake, as documented in the catalog of teleseismically-located events, has been com 
pleted. In addition to an examination of the decay rate in the entire aftershock region, the separate 
parts of that zone, as defined by the pre-event seismicity pattern, have been analyzed. Because 
some theories of aftershock generation suggest a direct relation between the decay rate of the 
activity and the b-value of the sequence, b-values for the pre-mainshock activity (22 years), and 
for all and the separate parts of the aftershock zone have been determined. The principal conclu 
sions of this work are:

(1) the overall distribution of aftershocks agrees closely with the seismicity distribution dur 
ing the preceding 22 years for the same section of the Aleutians seismic zone. Events are distri 
buted all along the upper thrust plane, but the lower thrust plane was active only in the segment 
west of the mainshock epicenter.

(2) the aftershocks are concentrated in definite clusters, separated by regions of no activity. 
With one exception, these clusters are in the same place as the clusters of events prior to the 
mainshock. One group of aftershocks did fill in a hole in the pre-event distribution, in the upper 
thrust plane, close to the epicenter to the southwest.

(3) for that part of the rupture zone monitored by the local network, the early aftershocks in 
the local catalog and the teleseismic aftershocks show a distinct concentration in the place in 
which the sharpest and most persistent quiescence had occurred prior to the mainshock, and 
where major moment release occurred during the event.

(4) for all aftershocks, m5>4.7, the rate of decay, as given by the p-value in the Modified 
Omori relation, is 0.87, with a b-value of 1.27. For the upper thrust plane, within which 68.5% of 
the aftershocks occurred, p=0.94, b=1.30. For the lower thrust plane, with 23.5% of the aft 
ershocks, p =0.72, b=1.7 (this high b-value is suspect because of the narrow range of magnitudes 
in the data set). For the small group of upper plate events, most of which occurred in a short time 
interval, p=1.26, b=0.95.
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(5) the upper plate activity is interpreted as triggered activity and not part of the primary 
aftershock sequence. If these events are removed, the p-value hardly changes, but the fit to the 
Modified Omori relation is improved, as indicated by the smaller value of the mean difference.

(6) An inverse relation of p and b is suggested by these results, but more cases, involving 
independent earthquake sequences in various places, are needed before any general conclusions 
can be reached. The low p-value and high b-value in the lower thrust plane indicate that this part 
of the fault zone has significantly different properties than the upper thrust plane. Both values 
point to a heterogeneous fault surface, containing a large number of small asperities scattered 
over it The absence of activity on the eastern part of the lower plane is still to be explained.

(7) the b-value for the whole aftershock zone during the 22 years before the mainshock was 
1.15. For the thrust zone only, b was 1.20. No significant difference in pre-event and aftershock 
b-values is seen.

(8) The concentration of aftershocks, as well as of major moment release in the mainshock, 
within the zone of pronounced quiescence, lends support to the interpretation of the observed 
quiescence as an intermediate-term precursor to this major earthquake.

Table 

Summary of Modified Omori Fits to Subsets of the Aftershocks

Subset 

All aftershocks

Upper thrust 
Lower thrust 
Upper plate 
All-upper plate 
East of epicenter 
Upper thrust, east 
West of epicenter 
Upper thrust, west

No. events p Mean dif (number-FLT)

238 0.868 0.236±4.410
95 0.918 0.365±2.669

163(68.5%) 0.935 0.396±2.871
56 (23.5%) 0.719 0.378±1.473
19(8%) 1.262 0.600±1.885

219 (92%) 0.876 0.118±3.600
89 (37.4%) 0.982 0.453±3.960
71 0.994 0.486±3.240

149 (62.6%) 0.835 0.411±2.466
92 0.942 0.461±1.568

Earthquakes in the Tohoku District of Japan
The Principal Investigator spent-June and July, 1988 at the Observation Center for Earth 

quake Prediction, Tohoku University, Sendai, Japan. The purpose of the visit was to gain first 
hand familiarity with the excellent data set that has been acquired since 1975 by the regional net 
work operated by the Center, and to start the comparison of results relevant to seismogenesis in 
the Japan and Aleutian subduction zones. The region monitored by Tohoku University was 
chosen because the geological conditions are less complex and more similar to the Central Aleu 
tians than in the seismic zone south and west of Tokyo. The Japanese scientists at the Center have 
done a great deal of excellent work with these data, so a good foundation exists for a comparative 
study.

Three active areas were selected from the very large Tohoku catalog. In all cases, good 
coverage prior to one or more strong events and the occurrence of at least one well-documented 
aftershock sequence were sought Because the Tohoku network has evolved since its initiation in 
1975, the completeness of coverage is not uniform over the entire region now monitored during 
all time since then. In addition, an appropriate lower magnitude cutoff, determined by the amount 
of activity in the selected area, was imposed in order to keep the total number of events within
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reasonable limits. The regions selected are:
(1) 36-38 N., 141-143 E, 1981-Apr 1988. This region includes the main thrust zone of the 

subduction system. Two important episodes are included in the data set: An M7.2 earthquake of 
July 23, 1882 (the Ibaraki-oki earthquake), and a series of events, M>6, during February - April 
1987. This region offers the best opportunity for direct comparison with the Adak experience.

(2) 38.8-38.95 N, 140.6-140.8 E, depth less than 20 km, 1975-Jan 1988. This small region 
was chosen to represent activity in the upper plate, well above the Wadati-Benioff zone. The 
main event is an M4.7 event, March 28, 1985. It has a nice aftershock sequence. There has been 
no opportunity to observe an upper plate event in the Central Aleutians with comparable density 
and azimuthal competeness of coverage.

(3) 39.5-40 N, 141.5-142 E, depth greater than 40 km, 1975-Apr 1988. The principal event 
is a M6.9 earthquake at 75 km depth, on January 9, 1987. Because this intermediate-depth event 
occurred under Honshu, it is well covered by the network.

The first analysis for these events has been completed. These include the definition of the 
aftershock zone, an initial examination of the pre-event seismicity in time and space, and a fit to 
the Modified Omori relation for the aftershocks in cases (2) and (3).
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FIGURE 1. 25S3 events recorded by the network in 198S were used to calculate the 
number of rays that hit a 3-dimensional square block of 5 km. dimension (except in the 
top left where the blocks are only 2.5 km. in depth but 5 km. square in areal extent). The 
top left figure shows the location of the stations in the network.

Each figure represents a range of depth as indicated below the figure. The shadings indi 
cate the number of rays that hit each block within that particular depth range. The 
columns to the the right of each figure gives the range of the number of rays that hit a 
block within each depth cone and shows the seven different shadings used for equal inter 
vals of ray hit count shown in the figure. Note that the scale shown in each column is dif 
ferent.
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It.9 «  IT.9 hi

FIGURE 2. The top figure shows a synthetic Q-anomaly model that was used to produce 
a starting 'observed Q-model' Note that the anomaly exists only in the depth range as 
indicated below the top figure. The figures underneath represents the results of running 
the synthetic 'observed Q-model' through the 3-dimensional tomographic reconstruction 
programs for 100 iterations. The representation is similiar to Figure 1 except that these 
figures show the Q-value within each block. The scale is the same for all the figures and 
is shown by one column that gives the minimum, maximum and the seven equal intervals 
of Q-values shown in the figures. 81
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Seismological Field Investigations 

9950-01539

C. J. Langer 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, CO 80225
(303) 236-1593

Investigations

Southeastern Illinois earthquake investigation of 10 June 1987 event. 

Results

The 10 June 198? southeastern Illinois earthquake was the most recent in 
a series of magnitude 5 shocks to occur in the Wabash seismic zone of 
southeastern Illinois and southwestern Indiana. Various magnitude estimates 
for this seismic event ranged from 4.9 to 5.2. The Wabash zone, as identified 
by Nuttli and Herrmann (1978) and Nuttli (1979), has a record of seismic 
activity dating back to i860 and includes six shocks with magnitudes between 
5.0 and 5.5 in the last 88 years (see Figure 1). Interestingly, those 
earthquakes, which are rather large for the central U.S., occur with a modest 
amount of regularity every 18 ± 16 years. The Wabash zone is to the northeast 
of the larger New Madrid seismic zone centered in extreme southeastern 
Missouri.

This most recent earthquake was located roughly 200 km east of St. Louis, 
MO, and about 12 km east of the town of Olney, IL. It caused minor damage in 
the epicentral area: hairline cracks in earthen/concrete dams, isolated damage 
to older chimneys, open cracks in brick/stone fences or walks, cracked cement 
and cinderblock foundations, underground pipes out of service, etc. Such 
effects are ascribed to an intensity level (modified Mercalli scale) of VII. 
The vibrations were felt by residents in all or parts of at least 23 central 
and eastern states, an area of some 430,000 km . These intensity data were 
compiled from a USGS canvass of approximately 4800 postmaster and selected 
government field agencies (Reagor and Brewer, 1987).

Within \\ days following the 10 June mainshock, installation of a network 
of portable seismographs by USGS and University personnel was in progress. 
More than 140 aftershocks, the largest of which were about magnitude 3, were 
subsequently recorded and accurately (within a km or two) located. The 
hypocentral volume of these aftershocks is very small: horizontally about 1.0 
X 1.5 km and vertically about 4 km between depths from 8 to 12 km below the 
ground surface (Langer and others, 1987; Taylor and others, 1988). Expect- 
ably, there was no surficial ground breakage. Independent calculations by 
University teams (St. Louis, Memphis State, Indiana) corroborated the 
distinctive, compact aftershock volume; a geometry that is "pencil like."

Both the magnitude and the aftershock volume of this important earthquake 
are relevant to the assessment of seismic hazard in the region. The apparent 
frequency and spatial distribution of these moderate-sized shocks are
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important characteristics of the zone that must be taken into account. The 
physical and geological implications of the small source volume are being 
investigated. It is hoped that they will shed some new light on the 
seismogenic process in the nation's heartland.
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Figure 1. Historical seismicity on the Wabash seismic zone (Nuttli and
??7of?^1978) , and environs - Epicenters for 736 earthquakes 
11792-1985) are indicated by squares: largest - magnitudes 4 arid 
larger; mid-size - magnitudes 3 to 4; smallest = magnitudes less 
than 3. Epicenter for the 1987 Illinois shock shown by the star 
symbol. Catalog and epicenter plot from Carl Stover, National 
Earthquake Information Center, USGS, Denver, CO
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Hayward Fault

9910-04191

J. J. Lienkaemper 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5642

Investigations
Determine slip rates and earthquake recurrence intervals on the Hayward fault. Compare 
geologic surface-slip rate to historic creep rates and geodetically determined deep-slip rate. 
Analyze effects of structural complexity and fault segmentation upon how recurrence may be 
inferred from slip rate. In future reports this project will be reported as a part of project 
9910-04192.

Results
1. Trenching near Fremont Civic Center 1986-1987 yielded a slip rate of 5.5 ± 0.5 mm/yr 
for the the last 8040 yr from an offset buried channel unit. These results are now available in 
detail [Borchardt et al., 1988a; Borchardt et al., 1988b], and formal journal papers on this 
investigation are in preparation. Laboratory results on paleomagnetic samples still have not 
arrived.

2. Along the entire 70-km length of the creeping section of the Hayward fault we surveyed 
several offset curbs, fences, and buildings and analyzed the results in order to generalize the 
rate of creep over several decades. Except for southern Fremont where creep ranges from 8 to 
10 mm/yr; the creep rate has generally been about 5 to 6 mm/yr.

3. A potential 18-km-long gap in the 5 to 6 mm/yr creep rate seemed to exist on the Hayward 
fault in the Oakland area. We surveyed all available offset cultural features in Oakland and 
found that creep rate appears to be low in some places, probably because part of the slip is 
distributed in a broader zone of faulting that extends beyond the limits of the surveyed features. 
Other places in Oakland appear to have the more usual 5 to 6 mm/yr slip rate observed along 
most of the fault. Thus we cannot conclude from surface slip data that the likelihood of a large 
earthquake or higher than average seismic slip is any greater in Oakland than elsewhere along 
the fault [Lienkaemper and Borchardt, 1988].

Reports
Borchardt, G., J. J. Lienkaemper, K. Budding, and D. P. Schwartz, 1988a, Holocene slip rate 

of the Hayward fault, Fremont, California: Calif. Div. Mines Geol. Open-File Report.

Borchardt, G., J. J. Lienkaemper, and D. P. Schwartz, 1988b, Soil development and
tectoturbation in a catena produced by Holocene downwarping along the Hayward fault, 
Fremont, California: California: Calif. Div. Mines Geol. Open-File Report.

Borchardt, G., and J. J. Lienkaemper, 1988, Soil development in association with Holocene 
downwarping along the Hayward fault, Fremont, California (abs.): EOS, Trans. Am. 
Geophys. Union

Lienkaemper, J. J., and G. Borchardt, 1988, No creep gap along the Hayward fault in Oakland, 
California? (abs.): EOS, Trans. Am Geophys. Union
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San Andreas Fault Slip Near Cholame, California

9910-04192

J. J. Lienkaemper 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5642

Investigations
1. Surface slip along the San Andreas fault near Parkfield, California.

2. 1857 slip on the San Andreas fault near Cholame, California.

Results
1. The Parkfield slip manuscript [Lienkaemper et a/.] is still in Branch review.

2. Revisions on the manuscript [Lienkaemper and Sturm] were completed. A second 
manuscript describing all offset channels south of Cholame is in preparation, as is a detailed 
map of active traces of the San Andreas fault in this segment. Scheduled fieldwork was postponed 
because of a funding shortfall. Most work in this period was done on the Hayward fault project 
(9910-04191) and followup analysis of the 1987 Superstion Hills earthquake ruptures and 
afterslip. In future Semi-annual reports the Hayward and San Andreas projects will be 
combined.

Reports
Lienkaemper, J. J., and T. A. Sturm, submitted, Reconstruction of a channel offset in 1857(?) 

on the San Andreas fault near Cholame, California: Bull. Seismol. Soc. Am. [revised].

Lienkaemper, J. J., W. H. Prescott, and J. D. Sims, in review, Surface slip along the San 
Andreas fault near Parkfield, California: J. Geophys. Res. [to be submitted]
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SEISMIC WAVE MONITORING AT PARKFIELD, CALIFORNIA

14-08-0001-G1149

T.V.McEvilly, R. dymer, Wm Foxall, A. Michelini, E. Karageorgi
Seismographic Station

University of California
Berkeley, CA 94720

415/642-3977

Introduction
The Parkfield high-resolution seismic network (HRSN) now consists of ten, 3-component, 
borehole seismometers surrounding the 1966 Parkfield epicenter. The 32-channel data- 
acquisition system features digital telemetry with 250 Hz bandwidth and 16-bit resolution, and 
can operate in external-trigger (i.e., controlled-source) or event-trigger (earthquake) modes. 
Two programs of seismic wave measurements continue: Earthquake recording began in 
December, 1986, and routine, controlled-source monitoring began in June, 1987. Since the 
completion of the network in January, 1988, the project has been primarily in a data-gathering 
mode.

Investigations

1) Controlled-source monitoring. At Parkfield, the nucleation zone is illuminated on a nomi 
nally monthly schedule by the UCB shear-wave vibrator operated at eight source sites (Figure
1), generating three shear-wave polarizations at each site. At the Center for Computational 
Seismology (CCS) at the University of California Lawrence Berkeley Laboratory, the data 
undergo routine preliminary processing. More advanced data-processing routines are being 
developed to detect changes in velocity, attenuation, and anisotropy.

2) Earthquakes. Local microearthquakes as small as magnitude approximately -1 are continu 
ously recorded on the UC/LBL Wescomp recording system, with cooperative maintenance 
assistance by UC Santa Barbara and USGS. Preliminary results, reported in the last summary, 
show that one characteristic mode of strain relief in the Parkfield nucleation zone is the 
occurrence of small clusters of earthquakes that contain groups (multiplets) of almost identical 
events. Members of each group could be located with a relative accuracy of a few tens of 
meters. At CCS, development of an improved location procedure is underway, which will 
allow analysis with similar precision of all earthquakes in this area. These relocated events 
will then be used to study failure processes, fault zone structure, and material properties within 
the Parkfield nucleation zone.

Results

1) Controlled-source studies. From June 1987 to July 1988, 13 data sets have been acquired at 
roughly monthly intervals. From July 1988 to the present, field operations have ceased due to 
exhaustion of funds.

At CCS, the basic data-processing software package was changed from DISCO to SierraSEIS 
in April 1988, with SierraSEIS installed on a new Convex computer. Start-up problems caused 
a slowing in our data processing program for some months. Processing routines for the 
Vibroseis data (editing, stacking, correlating) developed with DISCO have been converted to 
SierraSEIS, and a major effort is now underway to bring the basic processing up to date.

Figure 2 shows a typical 'source-gather' (one source polarization at one source site into all 
receivers) from the July 1988 data set. A time- or common-receiver gather (one source into 
one receiver for all monthly data sets) is shown in Figure 3 for July 1987 to July 1988.

UC Seismographic Station SEP88
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Portions of the wavetrain remain repeatable out to 16-sec travel time.
Particularly noteworthy on Figure 3 is the anomalous nature of the January data. For example, 
there is a clear and continuous event on H2 just before 9 sec. This event nearly disappears on 
H2 for January, but appears on HI only for January. Other events show similar changes (e.g., 
at 6.2 and 10 sec.) It is evident that rapid changes have occurred in propagation direction 
and/or polarization on this path; the nature of the changes may be clarified by further analysis 
with trace-rotation techniques.
The routine processing of the data acquired to date is quite manageable and is well underway. 
The next step is more difficult - to reduce in as automatic a fashion as possible this huge data 
set to a few key, robust parameters. There are 720 possible time gathers, such as seen in Fig 
ure 3, to update and analyze each month.
As a start, we have developed a rapid, efficient windowing and cross-correlation/cross-spectral 
procedure to analyze relative travel-time changes within gathers to a precision of better than 
0.5 msec. Figure 4 shows the results of applying this procedure to several receiver (time) 
gathers for one source polarization at source position eight. There is a considerable degree of 
similarity in the pattern of changes, particularly for the S-wave arrivals. We interpret this to be 
a result of changes in near-surface water saturation at the source end of the path, an effect seen 
clearly in the earlier monitoring study at Hollister (Clymer and McEvilly, 1981). One path can 
now be chosen as a reference (probably, in this case, the short path to JCN) and the effect 
removed from the other data sets.
The presence of rapid changes in waveform and the systematic changes in travel time vindicate 
the monthly sampling interval. Beginning again in October 1988, we will continue monthly 
measurements as long as funds allow, probably sometime in the spring of 1989.
Data-processing emphasis is now the following:
1. The cross-coherence/cross-spectral procedure will be applied to all data sets as they are 

processed. Calculation of relative amplitudes and spectral changes within the windows will 
be added to the procedure. Traces may be rotated to aid in monitoring particular phases 
from particular source polarizations.

2. Rotation of traces will be explored for a more sensitive coordinate system for analysis of 
anisotropy.

3. Other obvious procedures are being explored for monitoring temporal changes in wave pro 
pagation, such as differencing and ratioing of traces, comparison of phase spectra, etc.

2) Earthquakes. There has continued to be little 'down-time' in the earthquake recording. To 
date, events detected and on-scale range from approximately M -1.0 to M 1.8. Local events 
generally show high signal-to-noise ratio and high bandwidth (usable data to the 125 -Hz anti- 
alias filter). Approximately 300 local events have been catalogued to date.
We have refined the relative hypocentral locations of multiple! events within clusters using a 
variant of the cross-correlation/cross-spectral technique described above. Times of phase 
arrivals for each event within a cluster are picked relative to a reference event, and the events 
are located relative to the reference using the two-sided Parkfield velocity model. This pro 
cedure allows us routinely to compute relative locations within clusters to an estimated accu 
racy of about 20m, based on analysis of relative S-P intervals and coherence spectra. We find 
that the width of the coherent frequency band is a function of event separation only, ranging, 
for P-waves, from about 100hz for a source separation of 10-20m to about 50hz for a separa 
tion on the order of 100m.
Figure 5 shows two groups of multiplets (9 and 4 events) within the September, 1987 cluster 
near station FRO. Each group of earthquakes trends N45W, exactly parallel to the local strike

UC Seismographic Station SEP88
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of the San Andreas fault, and is 100-200m long. Lateral separation between the events in 
either cluster is about the same as the location accuracy(20m), so the widths of the groups are 
probably not significant. This unprecedented resolution suggests that one mode of failure 
within the Parkfield nucleation zone is characterized by progressive rupture of discreet, linear 
strips of the fault, each typically on the order of 100m long, upon which individual failures 
(earthquakes) are very similar. The strips are separated by distances similar to the length of 
the strips. In terms of the large-scale rupture of the Parkfield asperity, this mode of failure is 
perhaps analogous to the coalescence of microfractures to form a macroscopic shear failure 
observed in laboratory experiments. Until the entire earthquake set is located to this precision, 
we cannot determine if these discrete 'asperities' are in fact separated by aseismic zones, or if 
the entire fault surface experiences earthquake failure.
Spectra of the largest and smallest events belonging to two clusters near Middle Mountain are 
shown in Figure 6. The shapes of the two spectra for each cluster are almost identical, despite 
the fact that the two events are more than an order of magnitude different in size. This feature 
is common to all of the multiplets we have studied. Future research will investigate this 
phenomenon in terms of both source and propagation effects. One unattractive possibility is 
that the same 100m ± fault patch slips irrespective of the size (magnitude) of the individual 
multiplets.
We are adapting three-dimensional, simultaneous inversion methods to construct three- 
dimensional P and S velocity models for the area, in order to adapt existing location techniques 
to a resolution appropriate to our timing precision, which is at least an order of magnitude 
greater than that for which these techniques were designed.
Once we have developed a suitably precise location technique and the velocity models, we will 
focus again on the main goal of this aspect of our research, imaging the three-dimensional fault 
zone slowness structure at a scale on the order of 100m by applying the Green's Function 
reciprocity approach of Spudich and Bostwick (1987) to the microearthquake waveform data, 
using the microearthquake clusters as 'receiver arrays'. The high-frequency waveforms 
recorded by the HRSN from the tight clusters of very similar earthquakes should provide a 
uniquely suitable data set for this technique. The detailed fault zone structure, and three- 
dimensional velocity model, should allow construction of suitable approximate Green's Func 
tions for use in moment tensor and rupture history inversions to study nucleation and failure 
processes in detail.

References
Clymer, R. W., and T.V. McEvilly, 1981. Travel-time monitoring with VIBROSEIS, Bull. 

Seism. Soc. Am., 71, 1902-1927.

Presentations
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Figure 4. Time delays for first arriving P- and S-waves at four receiver 
sites. The source was polarization one at site eight. Delays were calculated 
from time gathers (e.g., Figure 3) using the cross-correlation/cross-coherence 
procedure described in the text. The 'Elapsed Days' axis is calibrated with 
respect to the chosen reference trace (July 1987).
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Figure 5. Epicentral map showing earthquake locations within the cluster which 
occurred near station FRO in September 1987. The earthquake locations were 
determined by using a) visually picked P and S onsets, b) the cross-correlation/ 
cross-spectrum technique. Distances are with respect to the 1966 epicenter.
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GEOLOGIC AND ENGINEERING STUDIES

Semi-Annual Report 
April 1, 1988, through September 30, 1988

9950-03868

Stephen F. Obermeier
Branch of Geologic Risk Assessment

U.S. Geological Survey
MS 926, National Center
Reston, Virginia 22092

(703) 648-6791

Investigations

Field work consisted principally of the search for liquefaction features 
in southeastern South Carolina and eastern Georgia near Savannah, and in 
Virginia, primarily near the Rappahannock River. In addition, assisted 
researchers from VPI&SU to select sites for study of 1886 earthquake 
characteristics.

Continued preparation and revision of manuscript discussing geologic 
criteria for earthquake-induced origin to liquefaction features.

Results

Some liquefaction features were found in Virginia that might be of 
earthquake origin. The degree of weathering of injected material in sills 
near the ground surface indicates that these features are too old to be of 
concern to nuclear power plant design, based on their current criteria for 
ages of active faults.

Reports

Obermeier, S. F., Weems, R. E., Jacobson, R. B., and Gohn, G. S., in Press, 
Liquefaction Evidence for Repeated Holocene Earthquakes in the Coastal 
Region of South Carolinai presented at the Conference on Earthquake 
Hazards and the Design of Constructed Facilities in the Eastern U.S., 
sponsored by the New York Academy of Sciences and the National Center for 
Earthquake Engineering Research, February 24-28, 1988, New York.
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Discrimination of Space-Time Clustering in Central California 
Earthquake Sequences

14-08-0001-G1533

Gary L. Pavlis, Michael W. Hamburger, and Mariana Eneva
Department of Geology, Indiana University

Bloomington, Indiana 47405
(812) 335-5141

Investigations

This project is aimed at investigating the spatial and temporal distribution of earthquakes in 
central California. It is an extension of a previous study of the 1984 Morgan Hill (M=6.2) 
aftershock sequence. The nonrandomness in the spatial and temporal distribution of earthquakes 
is evaluated using a technique based on distribution of distances and time intervals between 
earthquakes. The project features a study of the finer-scale spatial clustering of events in the 
Morgan Hill area and a study of space-time patterns in earthquake distribution in the following 
seismically active areas: (1) the aftershock zone of the 1979 Coyote Lake earthquake (M=5.9); 
(2) the aftershock zone of the 1983 Coalinga earthquake (M=6.5); and (3) the area around 
Hollister, characterized by a high microearthquake activity, a lack of stronger events, and fault 
creep (Figure 1). This allows a comparison to be made of patterns of earthquake distribution in 
different tectonic settings of California.

Methods

Pair Analysis Method. We use distributions of earthquake pairs to study nonrandomness 
in the spatial and temporal distribution of seismic events. Some elements of this technique have 
been presented earlier (Eneva and Pavlis, 1985, 1986). The details of its application are 
discussed in our paper on the 1984 Morgan Hill earthquake sequence (Eneva and Pavlis, 1988). 
We have also been applying a similar approach in the study of the seismicity patterns in Soviet 
Central Asia (Eneva et al., 1987; Eneva and Hamburger, 1987, 1988). To study spatial 
earthquake distribution, the observed frequency distribution of interevent distances is compared 
with an expected distribution originating from randomly distributed events. The differences 
between these two types of distributions can be used to quantitatively evaluate the degree of 
spatial nonrandomness. The discrepancies between observed and expected distributions are first 
obtained in terms of number of pairs, but can be easily converted into percentage of events 
involved in a certain anomaly (Eneva and Pavlis, 1988). The nonrandomness in the temporal 
earthquake distribution can be evaluated in a similar way. The temporal distribution of events is 
modeled with a randomized Omori's Law for aftershocks and with a uniform distribution for the 
rest of the events.

Removal of Earthquake Clusters (Declustering). The technique we use to identify 
earthquake clusters differs from other methods in that it uses randomly generated rates of seismic 
activity and a random choice of the events to be removed as clustered. Details of this approach 
are given by Eneva and Hamburger (1988). The following procedures allow us to avoid some 
deficiencies associated with previous methods: (1) we assign an individual average rate to each 
portion of the study area, rather than use a single average rate; (2) we do not remove all the 
events from a high-activity window, but leave in the catalog a certain number of earthquakes, 
corresponding to the long-term (background) seismic activity; (3) we do not restore the activity in 
all high-activity windows to identical rates, but the background rate in each such window is 
randomly generated using a normal distribution, with the average rate as a mean. The events to 
be finally removed are randomly chosen, excluding the largest earthquakes.

97



1.2

Data

With the help of D. Oppenhiemer we have acquired revised CALNET earthquake locations 
for the period 1969-1983 and part of 1984. P. Reasenberg provided us with precisely located 
aftershocks of the 1979 Coyote Lake and 1983 Coalinga earthquakes. We have also been using 
relocated data from the Morgan Hill area for the period 1978-1986.

Results

We have first developed the declustering procedure (Eneva and Hamburger, 1988) to study 
earthquake catalogs from significantly larger areas than the ones considered here. Yet, it proves 
to be very efficient even when applied to the small area of a single aftershock zone. An example 
is given in Figure 2. Note that not all events after the main shock are considered as aftershocks 
and instead there are events left in the declustered catalog (Figure 2b). The declustered catalogs 
and catalogs of aftershocks we used are obtained in this way.

The application of pair analysis allowed us to show that the spatial distribution of seismic 
events in the aftershock zone of 1984 Morgan Hill earthquake (Eneva and Pavlis, 1988) is 
characterized by the following distinct features: (1) a marked spatial clustering, i.e., an excess 
number of pairs at small distances (interevent distances < 7 km) as compared with uniformly 
scattered events; and (2) a long-distance anomaly (interevent distances > 11 km), also marked by 
an excess number of earthquake pairs. These two positive anomalies in the distribution of 
interevent distances are related to a deficiency of number of pairs at intermediate distances.

Our current work includes a similar study of other aftershock sequences, declustered 
catalogs, and events within smaller subareas in each study area. Examples of our observations 
are given in Figures 3 to 6. The vertical axes in these figures represent relative residual numbers 
of pairs obtained by subtracting expected from observed distributions of interevent distances and 
dividing by the total number of pairs. In the figure captions are shown in parentheses 
percentages of events involved in a given anomaly. We found that spatial nonuniformity of 
earthquake distribution seems to characterize the seismically active areas regardless of their size 
and tectonic enviroment. Furthermore, no subareas of randomly distributed events can be 
isolated, no matter how small they are. The main features of the distributions of interevent 
distances, characterizing a certain catalog, are significantly stable over time (Figure 3). This 
implies the existence of a relatively stable spatial structure of the earthquake process that 
dominates the distribution of seismic events during any period of time. Major features of the 
spatial nonrandomness of earthquake distribution are spatial clustering and longer-distance 
anomalies. Events from original catalogs, declustered catalogs, and aftershock sequences all 
exhibit a significant degree of spatial clustering (Figure 4). This pattern exists before each main 
shock and is enhanced (Figure 4a) during aftershock sequences (i.e., a larger degree of spatial 
clustering is observed after main shocks than before them). As the sequences progress, the 
degree of spatial clustering decreases (Figure 5). This spatial clustering also seems to depend on 
the magnitude of the seismic events: the larger the events, the more clustered they are (Eneva and 
Pavlis, 1988). The long-distance anomalies, when manifested in the background seismic 
activity, are smoothed during aftershock sequences (Figure 3a and Eneva and Pavlis, 1988). 
When subareas of decreasing size are considered within a given seismic zone, the degree of 
spatial clustering is first preserved, but rapidly increases when the size of the subareas becomes 
comparable with the size of the spatial clusters (Figure 6). In fact, the distribution of interevent 
distances from the smaller subareas often exhibits its own "long-distance" anomalies in addition 
to the enhanced clustering pattern. This implies that the structure of the spatial clusters 
themselves may represent a somewhat modified image of the spatial structure of the whole study 
area.

The study of the area of the 1984 Morgan Hill earthquake indicated that no significant
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pattern exists in the temporal distribution of earthquakes before the main event. However, the 
distribution of interevent times between aftershocks, although dominated by a power-law decay, 
suggests the existence of characteristic time intervals increasing with magnitude and time. More 
details about these results are given by Eneva and Pavlis (1988). We are in the process of 
obtaining results in time from the other study areas.

References
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Figure 1. Epicentral map of California, 
M> 1.5, 1972-1983. Ellipses indicate 
the approximate areas of study in the 
project: MH = 1984 Morgan Hill 
aftershock zone; CL = 1979 Coyote 
Lake aftershock zone; HO = Hollister; 
and CO = 1983 Coalinga aftershock 
zone. Adapted from Eaton (1985).
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Figure 4. Examples of spatial clustering in earthquake distributions: (a) Coyote Lake, M > 1.5, thick line - 
aftershocks (41% of the events are anomalously clustered in space over distances below 10 km), thin line - 
declustered catalog (15% spatial clustering, distances < 2 km); (b) Hollister, M> 1.5, thick line - original catalog 
(43% spatial clustering, distances < 3 km), thin line - declustered catalog (20% spatial clustering, "distances < 3 
km).
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Figure 5. Example of the decrease of spatial 
clustering as an aftershock sequence progresses: 
1984 Coalinga aftershocks, M > 2.0. Thick line - 
first 2 days (37% spatial clustering, distances < 10 
km); thin line - 10 days to 2 months after the main 
shock (30% spatial clustering, distances < 10 km).

Figure 6. Example of distribution of interevent 
distances in subareas of different size: Hollister, M 
> 1.5, declustered catalog. Thick solid line - in 6 
km x 21 km area (19.5 % spatial clustering, 
distances < 2.5 km); dotted line - in 6 km x 14 km 
area (19.7% spatial clustering, distances < 2.5 km); 
and thin solid line - in 6 km x 6 km area (41.3% 
spatial clustering, distances < 2.5 km).
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Detailed Geologic Studies, Central San Andreas Fault Zone

9910-01294

James A. Perkins and John D. Sims 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5647 or (415) 329-5653

Investigations

1. Continued studies of late Quaternary movement along the Calaveras and Paicines faults.

2. Calibrate fault scarp degradation dating techniques to alluvial deposits.

3. Detailed mapping of active faults and alluvial deposits along a 60-km-long reach of the 
San Benito River.

Results

1. Continuing investigations of the Calaveras and Paicines faults concentrate on two study 
sites: the Windfield Ranch along the Calaveras fault and the Roberts Ranch along the 
Paicines fault. Previous trenching and geomorphic studies at Windfield Ranch suggest that 
the Calaveras fault here has averaged about 9 mm/yr during the last 14 ka. Stratigraphic 
correlations of San Benito River alluvium suggests a slip rate of 9 mm/yr for the Paicines 
fault at the Roberts Ranch. During this reporting period, work progressed on the final 
written report.

2. Numerous alluvial deposits along the San Benito River are displaced by the Calaveras or 
Paicines faults, but the age of the deposits is unknown. Calibration and application of fault 
scarp degradation dating techniques to these displaced alluvial deposits may provide 
multiple slip rates for the Calaveras and Paicines faults. This part of the project received 
low priority during the reporting period.

3. Field work on detailed mapping of active faults and alluvial deposits along the San Benito 
River between the towns of Tres Pinos and San Benito is complete. Work progresses on 
the final compilation of the maps.

Reports

None.
10/88

102



1.2

Basement Tectonic Framework Studies 
Southern Sierra Nevada, California

9910-01291

Donald C. Ross
Branch of Engineering Seismology and Geology

345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5650

Investigations

1. Field work in June in the Woody, White River, and California Hot Springs 15' 
quadrangles, southern Sierra Nevada.

2. Modal analysis and interpretation of about 100 granitic samples collected during the 1988 
field season in the southern Sierra Nevada.

3. Petrographic study of thin sections from the 1988 field season.

4. Geologic map revision in light of new data from the 1988 field season.

Results

1. Field studies in 1988 confirmed earlier suspicions that the granodiorite of Deer Creek is in 
reality two distinct bodies separated by an extension of the tonalite of Carver-Bowen 
Ranch. The earlier suspicions were based on magnetic susceptibility values of previously 
collected samples that were petrographically variable, but presumably all part of one body. 
One group of these granodiorite samples averaged about 500x10 5 s.i. units, but another lot 
averaged about 1400jclO"5 s.i. units. Further field work and more samples confirmed this 
magnetic susceptibility distinction and also revealed enough petrographic differences to 
convince me that the earlier grouping of these rocks as one unit was a mistake.

2. The 1988 field work and modal analysis of granitic samples also re-emphasized the 
importance of the biotite-hornblende ratio and magnetic susceptibility as key factors in 
differentiating various tonalites of the southern Sierra Nevada. Textural differences are 
subtle at best in the field in most cases, and exposures consist of scattered bouldery 
"outcrops" that rarely provide data on age relations or reveal obvious petrographic dis 
tinctions. Petrographic distinctions that are more obvious from stained slabs, made after 
field work, suggested several contacts not evident in the field. Magnetic susceptibility 
readings made on these slabs also helped "map" contacts. This further suggests the value
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of using the relatively light weight susceptibility meter in the field to record susceptibility. 
Routine measurements at granitic field stations would possibly alert one to some contacts 
between units. A good example of the value of a meter in the field was one poorly 
exposed area that was particularly perplexing. Rather fine-grained rocks were present that 
were either gabbronorite of Quedow Mountain or tonalite of Carver-Bowen Ranch. 
Subsequent slab and thin section study revealed both units were present, based chiefly on 
quartz percentages and the presence or absence of Orthopyroxene (neither mineral was 
obvious in cursory field examination). Magnetic susceptibility of collected samples also 
showed the gabbronorite samples were generally an order of magnitude higher than the 
Carver-Bowen Ranch samples. Such knowledge in the field would have made delineation 
of this large gabbronorite inclusion in the tonalite of Carver-Bowen Ranch much easier.

3. Thin section study of quartz mica schists with mica eyes that suggest former presence of 
aluminosilicates (probably andalusite) along with some fine-grained amphibolite schist 
(meta-volcanic?) in a large pendant at the west margin of basement exposures adjacent to 
the San Joaquin Valley, is reminiscent of the carbonate-poor andalusite-bearing mica 
schists of the Pampa Schist exposed along some 45 kilometers to the south.

4. At long last I proof read the colored geologic map plate and numerous illustrations for 
USGS Professional Paper 1381 ("Metamorphic and plutonic rocks of the southernmost 
Sierra Nevada, California, and their tectonic framework"). Don't hold your breath waiting 
for publication!

09/88
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EAKTHQUAKE RESEARCH IN THE EASTERN SIERRA 
NEVADA-WESTERN GREAT BASIN REGION

Contract 14-08-0001-A0262, September 1988

M. K. Savage, W.A. Peppin, U.K. Vetter, J.N. Brune, and K.F. Priestley
Seismological Laboratory

University of Nevada
Reno, NV 89557
(702) 784-4315

Inve stig ations

This contract supports continued research focused on the eastern Sierra 
Nevada and the western Great Basin region, in particular: (l) focal mechanisms 
and stress distribution; (2) seismicity in and near seismic gaps; (3) magmatic 
processes in Long Valley Caldera; (4) relocations of Mammoth Lakes earth 
quakes; (5) analysis of digital waveforms. Some of the new results are described 
below.

Results

Stress Measurements in the Long Valley Caldera., California: Comparison of 
Focal Mechanisms, Stress Tensors, and Shear-Wave Splitting

Ongoing studies of the Long Valley caldera have shown complicated patterns 
of stress based on focal mechanisms and temporal variations in coda Q. Peng et 
al. (1986) relate changing patterns of coda Q to changing crack distributions 
near to and far from earthquake sources. We reexamine the stress distribution 
and test the hypothesis that earthquakes cause near-source cracks to open up, 
using the fault-plane inversion method of Gephart and Forsyth (1984) and 
analysis of shear-wave splitting for velocity anisotropy, which is related to the 
stress and to distributions of microcracks.

Data from three-component, portable instrumentation placed over the cal 
dera at station WIT between November 1979 and July 1980, including the time of 
the Mammoth Lakes sequence of 4 MI 6+ events, and during 1986 over the Chal- 
fant (Mi 6.6) sequence, show shear-wave splitting with the fast direction parallel 
to the average compressional axes from fault plane solutions. This fast direction 
changes from N 30° W at Mammoth to due north at Chalfant, in both cases paral 
lel to the strikes of nearby surface (normal) faults. Records at station WIT in the 
Long Valley Caldera, occupied with identical instrumentation in 1979 and 1980, 
show evidence of a secular variation in time separation of fast and slow shear 
waves preceding and immediately following, the major 1980 sequence. Prelim 
inary results from another reoccupation of the site in 1988 indicate splitting is 
still present, and further analysis is underway.

In contrast to the shear-wave splitting and focal mechanism results, the 
fault-plane inversion results show a smaller (7°) clockwise difference of the best 
fitting regional stress tensor between Mammoth and Chalfant, nearly consistent
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with a common stress tensor for the Mammoth and Chalfant earthquakes with 
inferred maximum axis of compression N 10° ¥ and inferred axis of extension N 
80 E. Focal mechanisms under Mammoth Lakes show a slight trend toward 
increased normal faulting at depth. Data from two three-component, portable, 
digital stations, one within the Long Valley Caldera and near the Mammoth Lakes 
1980 sequence of four magnitude « 6 earthquakes, and one in the aftershock 
zone of the Chalfant Valley magnitude 6.6 earthquake have been examined for 
evidence of shear-wave splitting. Both areas produce average values of fast 
polarization direction parallel to the average compressional axes from fault 
plane solutions, which show a rotation from N 30° ¥ in the Mammoth Lakes 
region to nearly N-S in the Chalfant region. In both cases the stress directions 
and fast polarization direction are also parallel to the strikes of the nearby sur 
face (normal) faults.

Data Acquisition of Wideband Digital Data

¥ith the acquisition of the Microvax-based CUSP system, we are now in the 
process of implementing a modification to the standard CUSP data acquisition 
procedure which will permit bringing wideband digital data into the routine pro 
cessing stream of analog stations. This development will open the way to intro 
duction of modern seismological methods into network analysis, including 
waveform fitting for source parameters and routine determination of seismic 
moment and synthetic MI. Easier access of combined digital and analog data 
sets will greatly assist various research projects underway.

Reports published, in press, or submitted during this period

Aburto, A.A., M.K. Savage, D.M. DePolo, and D.A. Delaplain, 1988. Bulletin of the 
Seismological Laboratory for the period January 1983 to May 1984. Univer 
sity of Nevada- Reno internal report, 74pp.

Cockerham, R.S., Smith, K.D., and K.F. Priestley, 1988. Spatial and temporal 
patterns in the 1984 Round Valley, California, earthquake sequence, sub 
mitted to Bull. Seism. Soc. Am..

Corbett, E.J, 1988. The University of Nevada seismographic network, U.S. Geol. 
Survey Open-file Rpt. 88-XXjC, in press, 90-101.

DePolo, D.M., K.D. Smith, K.F. Priestley, and C.M. DePolo, 1988. Faulting patterns 
in the July 1986 Chalfant, California earthquake sequence (abstract). 
Seismol. Res. Letters, 59, 20.

Peppin, ¥.A., and Delaplain, T.¥., 1988. Pre-S observations at station SLK, N¥ of 
Long Valley Caldera, California. 1. Characterization of the observations. 
submitted to Bull. Seism. Soc. Am.

Lewis, J.S., ¥.A. Peppin, and J. Coakley, 1988. Analysis of lateral crustal varia 
tions NW of Long Valley Caldera, California and their geological significance 
(abstract). Seismol. Res. Letters, 59, 30.

Priestley, K.F, 1988. Anelastic attenuation of the upper mantle beneath eastern 
Kazakh, U.S.S.R. in the 0.5 to 8.0 Hz band (abstract). Seismol. Res. 
Letters, 59, 45.

Priestley, K.F., and J.N. Brune, 1988. Spectra scaling for the Mammoth Lakes, 
California earthquakes, submitted to Geophys. J. Roy. Astron. Soc., 1988.

Priestley, K.R., and K.D. Smith, 1988. The 1984 Round Valley, California Earth 
quake Sequence, submitted to Geophys. J. Roy. Astron. Soc..

Savage, M.K., 1988, Seismicity increase in Nevada after 1985 (abstract). 
Seismol. Res. Letters, 59, 17.

Savage, M.K., 1988. Observations of shear-wave splitting in and near Long Valley 
Caldera, California (abstract). Proceeding of the American Geophysical
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Union Chapman Conference on Seismic Anisotropy of the Earth's Crust, 
May 31-June 4, 1988.

Savage, M.K., U.K. Vetter, and W.A. Peppin. Stress Measurements in the Long 
Valley Caldera, California: Comparison of Focal Mechanisms, Stress Ten 
sors, and Shear-Wave Splitting (abstract), submitted to EOS

Smith, K.D., and K.F. Priestley, 1988. The Foreshock Sequence of the 1986 Chal- 
fant, California Earthquake. Bull. Seismol Soc.Am, 78, 172-187.

Smith, K.D., and K.F. Priestley, 1988. Pulse width study of 1984 Round Valley, 
California earthquake sequence (abstract). Seismol. Res. Letters, 59, 4.

Smith, K.D., J.N. Brune and K.F. Priestley, 1988. Seismic Energy, Spectrum, and 
the Savage and Wood Inequality for complex Earthquakes, submitted to the 
Proceedings of the Hundredth Aniversity of the Berkeley Seismograph Sta 
tion.

Vetter, U.K., 1988. Characterization of regional stress patterns in the western 
Great Basin using grouped earthquake focal mechanisms, Tectonophysics, 
in press.

Vetter, U.K., 1988. Variation of the stress tensor at the Sierra Nevada-Great 
Basin boundary region (abstract), Seismol. Res. Letters, 59, 5.

Walter, W.R., K. Priestley, J.N. Brune, and D. Chavez, 1988. Time domain, spec 
tral and cepstral observations of mine blasts recorded in Kazakhstan,. 
U.S.S.R. (abstract). Seismol Res. Letters, 59, 45.

Walter, W.R., J.N. Brune, K.F. Priestley, and J. Fletcher, 1988. Observations of 
high-frequency P wave earthquake and explosion spectra compared with 
cj-^oT2 , and Sharpe source models. J. Ceophys. Res., 93, 6318-6324.

Zandt, G., G.E. Randall, and K.F. Priestley, 1988. Comparison of crustal struc 
ture in N. Nevada from teleseismic P-waveform inversion and the 1986 
PASSCAL experiment (abstract). Seismol. Res. Letters, 59, 50.
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Salton Trough Tectonics and Quaternary Faulting

9910-01292

Robert V. Sharp 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5652

Investigations

1. Quadrilateral measurements of displacement on the Superstition Hills fault zone associated 
with the earthquakes of 24 November 1987.

2. Continuation of field investigation of surface faulting-Superstition Hills earthquakes of 
November 24, 1987, in the Salton Trough of southern California (with many others).

3. Pre-earthquake and triggered displacements on the Imperial fault associated with the 
Superstition Hills earthquake of 24 November 1987.

Results

1. Seven quadrilaterals, constructed at broadly distributed points on surface breaks within the 
Superstition Hills fault zone, were repeatedly remeasured after the 24 November 1987 
earthquakes to monitor the growing surface displacement. Changes in the dimenisons of 
the quadrilaterals are recalculated to right-lateral and extensional components at millimeter 
resolution, and vertical components of change are resolved at 0.2 mm precision. The 
displacement component data for four of the seven quadrilaterals record the complete fault 
movement with respect to an October 1986 base. These data fit with remarkable agree 
ment to the power law

where U(t) is a displacement component at time t after the second mainshock and Up b, 
and c are constants. This power law permits estimation of the final displacement, U^ from
the data obtained within the period of observation. Data from one quadrilateral, located 
near the the epicenter of the second mainshock and northeast-trending conjugate faults, 
allow that the first mainshock may have triggered about 5 cm of right-lateral slip there. 
Data from the other quadrilaterals confirm that the second mainshock of the 1987 
earthquakes did initiate the surface faulting.on most of the Superstition Hills fault zone.
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The three-dimensional motion vectors all describe nearly linear trajectories throughout the 
observation period, and they indicate smooth shearing on their respective fault surfaces. 
The inclination of the shear surfaces is generally nearly vertical, except near the south end 
of the Superstition Hills fault zone where two strands dip northeastward at about 70 
degrees. Surface displacement on these strands is right-reverse.

Another kind of deformation, superimposed on the fault displacements, has been recorded 
at all quadrilateral sites. It consists of a northwest-southeast contraction or component of 
contraction that ranged from 0 to 0.1 percent of the quadrilateral lengths between Novem 
ber 1987 and April 1988.

2. The M 5.9 Elmore Desert Ranch earthquake of 24 November 1987 was associated spati 
ally and probably temporally with left-lateral surface rupture on a multitude of conjugately 
oriented faults in and near the Superstition Hills in western Imperial Valley. Three curving 
discontinuous zones of rupture among these breaks extended northeastward from near the 
Superstition Hills fault zone as far as 9 km; the maximum observed surface slip was 12.5 
cm on the northern of the three, the Elmore Desert Ranch fault, at a point about 2 km from 
the epicenter. Twelve hours later the M 6.5 Superstition Hills earthquake occurred near 
the northwest end of the right lateral Superstition Hills fault zone. Surface rupture asso 
ciated with the second event occurred along three strands of the Superstition Hills fault 
zone, here namned North, South, and Wienert strands, for 27 km southeastward from the 
epicenter. In contrast to the left-lateral faulting, which remained unchanged throughout the 
period of investigation, the right-lateral movement on the Superstition Hills fault zone 
continued to increase with time, a behavior that was similar to other recent historical 
surface ruptures on northwest-trending faults in the Imperial Valley region.

We measured displacements over 159 days at 259 sites along the Superstition Hills fault 
zone, and repeated measurements at 43 sites provided sufficient data to fit with a simple 
power law. Data for each of the 43 sites were used to compute longitudinal displacement 
profiles for one day to estimate the final displacement that measured slips will approach 
asymptotically several years after the earthquakes. The maximum right-lateral slip at one 
day was about 50 cm near the central part of the fault zone, and the predicted maximum 
final displacement is about 100 cm at the same location. The overall distributions of 
right-lateral displacement at one day and the final slip are nearly symmetrical about the 
midpoint of the surface rupture.

The southernmost ruptured member of the Superstition Hills fault zone, newly named the 
Wienert strand, extends the known length of the zone by about 4 km. The southern half of 
this zone, south of New River, expressed only vertical displacement on a sinuous trace. 
The maximum vertical slip by the end of the observation period there was about 25 cm, but 
its growth had not ceased. Photolineaments southeast of the end of the new surface rupture 
suggest continuation of the Superstition Hills fault zone in farmland toward Mexico.
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3. Two right-lateral slip events, about three weeks apart in November 1987, broke the surface 
along probably similar, nearly 20 km lengths of the northern Imperial fault. The first 
displacement, at about the beginning of November, was accompanied by a surface tilt 
representing deep vertical motion or distributed strain. This movement may have been part 
of a more regional event that also involved the southern San Andreas fault.

The later surface offset was triggered, probably by the second mainshock of the 24 
November earthquakes located in the Superstition Hills, about 37 kilometers to the north 
west. The maximum observed displacement was less than 4 cm on both occassions; for the 
triggered movement the maximum slip occurred on a branch fault near the northern 
extremity of the fault.

Pre-earthquake resurveys of short-length leveling lines indicated combined surface dis 
placement and an eastward tilt at two locations between surveys 7-1/2 months apart; the tilt 
at Harris Road is modelled as a 1.4 cm vertical component of slip deeper than 100 m on a 
70 degree northeastward-dipping fault. Later resurveys showed a marked reduction of 
deep movement in the time period including the triggered slip, and between December 
1987 and January 1988, it had ceased.

No definite evidence of surface fracturing was found in the Brawley fault zone during 
either period of time when the Imperial fault moved. Remeasurement of leveling lines 
there indicated small, very near-surface vertical components of movement in the northern 
half of the zone. Elevation changes in the southern part indicated distributed strain and/or 
movement only deeper than about 50 m. The Brawley zone changes are not fixed in time 
well enough to clearly relate them to the surface movements on the Imperial fault.

Reports

Sharp, Robert V., 1988, Pre-earthquake displacement and triggered displacement on the Imperial 
fault associated with the Superstition Hills earthquake of 24 November 1987: Bulletin of 
the Seismological Society of America, Special Volume, in review.

Sharp, Robert V., and Saxton, John L., 1988, Three-dimensional records of surface displacement 
on the Superstition Hills fault zone associated with the earthquakes of November 24, 1987: 
Bulletin of the Seismological Society of America, Special Volume, in review.

Sharp, R.V., Budding, K.E., Boatwright, J., Ader, M.J., Bonilla, M.G., Clark, M.M., Fumal, T.E., 
Harms, K.K., Lajoie, K.R., Lienkaemper, J.J., Morton, D.M., O'Niell, B.J., Ostergren, 
C.L., Ponti, D.J., Rymer, M.J., Saxton, J.L., and Sims, J.D., 1988, Surface faulting along 
the Superstition Hills fault zone and nearby faults associated with the earthquakes of 24 
November 1987: Bulletin of the Seismological Society of America, Special Volume, in 
review.

09/88
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Seismotectonic Framework and Earthquake Source Characterization (FY88) 
Wasatch Front, Utah, and Adjacent Intermountain Seismic Belt

14-08-0001-G1349

R.B. Smith, WJ Arabasz, and J.C. Pechmann* 
Department of Geology and Geophysics

University of Utah
Salt Lake City, Utah 84112

(801) 581-6274

Investigations: April 1 - September 30,1988

1. Strong ground motion in normal-faulting earthquakes.

2. The 1988 ML5.3 San Rafael swell earthquake, Emery County, Utah.

3. Analysis of digital recordings of aftershocks of the 1983 M 7.3 Borah Peak, Idaho, earth-s
quake.

4. Spectral characteristics of P-waves from microearthquakes in the Utah-Idaho border 
region.

Results

1. In collaboration with R. Westaway of Liverpool University, we have investigated the char 
acter of strong ground motion in normal-faulting earthquakes of magnitude 4 to 7.5 from the 
western USA, Italy, Greece, Turkey and New Zealand. In all cases where seismic phases can 
be identified, peak horizontal ground acceleration occurs in the S-phase. Crustal anelasticity 
for S-waves, which varies locally, is shown for events above magnitude 5 at distances of tens 
of kilometers to be relatively unimportant in comparison with geometrical spreading in deter 
mining the variation of peak horizontal ground acceleration with source-station distance. This 
permits the treatment of our records, regardless of source region, as a single worldwide data- 
set.

Earthquakes with magnitudes greater than 5 cause ground acceleration that appears 
equivalent to that in reverse-faulting and strike-slip events (Figure 1). This result contradicts 
the hypothesis that normal-faulting earthquakes generate systematically smaller ground 
accelerations than other events. It implies that the orientation of principal stresses, which 
patently differs in diverse tectonic regions, has little effect on the amplitude of high-frequency 
seismic waves generated by earthquakes. For events between magnitudes 4 and 5, peak hor 
izontal ground acceleration appears not to be controlled by geometrical spreading. At source- 
station distances greater than about 10 km, it decreases approximately in inverse proportion to

*G.J. Chen, SJ. Nava, I.E. Shemeta, and R. Westaway also contributed significantly to 
the work reported here.
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distance squared.

2. On August 14, 1988, an M, 5.3 earthquake occurred on the northwest flank of the San 
Rafael swell in central Emery County, Utah. This earthquake was preceded by several 
foreshocks and followed by numerous aftershocks of M,< 4.4 (see the summary report for our 
companion network operations award, this volume). Following the main shock, we installed 
five portable seismographs and later four telemetered stations in the epicentral area (Figure 2). 
Well-located aftershock hypocenters define a 4 by 8 km aftershock zone between 8 and 15 km 
depth, dipping 60°-70° east-southeast (Figures 2 and 3). Preliminary P-wave focal mechanisms 
for the main shock and the largest aftershock both show oblique normal faulting with one 
nodal plane dipping east or east-southeast, in a similar direction to the dip of the aftershock 
zone. The T axis for the main shock is oriented approximately east-west, and provides impor 
tant new information on principal stress orientations east of the Basin and Range-Colorado Pla 
teau transition zone.

3. A special investigation of three-component digital recordings of aftershocks of the 1983 
Borah Peak, Idaho, earthquake is well underway. We have obtained, courtesy of J. Boatwright 
and C.S. Mueller, the data recorded for this sequence by the U.S. Geological Survey on nine 
GEOS and three DR-100 digital recorders. In addition, with the aid of J. Zollweg, we have 
digitized the waveforms of approximately 120 events recorded on eight USGS five-day FM 
tape recorders. The Borah Peak data set is unique for the Intermountain seismic belt because 
of (1) the large number of high quality digital seismograms (over 6,000), (2) the relatively 
dense station distribution, (3) the large range of magnitudes recorded on scale (up to M,5.8), 
and (4) the excellent recordings of shear waves available from the horizontal instruments.

All of the data from the different instruments have been written into the format used by 
the Seismic Analysis Code (SAC), a software package developed at Lawrence Livermore Lab. 
We have measured P and S arrival times, initial P-wave pulse widths, and peak amplitudes for 
each earthquake. Currently, we are in the process of determining seismic moments and local 
magnitudes (M») for a subset of these events and using the arrival time data to invert for 1- 
dimensional P- and S-wave velocity structures, station delays, and aftershock hypocenters. The 
goals of this work are to (1) develop a reliable moment-magnitude relationship for the Inter- 
mountain seismic belt, and (2) examine in detail the relationship of the aftershock hypocenters 
to the primary rupture surface of the Borah Peak main shock.

4. P-wave displacement spectra and initial pulse widths were analyzed for nine earthquakes of 
0.7 < M (coda magnitude) £ 1.5 that were recorded digitally as part of a joint field experi 
ment (37 analog seismographs, 12 three-component digital seismographs) conducted in Sep 
tember 1983 in the Utah-Idaho border region by the University of Utah, the Massachusetts 
Institute of Technology, and the University of Wisconsin at Madison. For the nine selected 
events, seismic moments determined from long period spectral levels range from 1.1 to 27.2 X 
10 dyne-cm, average P-wave comer frequencies range from 9 Hz to 19 Hz, and average P- 
wave pulse widths range from 0.11 sec to 0.20 sec. Neither the comer frequencies nor the 
pulse widths vary systematically with seismic moment, but instead remain nearly constant 
(within a factor of two) for all of the events examined. Thus, both the comer frequency and
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pulse width measurements appear to exhibit the f effect observed in many other studies of
11 Id A.

microearthquake source parameters. Average corner frequencies and pulse widths calculated 
for each of the ten stations used reveal no resolvable differences in these parameters from one 
recording site to another. Thus, if f is caused by a near-surface site effect, as suggested bymax
several authors, this effect must be nearly identical at all of the digital recording sites.

Reports and Publications

Brown, E.D., J.C. Pechmann, WJ. Arabasz, and T. Zhang (1988). Seismotectonics of the 
September-December 1987 Lakeside, Utah, earthquakes (ML<4.8), Seism. Res. Lett. 59, 
15.

Pechmann, J.C., WJ. Arabasz, and E.D. Brown (1988). Seismic hazard in the Wasatch Front 
region, Utah, from moderate earthquakes (ML<6.5) on buried faults, Seism. Res. Lett. 59, 
15.

Westaway, R., and R.B. Smith (1988). Strong ground motion in normal-faulting earthquakes, 
Geophys. J. R. Astr. Soc., in press.

Joyner and Boore (1981) law Campbel I < 1981 *> law

100.

Distance / km

M 6.0 - 6.5

10.
Distance / km

100.

Figure 1. Comparison of observed peak horizontal ground acceleration for normal faulting 
earthquakes of 6.0<M<6.5 with values predicted by the relationships of Joyner and Boore 
(1981) and Campbell (1981). These two relationships were derived using data primarily 
from reverse and strike-slip earthquakes. The horizontal error bars indicate estimates of 
standard deviation in source-station distance. The vertical error bars indicate only one-half 
of the estimated uncertainty in peak horizontal acceleration, in order to improve clarity. The 
definitions of peak horizontal ground acceleration and source station distance used for these 
comparisons are those of the original authors.
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Microearthquake investigation of the Kaoiki fault zone, Hawaii 

14-08-0001-1G1529

Clifford H. Thurber
Department of Earth and Space Sciences

State University of New York at Stony Brook
Stony Brook, NY 11794-2100

(516)632-8218

Objective: The seismically active Kaoiki fault zone lies between the Hawaiian volcanoes Mauna 
Loa and Kilauea, and is thought to be an expression of the horizontal compressive forces induced 
by the growth of the two volcanoes. A detailed investigation of the 1983 Kaoiki earthquake 
sequence has been initiated, and the relation of this sequence to two previous earthquake 
sequences (1974, 1962) is being examined in order to improve our understanding of the 
seismotectonic setting of this active fault zone.

Data Analysis: The work on this project has continued to concentrate on an examination of 
hypocenters and focal mechanisms determined using standard layered crustal models for the 
Kaoiki region.

The 1983 main shock (M=6.7) has been modeled previously as a strike-slip event with a minor 
dip-slip component, with the presumed fault plane oriented at about N 45° E. The aftershocks 
delineate three separate zones of faulting, each of which has both strike-slip and thrust 
mechanisms. Two of the zones have the same northeast-southwest orientation as the main shock 
fault plane, and the third is orthogonal to it. The thrust events concentrate in the depth range of 
10 to 12 km, confirming the existence of a subhorizontal detachment beneath Kaoiki similar to 
that beneath the south flank of Kilauea. Strike-slip events range in depth from the near surface to 
about 10 km. They outline the boundaries of two distinct crustal blocks that form the Kaoiki 
fault zone. Their relative motions can be determined from analysis of focal mechanisms. Both 
blocks are being displaced seaward along the detachment zone. We plan to seek evidence for 
reflected waves from the detachment surface (possibly a low-velocity layer) in local earthquake 
seismograms.

There is a great deal of circumstantial evidence that the Kaoiki main shock was a multiple-rupture 
event. Teleseismic and local focal mechanisms are predominantly strike-slip, but moment tensor 
solutions show major components of dip-slip motion. The aftershocks outline two asesimic 
zones near the main shock, one on a near-vertical plane and another on a subhorizontal plane. 
Many recent studies have demonstrated that the zones of primary slip during a main shock are 
visible as relatively aseismic zones in the aftershock sequence. The main shock moment also 
appears to be too large in comparison to the vertical aseismic zone alone, unless the fault slip is 
unusually high.
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Geologic Studies for Seismic Zonation of the Puget Lowland
9540-04004

Brian F. Atwater
U.S. Geological Survey at Department of Geological Sciences 

University of Washington AJ-20
Seattle, WA 98195 

(206) 442-2927 PTS 399-2927

INVESTIGATIONS AND RESULTS

Scrutiny of atratigraphic evidence for great Caacadia earthquakes In 
flotillas of muddy canoes, two 65-person groups inspected buried Holocene 
wetlands of southwest Washington. The first group consisted of engineers, 
planners, and scientists participating in a USGS workshop on earthquake 
hazards of the Puget Sound and Portland regions. The second group was 
composed of participants in a University of Washington symposium on Holocene 
subduction in the Pacific Northwest. These groups provided the first public 
scrutiny of stratigraphic evidence for great Holocene earthquakes on the 
Cascadia subduction zone. I sensed general acceptance of the stratigraphic 
case for jerky tectonic subsidence. Many participants emphasized the 
importance of learning whether individual jerks of subsidence had sufficient 
regional synchrony to represent great earthquakes.

Groundwork for studying* the atratigraphic record of great historical 
earthquakes in south-central Chile A USGS team consisting of Brian Atwater, 
Susan Bartsch-Winkler, and Alan Nelson has recently received an in-house 
(G.K. Gilbert) fellowship for paleoseismic work in Chile. The goal of the work 
is to gauge the reliability of coastal-lowland stratigraphy as a recorder of 
great subduction-zone earthquakes. Specifically, we seek to learn whether 
buried coastal wetlands in south-central Chile record coseismic subsidence 
from the great 1960 earthquake and from each of its three known 
predecessors A.D. 1837, 1737, and 1575. Our field work is scheduled for the 
austral summer of December 1988 to March 1989. In the spring and summer of 
1988 we found several Chilean collaborators and lined up Chilean field 
assistants.

Other activities (1) Preparation of a large report on the project's 
findings tabulated in volume 25 of NEHRP semi-annual technical reports. (2) 
Collaborative field work with Robert Bucknam (Holocene uplift at Puget Sound), 
Wendy Grant (Holocene subsidence in northwest Oregon), Eileen Hemphill-Haley 
(intertidal diatoms and foraminifers of southwest Washington), and Mary 
Reinhart (anomalous, probably tsunami-laid sand in southwest Washington).

REPORTS

Atwater, B.F., 1988, Comment on "Coastline uplift in Oregon and Washington 
and the nature of Cascadia subduction-zone tectonics": Geology, v. 16 
(in press).
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Frequency and Magnitude of Late Quaternary 
Faulting, Sierra Nevada, California

14-08-0001-G1334

Peter W. Birkeland and Margaret E. Berry 
Department of Geological Sciences

University of Colorado
Boulder, Colorado. 80309

(303) 492-6985

Investigation

The history of late Quaternary faulting along a portion 
of the Sierra Nevada Mountains, California, is being 
examined. The work entails 1) study of the glacial 
stratigraphic sequences in valleys where deposits have been 
offset by faulting, 2) study of the fault scarps which .cut 
across these deposits, and 3) study of trenches excavated 
across the faults. Work has been concentrated in the areas 
around Bishop, McGee (S), Pine, and McGee (N) Creeks, where 
late Quaternary fault scarps are well preserved. Two 
trenches have been excavated for the study: one located in 
the Bishop Creek area on a Tahoe or pre-Tahoe moraine, and 
the other in the McGee (N) Creek valley on a Tioga moraine.

Results

1) As discussed in the Summaries of Technical Reports 
volume XXVI, we have five thermoluminescence (TL) age 
estimates for distal colluvium exposed in the McGee (N) 
Creek trench. These age estimates are reasonable 
geologically, increase in age with depth in the colluvial 
wedge, and are duplicated laterally. In the last four 
months, we have obtained three AMS I4c dates for sites that 
detailed trench mapping indicate are correlative in age to 
the TL sample sites. The I4c dates do not agree with the TL 
age estimates. The dates are as follows: 1) 22.2 ka (TL) 
versus 0.6 ka (l4c); 2) 13.6 ka (TL) versus 4.5 ka (I4c); 
and 3) 6.4 ka (TL) versus 0.6 ka (l4c). The first I4c date 
(number 1, above) seems too young, and so the sample may 
have been contaminated, or come from a root. The other two

C dates could be reasonable geologically. To try to 
resolve the TL versus I4c dates, we are now processing 
samples to obtain two additional I4c dates. These dates 
will be for disseminated organic matter collected as bulk 
sediment samples at sites corresponding to those listed in 
numbers 1 and 2, above.

2) During the past four months, soils collected from the 
various glacial stratigraphic units in Bishop, McGee (S), 
Pine, and McGee (N) Creeks have been analyzed for particle-
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size distribution, gravel-free bulk density, pH, and sodium 
dithionite-citrate extractable iron distribution. Analysis 
of silt weathering in the soils is presently underway. 
Together, these data will help quantify time-related changes 
in the soils.
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Surface Faulting Studies

9910-02677

M.G. Bonilla 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977

Menlo Park, CA 94025
(415) 329-5615

Investigations

1. The appearance of active faults in exploratory trenches.
2. Field investigation of earthquakes.

Results

1. The study has shown that despite the excellent exposures provided by exploratory 
trenches, mistaken interpretations can be made of the time of most recent displacement 
and of the recurrence interval of faulting events, because segments of fault strands cut by 
trenches may (a) seem to die out although in reality they are only poorly expressed, or (b) 
actually die out. Of 1,252 fault strands that were analyzed in this study, 14 percent of 
them had obscure segments, i.e., segments that are not readily visible. The position of the 
ground surface at time of faulting was known or could be inferred for 143 strands; 45 
percent of these died out upward (i.e., could not be traced, in the trench walls, to the 
ground surface that existed at the time of faulting). The strands that die out upward and 
the obscure segments show that a fault strand overlain by an apparently undisturbed 
deposit is not necessarily older than the deposit. Thirty-four percent of 1,109 strands die 
out downward, lending further support to the idea that faults can terminate, or seem to 
terminate, for reasons other than being covered by younger deposits. Nonvisibility (i.e., 
obscure segments and strands that die out upward or downward) is generally more 
common on strike-slip and reverse-slip faults than on normal-slip faults. Nonvisibility is 
common in soil horizons and uncommon in clay and gravel, but its frequency of occur 
rence in silt and sand compared to other materials is uncertain.

To avoid misinterpretation of the apparent upward termination of fault strands exposed in 
trenches, examinations of other exposures of the same strand should be made; further, 
any pertinent evidence such as terminations of other strands, fissures, folding, uncon 
formities, scarp-derived rubble or colluvium, sandblows, and soft-sediment deformation 
of the same age should be searched for.
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Revision of a manuscript on factors affecting the recognition of active faults exposed in 
trenches was completed after technical review; the main points were summarized in a 
paper to be submitted to a journal, and an abstract is in press.

2. Surface faulting is reported to have occurred in Carmona, Spain, during the earthquake of 
April 5, 1504. Examination of the site of the reported faulting while on a personal trip 
yielded evidence suggesting that the effects were superficial rather than tectonic. Dis 
cussion with Ramon Vegas of the Universidad Complutense, Madrid, resulted in initia 
tion of further study of the problem by Spanish investigators, including field work, 
examination of historical documents, and compilation of seismological data. The results 
will affect the appraisal of earthquake hazards in the area as well as general studies of 
worldwide faulting.

Reports

Bonilla, M.G., in press, Faulting and seismic activity, Chapter 10 in Kiersch, G.A., ed., The 
heritage of engineering geology the first hundred years: Geological Society of America 
Centennial Special Volume CSV-3.

Bonilla, M.G., and Lienkaemper, J.J., in press, The visibility of active faults in exploratory 
trenches [abs.]: Geological Society of America, Abstracts with Programs, v. 20, no. 7.

09/88
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Sedimentological Analysis of Postulated Tsunami-Generated 
Deposits from Great-Subduction Earthquakes Along 

Washington's Outer Coast

14-08-0001-G195

Joanne Bourgeois 
Dept. of Geological Sciences
University of Washington
Seattle, Washington, 98195

(206) 545-2443

OBJECTIVE; It has been suggested by several workers that 
tsunamigenic subduction earthquakes, similar to the 1960 and 1964 
events of Chile and Alaska, have occurred along the Cascadia 
Subduction Zone. Recently, on the southern coast of Washington 
at Willapa Bay and Gray's Harbor, geologic evidence for very 
rapid subsidence of coastal wetlands has been discovered. The 
evidence consists of several buried layers of supratidal and 
forest peat which alternate with beds of estuarine mud. Three of 
these formerly emergent surfaces are overlain by a thin layer of 
sandy silt interpreted by Atwater as the residual deposits of 
tsunamis that overran freshly submerged coastal platforms. The 
purpose of this study is to determine whether these sands were 
deposited by tsunamis or by some other mechanism.

Approach: There are several mechanisms by which fine sand and 
silt could be deposited on a submerged coastal platform:
1) (landward-directed) surges generated by a tsunami wave train,
2) seiching generated by subsidence due to an abrupt down- 
dropping of the coastal platform; 3) (landward-directed) flooding 
from storms; or 4) (seaward-directed) flooding of tidal channels 
and/or migration of tidal channels. Our approach is to consider 
the potential of each mechanism to transport sediment over salt 
marsh surfaces. We will accomplish this by conducting detailed 
field work, grain size and petrographic analyses, and then 
generating a sediment-transport model for the deposition of these 
layers. From field work and laboratory analysis already 
completed, we have eliminated seaward-directed flooding and 
channel migration processes; we have not yet eliminated any of 
the pulsing, landward-directed processes. In order to compare 
our observations with a known tsunami deposit and to test our 
sedimentological analyses, we will study in detail and sample the 
tsunami deposit left on the subsided coastal lowland of Chile 
following the Mw 9.5, great-subduct ion earthquake of 1960.

WORK IN PROGRESS: To date our work in coastal Washington has 
focused on the sandy unit overlying the youngest buried wetland 
surface. We have completed regional (Willapa Bay and Gray's 
Harbor) and detailed local mapping and sampling of this sand 
layer, and are presently conducting grain size and petrographic 
analyses. In addition to these activities we are presently 
engaged in planning all aspects of our proposed research in 
Chile, to be conducted from January through February of 1989.
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Field Work: A complete description of the sandy unit overlying 
the youngest buried peat and of its regional correlation from 
Willapa Bay to Gray's Harbor is given in the previous Technical 
Report (June, 1988). Presented also in that report is an isopach 
map of the sandy unit along the Niawiakum River showing that the 
unit thins in the upstream direction, and that it is thicker on 
the downstream sides of point bar/wetland surfaces than on the 
upstream sides. We have recently completed isopach maps of the 
sandy unit at the Bone River (Willapa Bay) and the John's River 
(Gray's Harbor), both of which agree well with results from the 
Niawiakum River.

Grain Size Analysis: Grain-size analyses of the sandy unit from 
the Niawiakum, Bone and John's Rivers are in progress. In 
addition to the preliminary results presented in our June report, 
the analyses show a decrease in grain size across each point 
bar/wetland surface in the upstream direction.

Petrography: Thin sections of the sandy unit, and of samples 
from modern sand flats, mud flats, and tidal channels have been 
prepared and heavy mineral point counting is in progress. We are 
using the results of Luepke and Clifton (1983, Sed. Geol. v. 35) 
to determine the sediment source of the sandy unit. Our 
preliminary results show that the heavy mineral assemblage of 
samples from the basal sandy lamina is almost indistinguishable 
from that of ocean-side sand flats and bay-side mud flats, but 
differ distinctively from the assemblage present in channel 
sediments found upstream of tidal influence.

PRELIMINARY CONCLUSIONS:
1) The event depositing the sandy unit was of at least 

regional scale (Willapa Bay to Grays Harbor), as indicated by 
correlation of the lamina couplet and similarity of isopach maps.

2) The depositional event was composed of several pulses, 
as indicated by the alternating laminae of sandy silt and mud.

3) The event was landward-directed, as indicated by 
upstream thinning and fining of the unit, and by the seaward 
source of the sandy unit.
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Northern San Andreas Fault System

9910-03831

Robert D. Brown 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415)329-5620

Investigations

1. Continuing research and compilation of data on Quaternary deformation in the San 
Andreas fault system, to update chapter for a planned volume summarizing current geo 
logic and geophysical knowledge of the fault system.

2. Research and review of work by others on the tectonic setting and earthquake potential at 
Diablo Canyon Power Plant (DCPP), near San Luis Obispo, California. Activities are in 
an advisory capacity to the Nuclear Regulatory Commission (NRC) and are chiefly to 
review and evaluate data and interpretations obtained by Pacific Gas and Electric Com 
pany (PG&E) through its long-term seismic program.

3. Serve as chairman of Policy Advisory Board, Bay Area Earthquake Preparedness Project 
(BAREPP). A joint project of the State of California and the Federal Emergency Manage 
ment Agency, BAREPP seeks to further public awareness of earthquake hazards and to 
improve mitigative and response measures used by local government, businesses, and 
private citizens.

Results

1. Continued reviews of geologic and geophysical data related to DCPP and provided oral 
and written review comments to NRC. Coordinated USGS review and data acquisition 
efforts related to DCPP.

2. Provided informal oral and written data, analysis, and recommendations to BAREPP and 
other Policy Advisory Board members on geologic, seismologic, and management issues 
relating to earthquake hazard mitigation in California.

Reports

None. 

09/88
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Characteristics of Active Faults 

9950-03870

Robert C. Bucknam 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, Colorado 80225
(303) 236-1604

Inve s t igat ions

1. Study of possible evidence for neotectonic deformation in the Puget Sound 
region, Washington.

2. Coordination of International Geological Correlation Program (IGCP)
Project 206--A Worldwide Comparison of the Characteristics of Major Active 
Faults.

Results

1. Yount (1983) reported upper Holocene marine-terrace deposits uplifted at 
least 3 m at Bainbridge Island, on the west side of Puget Sound near 
Seattle. He reported a date of 3,260 yr B.P. for marine shells from 
associated terrace deposits.

I recently measured several profiles across the present intertidal 
platform and the adjacent late Holocene age raised platform at that site 
and found that the uplift is likely to be about 7 m. Additional samples 
of peat and soil were collected for radiocarbon analyses to more closely 
constrain the timing of the uplift.

The raised marine terrace appears to be expressed only in areas of exposed 
bedrock. Studies will expand outward from the area of clearly defined 
uplift to determine the extent of associated deformation and the nature of 
its stratigraphic record in salt marshes in the region. Coastal salt 
marshes, which develop within a narrow range relative to sea level, are 
scattered along Puget Sound and Hood Canal. The stratigraphic record in 
these deposits offers a promising source of data for determining tectonic 
deformation throughout the region as reflected by changes in relative sea 
level.

To date, work that I have done at a salt marsh at Lynch Cove at the head 
of Hood Canal near the town of Belfair suggests the possibility of late 
Holocene uplift there. At that site, about 1 m of peat overlies muds and 
sands of an intertidal flat. The lower 40-50 cm of the peat contains 
abundant wood fragments, sparse leaves, and scattered wood interpreted to 
be roots in growth position. A radiocarbon analysis of a wood fragment 
with bark attached taken from very near the base of the peat section gave 
an age of 440190 yr B.P. (Beta-27171). No fossils of salt marsh plants 
have been identified in the peat, which is interpreted as a freshwater 
deposit. A muddy salt-marsh peat, about 50 cm thick and rich in
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distinctive salt marsh plant fossils overlies the lower peat unit. A 
radiocarbon analysis of rhizomes of salt marsh plants from the base of the 
salt-marsh peat gave an age of 260±50 yr B.P. (Beta-27172). The top of 
the upper peat, which coincides with the present salt-marsh surface, is at 
the level of mean higher high water. These relations suggest the 
possibility of decimenters of uplift of the intertidal flat prior to 440 
yr B.P., followed by a rise in relative sea level. The rise in relative 
sea level may have components of tectonic subsidence, a eustatic rise in 
sea level, and compaction of the peat section.

Reference Cited

Yount, J.C., 1983, Earthquake hazards, Puget Sound, Washington, in Summaries 
of technical reports, v. XV: U.S. Geological Survey Open-File Report 83- 
90, p. 74-76.
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Late Quaternary Slip Rates on Active Faults of California

9910-03554

Malcolm M. Clark
Branch of Engineering Seismology and Geology 

345 Middlefield Road, MS 77
Menlo Park, CA 94025 

(415) 329-5624, FTS 459-5624

Investigations

1. Recently active traces of Calaveras fault zone at Tres Pinos Creek and San Felipe Creek, 
California (K.K. Harms, J.W. Harden, M.M. Clark).

2. Recently active traces of Owens Valley fault zone, California (Sarah Beanland, Clark).

3. Degradation of fluvial terrace risers along Lone Pine Creek, San Bernardino County. 
(Harms, in conjunction with J.B.J. Harrison, L.D. McFadden (UNM), and RJ. Weldon 
(University of Oregon)).

Results

3. Thirty scarp profiles have been measured on seven terrace risers of Lone Pine Creek, four 
of which can be constrained by radiocarbon dates collected by Weldon for two terraces 
(Ph.D. thesis, California Institute of Technology, 1986). Each of the dated terraces is cut 
into two different older terraces, allowing us to compare the effects on profile development 
of scarps of different heights, but formed at the same time. The degree of soil develop 
ment was greater on the older terraces at the time of scarp formation, and should affect the 
subsequent degradation. Using the scarp degradation model of Andrews and Bucknam 
(JGR, 1987) and Hanks and Andrews (USGS Open-File Report 87-673), preliminary ages 
are derived for the dated terraces. These ages, derived from scarp-profile degradation, are 
calibrated to Lake Bonneville shorelines in Utah and to Lake Lahontan shorelines in 
Nevada. For terrace QT3 (terrace designation from Weldon) we have seven profiles 
measured on the riser cut into QT1, and five profiles measured on the QT1-QT3 riser. 
Radiocarbon dates have been extrapolated to constrain the time of abandonment of QT3 to 
8,350; +950, -500 yr. The mean age derived from scarp degradation of terrace riser 
QT1-QT-3 is 7,588 yrs, and for QT2-QT3 is 7,281 yrs. Radiocarbon dates are combined 
to form a best estimate of time of abandonment of terrace QT5 of 5,900; +845, -905 yrs. 
This should be an absolute minimum value for the age of formation of the terrace risers 
QT2-QT5 and QT4-QT5. The mean age derived from the two profiles of terrace riser 
QT2-QT5 is 422 yrs, and the scarp profile for terrace riser QT4-QT5 yields an age of 712 
yrs. More profiles will be measured in conjunction with evaluation by Harrison and 
McFadden of degree of soil development of each terrace and some terrace risers.
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Reports:

Clark, M.M., and Hudnut, K.W., 1988, New slip along parts of the 1968 rupture of the Coyote 
Creek fault, California [abs.]: Seismological Society of America, Seismological Research 
Letters, v. 59, p. 49-50.

Lubetkin, L., and Clark, M.M., 1988, Late Quaternary activity along the Lone Pine fault, eastern 
California: Geological Society of America Bulletin, v. 100, p. 755-766.

Pampeyan, E.H., Holzer, T.L., and Clark, M.M., Man-induced ground failure in the Garlock fault 
zone Fremont Valley, California: Geological Society of America Bulletin, v. 100, p. 
677-691.

09/88
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Investigation of Salt Marsh Stratigraphic Response to Climatic, Oceanographic 
and Tectonic-Subsidence Forcing Processes in the Pacific Northwest Region

14-08-0001-G1512

Mark Darienzo
Curt Peterson

College of Oceanography
Oregon State University

Oceanography Admin Bldg 104
Corvallis, OR 97331-5503

(503) 754-2296

Objective: The subsurface of coastal salt marshes in the Pacific Northwest 
record multiple events of marsh burial. The purpose of this study is to 1) 
establish marsh deposit geometries and Stratigraphic sequences, 2) document 
absolute elevation relationships between modern marsh depositional sequences, 
microfossil assemblages and measured sea level data, 3) constrain the age of 
marsh burial by submitting samples from the top of each buried marsh for 
radiocarbon analysis and 4) define criteria by which to discriminate between 
marshes buried by storms, floods, lateral channel migration and tectonic 
subsidence. The marsh settings chosen for the study are 1) a fluvially dominated 
estuary (Alsea Bay, central Oregon coast), 2) a tidally dominated lagoon (Netarts 
Bay, northern Oregon coast), and 3) a tidally dominated but relatively protected 
estuary located in a potentially active syncline (South Slough, southern Oregon 
coast) (figure 1).

Data Acquisition and Analysis:

A) The Netarts Bay salt marsh was chosen as a study site because it has 1) no 
significant fluvial influence, 2) an extensive, minimally dissected, high marsh, 
3) moderate protection from storm winds and 4) a moderate rate of sediment 
supply. Selected marsh sites in Netarts Bay have been cored (figure 2), the cores 
have been described, modern surface elevations established and all burial events 
radjocarbon dated. The stratigraphy is summarized in figures 3 and 4; the 
radiocarbpn ages are summarized in figure 5.

All buried marsh horizons in the upper two meters of the marsh system were 
buried as a resujt of rapid tectonic subsidence. Several factors strongly support 
this hypothesis, including a) the presence of sandy sediment capping layers 
abruptly overlying most buried, marshes, b) low organic laminated muds abruptly 
overlying the sediment capping layer or buried marsh horizons and c) gradual 
contacts between the laminated muds and overlying buried marshes. Tn addition, 
there is an abrupt transition in several buried marsh sequences from freshwater 
diatom assemblages (e.g., Eunotia sp. and Pinnularia sp.) (supratidal marsh) at 
the top of the buried marsh to brackish/marine diatom assemblages (e.g., Paralia 
sulcata and Grammatophora sp.) (tidal flat) in the laminated muds immediately 
above it. Finally, there are very good correlations between the buried marshes 
at all of the core sites, indicating a system-wide response. In other words, a 
rapid subsidence of at least one meter permits the newly-elevated sea level to 
inundate a supratidal marsh. An associated tsunami or seiche carries sand in 
suspension and deposits it on the subsided marsh. Later, the normal estuarine 
tidal processes deposit laminated muds, and the tidal flats build upward to an 
elevation where marsh plants can recoIonize and a new marsh can develop. 
Post-subsidence rebound might hasten the reestablishment of the new marsh 
horizon.
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The exterior marsh sites (core sites 5, 6, 7, and 10) in the Netarts Bay salt 
marsh study area record both a) the most burial events and b) the most 
continuous marsh development (figures 2, 3 and 4). In contrast, core sites in the 
marsh interior (core sites 8, 11,12 and 13) record either less marsh 
development or no marsh establishment. In the case of no marsh establishment, 
however, the burial event at mean tide level (MIL) in core site 8 is recorded 
within the low organic, laminated muds by the presence of a sediment capping 
layer. In core site 6 adjacent to the sand spit, there is almost continuous marsh 
development indicating rapid marsh reestablishment after successive tectonic 
subsidence events. The marsh at core site 6 is established rapidly because of 
its proximity to an eolian sand supply, tocation in a relatively protected part of 
the bay and higher relative elevation prior to subsidence.

In contrast to the abrupt upper contact of buried marshes with overlying 
laminated muds in the sequences discussed above, the upper contacts of the 
buried marsh horizon in cores 5,11 and 13 at a depth of approximately 3 meters 
is gradual. Not only is there a gradual change in prganic content at this contact 
but there is a gradual change from a freshwater diatom assemblage to an 
estuarine diatom assemblage. In addition, a gradual change from a high marsh 
foraminiferal fauna (Trochammina inflata and Haplophragmoides bradyii) to a 
low marsh/tidal flat foraminiferal fauna (Miliammina fusca and Ammobaculites 
exiguus) is recorded. Further, the laminated mud layer is much thicker than 
similar layers elsewhere in the cores. This gradual transition indicates gradual 
subsidence, perhaps due to tectonic strain accumulation.

B) Alsea Bay was chosen as a site to test the river flood hypothesis of marsh 
burial in the upper reaches of a fluvially dominated estuary. The marsh sites 
have been cored (figure 6), most modern surface elevations have been 
established and six out of eight burial events have been radiocarbon dated. The 
top two burial events (top 50cm) have extensive modern root penetration and 
radiocarbon ages from these horizons would be suspect because of contamination 
with modern carbon 14. Preliminary stratigraphy of selected core sites is 
summarized in figure 7 and radiocarbon ages are summarized in table 1.

There is a major difference in marsh development at all core sites above and 
below an horizon that ranges from 1.0 to 1.5m depth. Below this horizon, marsh 
development is strongest in the central marsh core sites. Here the bay widens, 
allowing riverborne sediment to settle in a relatively protected area. Farther 
upstream (core sites 12 and 13) marsh development is impeded by erosion from 
the migrating river channel within a cpnstricted river valley. Oceanward (core 
sites 1, 2, 4,15,18 and 20) wave action might have prevented marsh 
establishment below 1.5m depth. There is a noticeable lack of a sediment 
capping layer above any of the buried marshes in the central and upriver marsh 
sites. The absence of sand and the presence of relatively thick well-laminated, 
lower organic muds above the buried marsh eliminates the potential fpr flood 
and storm deposition as the mechanism responsible for marsh burial in this 
coastal basin. The widespread correlation of key burial horizons rules out local 
channel migration as a mechanism of marsh burial. Rapid tectonic subsidence is 
the likely mechanism, because of the abrupt transition from peats to overlying 
laminated muds. The muds then aggrade to the newly established sea level, 
permitting new marsh reestablish ment. One marsh/laminated mud transition 
recorded an abrupt change in foraminifera from a high marsh fauna to a low 
marsh/tidal flat fauna. Other marsh/mud sequences are being analyzed for 
microfossils in order to further document abrupt subsidence. In contrast to the 
widely separated buried marshes below the 1.0-1.5m depth horizon discussed

129



1.3

above, there are relatively continuous peat layers separated by thinner sediment 
layers above the horizon. These thin sediment layers can be correlated 
system-wide. The sediment layers in the top two correlated units (figure 7) 
tend to be sandier and thicker in the western core sites (core site 15 for 
example) suggesting a landward surge of sand. The decrease of sand and thinning 
of the layer landward excludes river flooding as the sand source. Heavy mineral 
analyses of the sands (pending) should confirm the oceanward source. The thin 
sediment layers and nearly continuous peat growth might indicate nearly 
continuous marsh growth interrupted by minor subsidence events.

C) The South Slough was chosen as a study site, because it is located in a 
potential tectonically active syncline. Marsh sites have been cored (figure 8), 
the cores described and at least eight burial events have been identified. 
Stratigraphic columns, lab analyses, marsh elevations and radiocarbon ages are 
pending.

Abrupt contacts between the buried marshes and barren to low organic muds 
above them suggest abrupt subsidence as the mechanism for marsh burial. The 
scarcity of buried marshes in the Coquille River, 5 km south of the South Slough 
syncline, suggests local rather than regional subsidence.

D) In summary, the Netarts Bay salt marsh shows evidence for abrupt tectonic 
subsidence and evidence for tsunami or seiche deposited sands. In the fluvially 
dominated Alsea Bay, there is evidence in the top meter of two landward 
directed surges that deposited sand on the marsh. The landward directed surge 
excludes river flooding as a cause of burial. Below 1.5m depth, the buried 
marshes in Alsea Bay do show that several tectonic subsidence events halted 
marsh growth. Subsequently, accreting tidal flats reached new sea level 
positions, allowing marsh plants to recolonize. The South Slough salt marshes 
provide evidence for episodic abrupt subsidence, and the lack of buried marshes 
outside the syncline suggest local roldbelt subsidence rather than regional 
subduction zone-related subsidence.
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Figure 1. Tidal marsh localities in Oregon. Marsh subsurface records in 
these localities contain evidence for abrupt coastal subsidence.
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Figure 2. Core sites showing evidence of abrupt coastal subsidence in 
Netarts Bay, a coastal lagoon.
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Figure 3. Core logs and stratigraphic correlations between buried marsh 
sequences along a West-East transect in Netarts Bay (see figure 4 for 
key).
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Figure 4. Core logs and stratigraphic correlations between buried marsh 
sequences along a North-South transect in Netarts Bay.
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Figure 5. Generalized late Holocene marsh stratigraphy from Netarts Bay 
showing seven buried marsh horizons (see figure 4 for key) and 
corresponding radiocarbon ages (RCYBP and reservoir calibrated).
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Figure 7. Preliminary core logs of selected sites and stratigraphic 
correlation of buried marsh sequences in Alsea Bay.
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Table 1. Radiocarbon ages (RCYBP and reservoir calibrated) from Alsea 
Bay core site AB9. Depth in meters with respect to mean tide 
level.

Depth (m)

+1.27

+1.14

+0.64

-0.18

-0.87

-1.68

-2.57

-5.12

Age (RCYBP)

pending

pending

800+/-80

1490+/-80

2210+/-80

2620+/-60

2890+/-70

4510+/-80

Age(C13adi.)

760+/-80

1450+/-80

2200+/-80

2570+/-60

2830+/-70

4480+/-80

Aae (cal. BP)

561-903

pending

1999-2349

pending

2779-3205

pending
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Figure 8. Core sites in South Slough, a tidally dominated but protected 
system in a potentially active syncline.
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SUBSURFACE STUDY OF THE LATE CENOZOIC STRUCTURAL GEOLOGY OF THE
LOS ANGELES AREA

14-08-0001-G1371

DAVIS AND NAMSON 
CONSULTING GEOLOGISTS 

1545 N. VERDUGO ROAD SUITE 9 
GLENDALE, CA 91208 

818-507-6650

I. Objectives:

A. Detection of blind thrusts in the Los Angeles area.

B. Determination of geometry, kinematics, offset and slip 
rate of thrust faults.

C. Objectives A and B are obtained by construction of 
retrodeformable cross sections and subsurface maps. Cross 
sections and maps integrate surface mapping, oil well data and 
other subsurface data.

II. Results:

A. A Santa Monica to western San Gabriel Mountains cross 
section has been constructed (A-A*; Figs. 1 and 2). This section 
shows what is believed to be the western continuation of the 
Elysian Park thrust (EPT). The EPT is thought to have been 
responsible for the 1987 Whittier Narrows earthquake (M-5.9). In 
this interpretation the thrust has 6.9 km of slip. The thrust 
began to move sometime during Repetto time or between 2.2 and 4.0 
Ma (M. Lagoe, personal communication). These figures give an 
average slip rate range of 1.7 to 3.1 mm/yr for the EPT. The 
cross section also shows a preliminary structural interpretation 
of the region of the 1971 San Fernando earthquake (M=6.6 ).

B. The central Los Angeles basin cross section (B-B 1 , Fig. 
1) has been revised with new data. Several different deep-level 
structural interpretations have been constructed and will appear 
with the revised cross section in Davis et al (submitted). 
Preliminary versions of the central basin cross section appear in 
Davis (1987, 1988).

C. A second Whittier Narrows cross section (C-C 1 , Fig. 1) 
has been constructed and appears in Davis et al (submitted). The 
first Whittier Narrows cross section appears in Davis (1988).
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compression in the Los Angeles area and implications for seismic 
risk, Journal Geophysical Research.

7. Davis, T.L. and Yerkes, R.F., submitted, Application 
of retrodeformable cross sections to seismic risk evaluation of 
the Los Angeles basin and the Whittier Narrows Earthquake (M=5.9) 
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E. Thorn Davis is advisor for Kurt Hayden's master's thesis 
on the subsurface structural geology of the Elysian Park area, 
Los Angeles. This thesis is being done at California State 
University Long Beach. The thesis has been submitted for final 
review to the university and to Thorn Davis.
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^
San Fernando 1971 '" ~~

Figure 1. Generalized 
geologic map of the Los 
Angeles area showing cross 
section lines and 
principal geographic and 
geologic features. 
Contours are in kilometers 
and are on the top of the 
crystalline basement. 
Abbreviations: CF=Compton 
fault; EPA=Elysian Park 
anticlinorium; HF= Haddon 
fault; LA=Los Angeles; 
LCF=Las Cienegas fault; 
LF=Lopez fault; 
NIF=Newport-Inglewood 
fault and fold trend; 
PH=Puente Hills; PVA=Palos 
Verdes anticlinorium; 
PVF=Palos Verdes fault; 
RH= Repetto Hills; 
RHF=Raymond Hill fault,- 
SAF=San Andreas fault; 
SGF=San Gabriel fault; 
SFF=San Fernando fault; 
SFV=San Fernando Valley; 
SGV=San Gabriel Valley; 
SM=Santa Monica; 
SMDF=Sierra Madre fault 
system; SMF=Santa Monica 
fault; SMMA=Santa Monica 
Mountains anticlinorium; 
SR=San Rafael Hills; 
THBF=THUMS-Huntington 
Beach fault; VEF= Verdugo- 
Eagle Rock fault; 
VH=Verdugo Hills; 
WF=Whittier fault. 
WG=Wilmington graben; 
WSGM= western San Gabriel 
Mtns.; YBF=York Blvd. 
fault. Rock unit: short- 
dashed pattern^ 
crystalline basement; 
diagonal-lined pattern= 
upper Cretaceous-lower 
Pliocene strata; no 
pattern^ upper Pliocene- 
Quaternary strata.
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Investigation of the Late Quaternary Slip Rate of the 
Northern San Andreas Fault at the Vedanta Wind Gap, 

Marin County, California

14-08-0001-G1519

N. Timothy Hall 
Earth Sciences Associates

701 Welch Road
PaloAlto,CA 94304

(415) 321-3071

Objectives:

The field epicenter for the 1906 earthquake on the San Andreas fault was located in the 
Olema valley of Marin County in northern California. Here the 1906 trace is predominantly 
a single continuous strand that follows the southwestern base of a medial ridge whose 
continuity is broken by two erosional gaps--an active water gap near the Vedanta Retreat 
house and a wind gap 0.5 km to the southeast (Figure 1). The technical objectives of this 
investigation are focused on the San Andreas fault at the wind gap site and include a 
determination of the:

1. late Holocene slip rate on the 1906 trace of the San Andreas fault based 
upon a trenching investigation at the Vedanta wind gap;

2. characteristics of pre-1906 slip events (timing of events, slip per event, and 
interval between events) based upon a trenching investigation at the Vedanta 
wind gap;

3. late Pleistocene slip rate on the 1906 trace via detailed mapping and analysis 
of deformed fluvial gravels within the Olema valley.

This study addresses the NEHRP priority objective for quantitative study of late 
Quaternary paleoseismic history and slip rate analysis of active seismic sources within the 
densely populated San Francisco Bay region.

Progress:

Trenching investigations at the Vedanta wind gap were delayed until mid-September 
when the local water table on the southwestern side of the fault would be at its lowest level 
before the onset of the winter rainy season. To date (10/24/88) six trenches totalling 
approximately 275 feet have been excavated with a backhoe (Figure 2). The focus of this 
stage of the investigation has been on data collection-trench wall logging, collecting of 
radiocarbon and stratigraphic unit samples, and correlation of stratigraphic units and fault 
strands within the excavated area. The characterization of subsurface features and the 
search for possible pre-1906 seismic events and piercing points are actively being pursued.
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b) a)

. ' ; o loooft

Figure 1: Location map of the Vedanta 
wind gap research site.
a) The northern segment of the San Andreas 
fault ruptured in 1906 along a 350 mile trace 
between San Juan Bautista in the south to 
offshore of Point Arena. The maximum 
offset of 20 feet was recorded at the northern 
end of the Olema valley in Marin County.
b) A portion of the 7.5' U.S.G.S. Inverness 
Quadrangle showing the location of the wind 
gap research site.
c) A sketch map based on the topographic 
map showing the drainages at the research 
site. Gravel Creek, which presently drains 
through a water gap northwest of the wind 
gap, has been diverted from its former path 
through the wind gap.

c)
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Figure 2: Sketch map of the Vedanta wind gap research site showing location of the 
backhoe trenches. Two strands of the San Andreas fault appear to have been active in 1906. 
The slip is transferred at a left step in the fault trace from the probable location of the active 
fault along a linear closed depression on the medial ridge at the south end of the wind gap 
to the northeastern strands.

1. Stratigraphic relationships:

Four trenches (1, 2, 3 and 4) have been excavated perpendicular to the fault in order to 
locate the active fault traces and to document the subsurface character of the fault (Figure 2). 
Two adjoining trenches (5 and 6) were excavated parallel to and northeast of the fault 
within the wind gap. The fault-parallel trenches were excavated in order to locate and 
define the geometry of channels which have passed through the gap in the ridge at this 
location. Fault-parallel trenches are also planned for the southwestern side of the fault, but 
these are likely to be shallower because of a high ground water table.

The Stratigraphic units exposed in the trenches on the northeastern side of the San 
Andreas fault represent a series of distinct and laterally continuous fluvial fining upward 
sequences of presumed Holocene age. Trench 1, located along the northern end of the 
wind gap, revealed colluvial units derived from the Pleistocene terrace materials of the
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medial ridge interfingering with the younger fluvial deposits. The same fining upward 
fluvial cycles are also present to the south in trenches 2-6. The geometry of these fluvial 
units suggests that streams have flowed primarily in a fault-parallel direction but at times 
crevasse splays from Olema Creek may have crossed the gap from the southeast. In 
Trench 6 the lower fluvial units are cut by two younger fluvial deposits whose channel 
margins indicate they may have been deposited by a stream, probably Gravel Creek, that 
flowed through the wind gap from the west. Piercing points from both Olema and Gravel 
creeks may therefore be present at this site.

West of the San Andreas fault is a distinct, heavily-oxidized, sandy clayey gravel of 
colluvial origin which was shed from the ridge at the south end of the gap. The unit has 
been subsequently transported northwestward away from its source by strike-slip motion 
along the San Andreas fault. The colluvial material now lies adjacent to and is partially 
buried beneath a marsh which has been artificially filled and drained. Despite two years of 
drought and efforts to dewater by pumping, the water table remains very high on the 
southwest side of the fault trace. Measurement of the northwestern translation of both the 
fluvial and colluvial deposits has been complicated by this high water table. However, the 
geometry of the stratigraphic units on the northeastern side of the fault~i.e. the channel 
margins and lateral thinning of the units may provide distinctive features that can be 
matched across the active trace of the San Andreas fault

2. Structural Relationships

Two steeply dipping strands of the San Andreas fault, both with strikes of N34°W, 
were found in trenches 1 and 4. While the western fault is a continuous and straight trace 
as exposed in trenches 1,4 and 3, the eastern trace appears to be composed of at least two 
en echelon segments (Figure 2). Only the western fault strand was found in trench 3. 
Both traces appear to have been active in 1906.

Along the base of the ridge north of the wind gap, a small scarp is preserved along the 
eastern trace of the San Andreas fault exposed in trench 1. The scarp does not persist to the 
south across the wind gap and may have died out in that direction or have been modified by 
road building. On the ridge at the south end of the wind gap, a linear closed depression 
probably marks the location of the active trace of the San Andreas fault (Figure 2). Trench 
2 was placed at the northern base of the ridge in order to cross the northwestern projection 
of the fault, but no strike-slip fault was found. It appears that the fault trace on the ridge 
does not connect with either of the fault traces exposed in the trenches but rather that slip is 
transferred to the northeast across the wind gap in a left-step geometry. The coincidence 
of the wind gap in the medial ridge with the left step in the San Andreas fault suggests that 
the gap may be structurally controlled. Two low angle faults that appear to root in the 
western vertical strand are exposed in trenches 2, 3 and 5. These gently dipping faults are 
interpreted as thrusts formed in response to local compression at a left en echelon step in 
the San Andreas fault
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VERY PRECISE DATING OF PREHISTORIC EARTHQUAKES IN 
SOUTHERN CALIFORNIA USING TREE-RING ANALYSIS

14-08-0001-G1329

Gordon C. Jacoby and Paul R. Sheppard
Tree-Ring Laboratory

Lamont-Doherty Geological Observatory of Columbia University
Palisades, New York 10964

(914) 359 2900

The principal investigator along with Paul Sheppard and Kerry 
Sieh confirmed our hypothesis that the "San Juan Capistrano" 
earthquake of 1812 was an event on the San Andreas fault near 
Wrightwood, California (Jacoby et al., 1988). Analysis of tree-ring 
data from the area indicated a major fault rupture, the timing of 
which was constrained to between September of 1812 and April of 
1813. Review of historical information about the "Capistrano" event 
indicated that a San Andreas earthquake could have been 
responsible for the recorded effects of the earthquake on 8 December 
of 1812, although previously it was thought to be related to a fault 
closer to the coast. The tree-ring dating of a large earthquake is in 
agreement with new precise dates from the Pallett Creek site (Sieh et 
al., 1988).

Studies to the northwest of the Wrightwood area seem to 
indicate that the event was smaller than the 1857 event. Core 
samples from 20 California white oak [Quercus lobata Nee] trees near 
Three Points (see Figure 1) were examined for indications of 
disturbance. There does not appear to be any obviously unusual 
growth disturbance in 1813 for trees growing on the fault. However, 
the known 1857 event does not show much of an effect either. 
Farther to the northwest near Frazier Park the Whitiner tree shows a 
dramatic response to the 1857 event but no indication of unusual 
growth in 1813. Other trees in this vicinity do not show evidence of 
disturbance that would be related to the December 1812 earthquake. 
We examined sites to the east of San Bernardino but did not find any 
trees old enough to have experienced the 1812 event.

To futher document any effects of prehistoric seismic events in 
the southern California region, trees were sampled in landslide areas 
located on the Rim of the World Drive, San Bernardino County. Some 
ponderosa pines [Pinus ponderosa Dougl. ex Laws.] growing on the
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margins of slides located in Rimforest and Running Springs show 
dramatic declines in growth rates, but these departures are yet to be 
absolutely dated. A suitable tree-ring control chronology is being 
constructed presently, against which the disturbed ring-width series 
will be dated. If the disturbances turn out to be synchronous, then 
we will further investigate the hypothesis that the landslides were 
seismically triggered. As before, we will systematically consider all 
other disturbance mechanisms (fire, insects, storm, etc.) before 
accepting the seismic hypothesis.

The results developed thus far from our studies in southern 
California and earlier investigations in Alaska serve as models for 
some of the effects of earthquakes on tree growth (Sheppard and 
Jacoby, 1988). There is still much more to be learned about how 
different tree species at different sites can respond to earthquake 
trauma. The inherent strength of the wood, the size of the tree, and 
the stability of the substrate are all factors influencing tree response. 
We have found Douglas-firs [Pseudotsuga menziesii (Mirb.) Franco] 
that were small (10 to 20 cm diameter) in 1906 and growing on the 
San Andreas fault south of San Francisco that show no unusual 
growth in response to that event. Conversely in Alaska we found 
evidence of disturbance in Sitka spruces [Picea sitchensis (Bong.) 
Carr.] 300 km from the epicenter of the 1964 earthquake. The 
disturbance was due to the trees growing in steep unconsolidated 
sand on a beach ridge. The accelerations alone were enough to tilt the 
trees growing in this unstable location. Although these studies were 
not directly related to the southern California area, they provide 
additional insight into the types of locations and signals to look for in 
applying tree-ring analysis to paleoseismology.

We have collected samples on a reconnaissance basis from 
northwest California in the vicinity of the Little Salmon Creek thrust 
fault. A few other samples have been taken from a normal fault 
locale near Mt. Shasta where there are obvious ground fractures. 
Analyses of these samples will aid in understanding how other types 
of fault movement may affect tree growth. Samples are also being 
analyzed from the Hunting Creek fault area in Lake County, just 
north of the San Francisco Bay area. The occurrence of frequent 
forest fires and associated growth reductions complicate this study. 
We are currently modeling the climate response of these trees, which 
are Digger pine (Pinus sabiniana Dougl.), in order to understand and 
account for that influence on growth before we make our 
interpretation of the samples from this site.
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Quaternary Tectonic Framework and Earthquake Hazard
in Fold-and-Thrust Belts of the 

Western Transverse Ranges, California

14-08-0001-G1496

Edward A. Keller 
Department of Geological Sciences

University of California
Santa Barbara, California 93106

((805) 961-4207

Objective: Investigate the earthquake hazard and tectonic framework that 
produces fault slip and crustal shortening across the western Transverse 
Ranges. The research involves testing the hypothesis that faulting and 
folding, with the exception of strike-slip on faults such as San Andreas 
and Big Pine faults, is mostly near the range fronts, and the interior 
highlands are experiencing rapid uplift as a block. Uplift of the interior 
occurs as a result of co-seismic thrust faulting on the edges of the range. 
Geomorphic response of uplift in the central highlands is reflected by 
erosion.

Investigations and Results: Work on this project has been focused toward 
better understanding of relative tectonic activity in the Frazier Mountain 
and surrounding areas. Work on the Frazier Mountain soil chronosequence is 
nearly complete. The chronosequence provides a late Quaternary chronology 
for the area. Study of stream terraces coupled to soil chronology suggests 
a downcutting rate of approximately 2 mm/yr in the Hungry Valley area on 
the eastern flank of Frazier Mountain. This rate of erosion is comparable 
to the uplift rate of about 4 mm/yr at the San Emigdio front further north. 
At Little Cuddy Valley on the northwestern flank of Frazier Mountain, a 
segmented alluvial fan with progressively younger soils on fan segments in 
the downfan direction indicates that the Frazier Mountain area is experiencing 
rapid, uniform uplift, and responding by rapid downcutting and erosion.

A stream-gradient (SL) index map of western Transverse Ranges has 
been compiled from a topographic base map. Preliminary interpretation 
indicates that: (1) Relatively high values of the index are distributed 
along active mountain fronts on the northern and southern flanks of the 
range; (2) large regions of the central highlands have relatively low 
values of index; and (3) areas with relatively high values of the index in 
central highlands are probably related to stream capture associated with 
base level lowering. Field work in the central highlands suggests:
(1) Stream reaches in the central highlands with deep gorges indicate rapid 
downcutting in response to uplift of the mountain as a block; and
(2) Holocene-late Pleistocene rates of stream downcutting are nearly 
balanced by regional uplift. That is, regional geomorphic history suggests 
that differential vertical uplift on reverse faults in central highlands 
is no longer a dominant tectonic process. Rather the mountains are 
responding to uplift that originates on fold-and-thrust belts located on 
the northern and southern edges of the ranges.
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Coastal Tectonics, Western United States

9910-01623 

Kenneth R. Lajoie

Branch of Engineering, Seismology, and Geology
U.S. Geological Survey

345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5641 or 5747

Investigations:

1. Age and deformation of Pleistocene marine strandlines and sediments in the Los Angeles 
Basin.

2. U-series dating of fossil solitary corals.

3. Electron-spin resonance (ESR) dating of fossil marine shells.

4. Co-seismic marine strandlines. 

Results:

1. The western part of the Torrance Plain consists of an ancient dune field in which previous 
workers mapped four dune ridges that roughly parallel the modern shoreline and become 
successively more subdued to the east. The origin and age of this dune field are critical to 
understanding the Pleistocene tectonics of the region, especially the rate of vertical move 
ment across the northern part of the Newport-Inglewood fault zone.

Our mapping and topographic analysis indicate that this dune field actually consists of at 
least seven dune ridges and that it extends north of the Balona Gap. The westernmost dune 
ridge (1) lies along the back edge of the modern beach from which it was derived over the 
last 5 ka. The close relationship suggests that the successively older dune ridges lie behind 
marine strandlines representing successively older interglacial sea-level highstands. 
Amino-acid data on marine shells correlate flat-lying intertidal sediments and paleontologi- 
cal underlying the third ridge with the 120 ka sea-level highstand. The sediments probably 
correlate with the fourth ridge. If correct, this correlation indicates the second and the third 
ridges correlate with the 85 ka and 105 ka highstands, respectively, and the fifth, sixth, and 
seventh ridges correlate with the 200 ka, 300 ka, and 400 ka highstands, respectively. If 
these age assignments are correct, the eastern part of the Torrance Plain, which is offset 
vertically about 45 km across the Newport-Inglewood fault zone, is about 500 ka old.
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Amino-acid data from fossil marine shells in boreholes in the southern part of the Torrance 
Plain indicate the age of the major unconformity between the "upper" and "lower" San 
Pedro formations is 500-600 ka old. Previous workers incorrectly correlated this subsur 
face unconformity with one exposed at the surface in San Pedro that we date at 100 ka. 
The beds below the subsurface unconformity probably correlate with those directly under 
lying the surface of the northeastern part of the Torrance Plain. This correlation suggests 
considerable southerly tilt over the last 500-600 ka. Previous workers felt that tectonic 
deformation represented by the Wilmington anticline in the southern Torrance Plain ceased 
by Pleistocene time. However, our amino-acid and stratigraphic data clearly indicate 
deformation continued well after 600 ka B.P.

2. We use amino-acid data on fossil shells to correlate and indirectly date tectonically de 
formed marine platfonns and sediments only because more precise absolute dating tech 
niques such as U-series disequilibrium do not yield reliable results on shells. Also, corals, 
which do yield reliable results, occur in only a few localities where they are small (soli 
tary) and extremely rare. However, recently G.J. Wasserberg and his colleagues at Caltech 
have developed a new U-series analytical technique using a mass spectrometer. The main 
advantages of the new technique are high precision and small sample size, which allow 
single solitary corals to be dated. In a cooperative effort with Wasserberg and his col 
league, Mod Stein, we are dating solitary corals from about twenty localities from Oregon 
to Baja California. These dates will provide absolute age control in several critical areas, 
but will also provide esssential calibration for more broadly applicable amino-acid and 
ESR dating techniques.

3. Electron-spin resonance (ESR) dating of fossil marine shells requires two types of data:
1) Gamma-ray dose rates for each fossil locality, and
2) Total gamma-ray irradiation for each sample.

To obtain preliminary data for each of these elements we have initiated a contractural 
project with Battelle Laboratories at Hanford, Washington. We have installed broad 
spectral passive dosimeters at two test localities in southern California to obtain data on 
dose rates at various energy levels. We have obtained data from one test locality using a 
broad spectrum scintillation counter to determine the source(s) of background gamma 
radiation. We have also submitted a suite of samples from fossil shells for artificial 
gamma irradiation at various doses between 10 and 150 KR. Preliminary interpretation of 
ESR data from these irradiated samples indicate which spectral peaks grow with increasing 
dosage; only these peaks can be used for dating purposes. The total dosage derived from 
these analyses and the dose rate obtained with a portable Micro-R meter yield an 85 ka age 
for samples from the shell bed at Goleta, California. This age agrees with an indirect 
amino-acid age estimate of 85 ka. Hopefully, ESR dates will provide absolute dates for 
other localities that do not contain fossil corals.
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4. As part of the project initiated and directed by G. Plafker, we are investigating strati- 
graphic evidence for co-seismic uplift and post-seismic subsidence in the Copper River 
Delta in southern Alaska. E. Reimnitz originally identified and dated two buried forest 
horizons that represent uplift of the delta above sea level that accompanied two pre-1964 
subduction earthquakes.

Reports

None.

10/88
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NEOGENE MAGNETIC STRATIGRAPHY AND TECTONIC ROTATIONS,
TRANSVERSE RANGES, CALIFORNIA: TIMING AND DEFORMATION

RATES OF POTENTIALLY ACTIVE FAULTS

14-08-0001-G1353 

Shaul Levi

Geophysics, College of Oceanography
Oregon State University

Corvallis, Oregon 97331
(503) 754-29I5

NEOGENE PALEOMAGNETIC RESULTS FROM THE 
SAN GABRIEL BLOCK: SOLEDAD CANYON, CALIFORNIA

Objectives: The purpose of this study is to investigate the control of the San Gabriel 
fault (SGF) on the tectonics of this area during the last 2.5 Ma. Toward this end we 
have been studying the paleomagnetism of the Saugus Formation in Soledad Canyon 
located in the San Gabriel block just northeast of the SGF (Figure 1). The Saugus 
Formation consists of continental sediments deposited from about 2.3 to 0.4 Ma before 
present (Levi et al., 1986). The data from Soledad Canyon will be compared with our 
previous paleomagnetic results of the Saugus near Castaic, only 6-8 km west of Soledad 
Canyon, but off the San Gabriel block.

Results: Fourteen Saugus sites were sampled at the western end of Soledad Canyon 
(Figure 1) along the Southern Pacific Railroad just east of the intersection of the 
Sierra Highway and San Fernando Road. The beds dip to the south between 35°-60°, 
striking from 78°-125° (Table 1). These sites were distributed approximately along 
1 km of the southeasterly trending railroad tracks, representing a vertical section of 
the order of 0.5 km. Additional twenty sites were sampled immediately south- 
southeast of the former fourteen, with consistent bedding attitudes whose average 
strike is about 155° and southwesterly dips of about 30° (Table 1). All 34 sites are 
in the San Gabriel block, and they are all within 0.5 km from the San Gabriel fault.

Sites were chosen at the finer grain sedimentary interbeds, typically between 
0.5 and 3 m in thickness. Three oriented hand samples were obtained at each site, and 
two specimens were cut from each sample. All specimens were stepwise demagnetized 
in alternating fields (AF) to 80 or 100 ml in 8 to 10 steps. Stable paleomagnetic 
directions for the specimens were determined by vector averaging the remanence 
vectors at 2 to 5 consecutive AF levels, chosen independently for each site, and the 
same AF steps were used to obtain the stable site mean directions. The progression of 
paleomagnetic directions during AF demagnetization of all six specimens from one 
normal and one reversed site are shown in Figure 2.

The paleomagnetic results of all 34 sites are listed in Table 1. Twenty-eight of 
the sites yielded paleomagnetic directions; for two of the sites only polarity 
information was recovered, and results from four sites were indeterminate. Sites 1- 
15 are in stratigraphic sequence with site 1 the oldest and site 15 the most recent.
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Sites 20-78 are also listed in stratigraphic order, with site 50 the oldest to site 38 
the youngest, and they comprise approximately a 0.54 km sedimentary section. 
Because these two subsections were deformed with different bedding attitudes, their 
stratigraphic relationships are not sufficiently clear for compiling a single 
stratigraphic column. Based on the predominantly reversed polarity of these sections 
and by analogy with the reference section near Castaic, we conclude that the sampled 
sites in Soledad Canyon were deposited during the Matuyama chron, 0.7-2.5 Ma. The 
four normal sites represent at least two and possibly three normal polarity subchrons. 
However, it is not known at present which of the Matuyama subchrons are represented 
by these normal sites.

Site mean paleomagnetic directions were determined for 28 of the 34 sites (Table 
1, Figure 3). The mean paleomagnetic direction, treating the 28 sites as normal 
polarity, has D (declination) = 0.4°, I (inclination) = 47° with a95 = 5° and k = 28. 
This value is slightly shallower than the expected geocentric axial dipole value at the 
sampling site, which is I = ±54°. Interestingly, the mean paleomagnetic direction of 
the four normal sites has the expected dipole inclination, but D = 31°, probably 
because there are insufficient sites for proper averaging of the secular variation. 
However, the overall mean paleomagnetic direction at Soledad Canyon sites shows no 
significant tectonic rotation. This is in marked contrast with the Castaic section only 
about 6-8 km west and southwest of the SGF, where clockwise rotation of 30° has been 
recorded in Matuyama sites (Levi et al.,1986). The northern hemisphere virtual 
geomagnetic poles (VGPs) corresponding to the site mean paleomagnetic directions are 
shown in Figure 4. The mean VGP of the 28 sites, where all sites were considered as 
normal polarity, is at 85°N, 55°E (<x95 = 6° and k = 22). Although the mean VGP is 
somewhat farsided, it does not deviate significantly from the Earth's rotation axis with 
respect to the 095 value.

The contrast between the unrotated Saugus section in Soledad Canyon on the San 
Gabriel block and the clockwise rotated Saugus near Castaic a mere 6-8 km to the west 
suggests that there has been an active tectonic boundary between the two sampling 
areas during the last 2.3 Ma, associated probably with the San Gabriel or Holser faults.
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TABLE 1 

SOLEDAD CANYON, SUMMARY OF PALEOMAGNETIC RESULTS

Site No.

SOC15

SOC14

SOC13

SOC12

SOC11

SOC10

SOC9

SOC8

SOC6

SOC5

SOC4

SOC3

SOC2

SOC1

SO38

SO34

SO32

SO30

SO28

SO26

SO24

SO20

SO78

SO76

SO74

S070

SO66

SO64

SO60

SO58

SO56

N/n

6/6

6/6

4/6

6/6

6/6

6/6

6/6

4/6

5/6

6/6

5/6

6/6

6/6

6/6

6/6

6/8

6/6

3/6

6/6

6/6

6/6

6/6

4/6

6/6

4/6

6/6

6/6

6/6

6/6

4/6

3/6

DR(°)

190.2

176.7

169.1

174.9

145.9

173.1

194.3

32.5

29.9

150.1

25.5

39.1

186.5

177.3

176.8

178.7

|R(°)

-18.2

-47.0

-37.5

-48.6

-52.2

-58.9

-46.3

71.9

43.9

-30.9

46.3

59.4

-50.5

-48.7

-41.7

-42.8

k

37

128

50

113

406

66

241

33

54

16

19

87

62

106

49

43

<X95(°)

11.2

5.9

13.2

6.3

3.3

8.3

4.3

16.2

10.5

17.5

18.2

7.2

8.6

6.5

10

10

Demag 
Levels(mT)

60-80(2)

50-80(3)

40-80(4)

50-80(3)

50-80(3)

50-80(3)

40-80(4)

40-100(5)

20-50(4)

50-100(4)

50-100(4)

50-80(3)

30-60(4)

30-50(3)

30-80(5)

30-60(4)

Indeterminate

179.6 -44.7 18 30 50-80(3)

Reversed

160.6

165.5

173.4

-55.1

-43.3

-53.1

226

48

150

5

10

5

10-50(5)

10-50(5)

20-80(6)

Reversed

Indeterminate

199.7

180.4

177.6

167.6

163.6

188.3

196.5

-39.2

-56.4

-37.8

-40.9

-43.6

-41.9

-44.6

18

104

679

480

74

33

433

22

7

3

3

8

16

6

40-80(4)

20-80(6)

20-80(6)

30-80(5)

30-60(4)

10-50(5)

20-60(5)

Bedding 
Strike/Dip

106

125

.5°/44.5°

°/59°SW

1 1 7°/32°S

119

127

124

114

94

91

99

78

160

150

163

154

150

148

162

149

151

179

155

144

159

152

155

178

°/57.5°S

°/57°SW

°/58°SW

°/58.5°S

,5°/36°S

.5°/49.5°S

°/54°S

°/53°S

°/37°SW

°/30°SW

°/34°SW

°/39.5°SW

°/35°SW

°/34°SW

°/28°SW

°/25°SW

°/42°SW

°/37°W

°/35°SW

°/26°SW

°/29°SW

°/26°SW

°/36°SW

°/26°W

VGP-North Pole 
Long(°) Lat(°)

38

86

.6

.7

99.9

104

-202.

-163.

-3

-84

-18

125

-18

-50

-0

87

77

68

64

-198

119

145

1

-111

71

109

123

24

-3

.5

1

0

.3

.1

.-o

.5

.2

.8

.1

.8

.3

.5

.0

.6

.1

.3

.6

.4

.2

.3

.6

.1

.1

63.2

83.2

73.5

83.5

61.7

82.4

76.0

58.6

62.8

57.9

67.2

58.6

83.7

84.7

79.2

80.4

81.9

74.1

74.4

84.6

68.8

87.4

76.6

74.6

73.2

77.5

73.6
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Site No. N/n DR(°) (R(°) k ags(°) Demag Bedding VGP-North Pole 
_____________________________Levels(mT) Strike/Dip____Long(°) Lat(°)

SO54 6/6 181.0 -36.7 99 7 20-80(6) 157°/16°SW 57.6 76.0

SO52 6/6 Indeterminate

SO50 6/6 Indeterminate 138°/18°SW

MEAN 28 0.4 47 28 5.2 58.2 83.8

(All sites treated as normal)

MEAN 24 177

(Reversed sites)

MEAN 4 31

(Normal sites)

MEAN 28

(North VGPs, all sites)

-45 40 4.8

55 37 15.3

22 6.0

80.7 81.8

-40.2 64.7

55.2 84.6

N/n, number of specimens used in calculations/number of specimens measured.

Dp, Ip, structurally corrected declination (D) and inclination (I); rotated to horizontal using measured bedding 
attitude (strike/dip).

k, best estimate of precision parameter of.Fisher distribution.

ag5, radius in degrees of the 95 percent cone of confidence about the mean direction.

Demag Levels (ml), range of consecutive AF demagnetization steps in millitesla used for obtaining the stable 
direction of each specimen; number of steps are given in ( ).

VGP Long., positive (negative) east (west) of Greenwich. 

Site Location 34.42°N Lat., 241.47°E Long.
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GABRIEL 

MOUNTAINS

kilometers 

Figure 1. Generalized geologic map (modified from Jennings and Strand, 1969).
From Treiman and Saul, 1986

I |- alluvial valleys

Qp

TQs

- Pacolma Formation, queried where correlation is tentative

- Saugus Formation

- Paleomagnetic sections (SCR, TL, SC)

Areas not labeled include Tertiary and older rocks.
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SOLEDAD CANYON
AF demag - Structurally Corrected

1.3

Figure 2. Stereogram of structurally corrected paleomagnetic directions during AF 
demagnetization for all six specimens from normal site 3 and reversed site 9. Solid (open) 
symbols represent lower (upper) hemisphere directions. The arrows indicate the trend of the 
remanence directions during demagnetization in progressively increasing AF. (A complete 
hemisphere is shown.)
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SOLEDAD CANYON
Site mean directions - Structurally Corrected

Figure 3. Stereogram of structurally corrected site mean paleomagnetic directions (circles). 
Solid (open) symbols represent lower (upper) hemisphere directions. Diamonds represent the 
expected geocentric axial dipole directions. The stars represent the mean paleomagnetic 
directions of the normal and reversed sites separately. (A complete hemisphere is shown.)
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SOLEDAD CANYON
Site VGPS

1.3

180

Figure 4. Northern hemisphere VGPs of structurally corrected Soledad Canyon sites. Triangle 
represents the sampling area at Soledad Canyon (34°25'N 118°32'W); the star denotes the 
meanVGP.
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EARTHQUAKE GEOLOGY OF THE SAN ANDREAS 
AND OTHER FAULTS IN CALIFORNIA

Grant number 14-08-0001-G1370

Kerry Sieh
Division of Geological and Planetary Sciences

California Institute of Technology
Pasadena, CA 91125

(818)356-6115

Our work during the past six months involves six separate projects being 
undertaken as the Ph.D. dissertation work of Marcus Bursik, Ken Hudnut, Sally 
McGill, Carol Prentice, Stephen Salyards and Patrick Williams.

Evolution of the Sierra Nevada range front in the Mono Basin and the 
relationship of range-front faulting to volcanism

Marcus Bursik's dissertation on the relationship between range-front 
faulting along the eastern Sierra Nevada and dike intrusion underneath the 
Mono Craters is complete. He has submitted two manuscripts based on his work.

His data indicate that dikes, intruding underneath the Mono Craters in 
response to crustal stretching, are accommodating elastic strain that was once 
accommodated by range-front normal faulting. The section of the range front 
near the craters accommodated as much as 1 mm/yr of strain as recently as 
about 40,000 years ago (Figure 1). For the past 40,000 years, however, this 
section of range front has been inactive, even though the range front to north 
and south has continued extending at up to 0.9 mm/yr (Figure 2). For the past 
30,000 years, dikes have been intruding underneath the Mono Craters. Depend 
ing upon the assumptions used to calculate dike intrusion rates, the dikes 
accommodate the 1 mm/yr of tectonic extension that was previously accommodated 
by range-front faulting.

Extension-direction data coupled with extension-rate data indicate that 
the Mono Craters may be forming along one of the extensional boundary 
structures of a pull-apart basin, the other extensional boundary of which is 
the deactivated range-front segment.

Implications of this work range from an increased understanding of the 
relationship between volcanic and tectonic processes and of slip gaps within 
fault systems, to ways in which large calderas are related to their tectonic 
environment.

Earthquake on the Superstition Hills fault prior to 1987
Ken Hudnut and I have completed excavations of the Superstition Hills 

fault where it crosses the late Holocene beach berm of ancient lake Cahuilla, 
near Imler Road. These excavations provided evidence for a previous sudden 
slip event with total pre-198? slip of about 60 cm. Recessional shoreline 
deposits of the latest highstand of Lake Cahuilla show that 60 cm dextral slip 
occurred on the Superstition Hills fault after about AD 1680 and before the 
occurrence of last November's earthquake. This slip appears to have occurred 
suddenly, as a seismic event, rather than as slow aseismic creep.

This 60-cm value is only slightly greater than the total coseismic slip 
and aftercreep associated with the November events as of mid-March, 1988. 
However, if afterslip continues as projected, slip associated with the 
earthquake of 198? may reach about one meter. Thus, we tentatively conclude 
that the last prehistoric rupture at this site was appreciably smaller than
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the rupture of 1987. Comparisons of the intensity distribution for the 1987 
event with intensities of the Imperial Valley events in 1906 and 1915 suggest 
one of these earthquakes may have been the event associated with 60 cm of 
slip.

This study demonstrates that earthquakes of the magnitude of last 
November's event (M6.6) have occurred only once in the previous 300 years. 
The likelihood of another rupture of this fault in the next 100 years can, 
therefore, be regarded as quite remote.

Slip during the latest earthquake on the Garlock Fault
Graduate student Sally McGill has continued a study of the amount of slip 

in the most recent earthquake on the Garlock fault. Over the past six months 
she has analyzed and measured the separation of channel walls and other 
geomorphic features offset small amounts along a 15-km-long segment of the 
fault in eastern Pilot Knob Valley and along a 5-km-long segment of the 
easternmost Garlock fault, west of Denning Spring.

In eastern Pilot Knob Valley, within the China Lake Naval Weapons Center, 
the smallest left-lateral offsets are typically 2 1/2 to 3 1/2 meters. Many 
of these offsets occur on only one fault strand within a broader fault zone 
and thus may not represent the total amount of slip in the latest earthquake 
here. However, a few of these small offsets occur where there is only a 
single fault trace. In these cases, the offsets probably do represent nearly 
the total fault slip at the surface at this location during the latest 
earthquake.

These data from eastern Pilot Knob Valley contrast with data from western 
Pilot Knob Valley that were discussed in a previous report. In western Pilot 
Knob Valley, the smallest reliable offsets are 5 to 5-1/2 meters. This 
contrast may indicate either that the data from western Pilot Knob Valley 
represents a slip that occurred in the past two earthquakes, or that the slip 
in the latest earthquake decreased eastwards from about 5-1/2 to about 2-1/2 
meters.

Paleoseismic and slip-rate studies of the northern San Andreas fault
Evidence for five or six earthquakes has been documented in excavations at 

a site along the San Andreas fault near Point Arena, in northern Califor 
nia. All of these events have occurred since the deposition of a layer that 
formed 1890±147 ybp. The oldest two events, named F and J, occurred before 
the deposition of unit 30, 662±97 ybp. The next event, event N, occurred 
between the time of deposition of Unit 30 and Unit 40 (384±81 ybp). It is not 
possible from the evidence collected at this site to be certain if events R 
and V are really two separate events, or represent the same earthquake. R/V 
occurred after deposition of a 315 ybp bed and before the 1906 earthquake. 
The most recent event, named event Z, is the 1906 earthquake.

Because the section was formed by alluvial processes, deposition was not 
continuous at this site, so it is likely that some events may not have been 
recorded. Therefore, this is a minimum number of earthquakes.

A buried offset channel was also exposed by these excavations. The chan 
nel has been offset no more than 64 meters and formed 2532±177 ybp. This 
indicates a maximum late Holocene slip rate of 23-28 mm/yr.

Pleistocene marine terrace risers have been offset across the fault near 
Point Arena. Age and offset estimates of these terraces suggest a slip rate 
of about 18-20 mm/yr.

Tentative correlation of Pliocene sediments across the fault suggests and 
approximate offset of 50 km. Fission track analysis of zircons separated from
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an ash in this unit gives an age of 3.3±0.8 ma. This is a maximum age for the 
proposed offset, suggesting a minimum slip rate of 12-20 mm/yr since Pliocene 
time.

Paleomagnetic studies at Pallett Creek
During the past six months graduate student Stephen Salyards successfully 

completed his dissertation work and prepared two of his thesis chapters to be 
submitted for journal publication. This included completing the analysis of 
samples spanning 50 meters across the San Andreas fault zone at the Pallett 
Creek Paleoseismological Site. Samples are from two units that bracket the 
third most recent earthquake at A.D. 1480115. Relative to unrotated control 
groups of samples collected 48 meters from the fault, most of the samples from 
the transect show clockwise rotation.

Although these samples can be interpreted in a variety of ways, the most 
consistent interpretation of these data indicate non-brittle offsets of 
14.0+2.8, -2.1 meters in the last three earthquakes and 8.5+1.0, -0.9 meters 
in the last two earthquakes. Including the offset of piercing points by these 
three earthquakes (Sieh, 1984), the last three earthquakes had offsets of 
5.5 m in A.D. 1480, and 6.25 m in 1812 and 1857. These values give a long- 
term average slip rate of 35.6±6.7 mm/yr for this section of the San Andreas 
fault (figure 4).

Paleoseismic studies along the southern San Andreas fault
During the past six months Pat Williams has worked on three manuscripts 

documenting fault behavior in the Salton Trough. One of these, Behavior of 
the San Andreas fault during the past 300 years (Sieh and Williams), was 
described in the June 1988 semi-annual report. This paper has now been 
accepted for publication in the Journal of Geophysical Research, and final 
revisions are now being made.

Pat is currently finishing another manuscript discussed in the June Semi 
annual Report entitled Late Holocene displacement across the southernmost San 
Andreas fault, California (Williams and Sieh). This paper documents two 3.2 m 
increments of slippage across the San Andreas fault at Salt Creek in the past 
900 or less years. Also presented in the paper are results from a detailed 
survey of small geomorphic offsets along the 75 km length of the southernmost 
San Andreas fault. The pattern of geomorphic offsets (Figure 3) suggests 
possible correlation of the latest two dextral slip events at Salt Creek with 
the most recent slip events recorded at Indio and dated at AD 1678 + 35 and 
1450 + 150. Regardless of whether the two latest slip events at Indio and 
Salt Creek occurred in the past 500 years or during the past 900 years, the 
fault's slip rate during this period appears to be a factor of two or three 
less than the ^ 30 mm/yr millennial rate documented at Indio (Sieh, Eos, v.67, 
p.1200, 1986). A low rate of slip during at least the past 500 years implies 
a low rate of strain relief and suggests that a very large slip deficit has 
accumulated.

Figure 1. Extension rate during Mono Basin to Tahoe time, 130,000 to 66,000 
years ago. Regional extension was accommodated by range-front normal 
faulting.

Figure 2. Extension rate during Tioga time to the present, 14,000 to 0 years 
ago. Regional extension is accommodated by dikes intruding underneath the 
Mono Craters.
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Figure 3. Channel offsets are indicated as open circles plotted along the 
length of the San Andreas fault between Bombay Beach and the Indio Hills. The 
channel offsets are indicated as open circles and stratigraphic offsets at the 
Indio and Salt Creek sites are shown as filled circles. Note the appearance 
of displacement-clustering at about 3 and 6 m. Quality designations are based 
upon field criteria.

Figure 4. Pallett Creek fault slip history based on earthquake dates from 
Sieh and others (in press) and individual event offsets. Offsets are combina 
tion of non-brittle offset and the brittle offset on the fault trace where the 
sampling transect crosses (from Sieh, 1984).
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Pilot Study of the Paleomagnetism of Lake Sediments as 
Indicators of Paleoseismicity and Seismic Recurrence

Intervals

14-08-0001-G1514

D.B. Stone and S.D. Stihler 
Geophysical Institute 
University of Alaska 
Fairbanks, AK 99775 

(907)474-7622

M.O. McWilliams 
Dept. of Geophysics 
Stanford University 
Stanford, CA 94305

(415)723-3718

Objective: Several methods have been employed for the determi 
nation of earthquake recurrence intervals in various seismically 
active regions. In this pilot study, we investigated the 
potential of applying paleomagnetic methods to the identification 
of past seismic events. The goal of this study is the 
identification of evidence of the Great Alaskan 1964 Earthquake 
(Mw=9.2) in the magnetic signature of unconsolidated sediments 
taken from Skilak Lake, Kenai Peninsula, Alaska (125 Km southeast 
of Anchorage). Studies of the magnetization of adobe bricks 
(Games, 1983) suggest that intense shaking, such as that produced 
by a large earthquake, may cause a reorientation of the magnetic 
carriers at the time of the seismic event. Skilak Lake was 
selected for this pilot study for several reasons. It is in the 
zone of Modified Mercalli Intensity VII shaking, which should 
have been sufficient to reset the orientation of the detrital 
magnetic minerals within the sediments. Furthermore, Rymer and 
Sims (1976) reported visual evidence of the 1964 event in cores 
taken from this lake. They also noted that the lacustrine 
sediments are varved and that several tephra are present. Good 
age control should thus be possible through a combination of 
counting varves and tephrachronology. Skilak Lake is also very 
cold and deep (up to 90 m) thus minimizing bioturbation. These 
facts combine to make Skilak Lake an ideal natural laboratory for 
this pilot study.

Acquistion and Analysis of Data: Fifteen cores were recovered 
from the lacustrine sediments of Skilak Lake using a 1.4 m 
modified Mackereth corer (Mackereth, 1958; 1969). Based upon the 
average sedimentation rate of 5 mm/yr estimated by Rymer and Sims 
(1976) the maximum amount of time possible to sample using such a 
corer would be 280 yrs. However, in practice only about 200 yrs 
(1 m) of record were recovered. Since the recurrence interval of 
large earthquakes in southcentral Alaska has been estimated to be
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about 400 yrs (Combellick, 1986) the only great earthquake 
(Mw>9.0) we would expect to find evidence of is the 1964 event, 
although smaller magnitude events may also be seen.

At each coring site at least two cores were taken, one of 
which was transported intact back to Fairbanks to provide age 
control. The remaining cores were sub-sampled at Skilak Lake by 
extruding the sediment into oriented cubes which were subse 
quently sealed to prevent desiccation. Visual inspection of the 
intact cores shows indistinct varves as well as thin reddish- 
brown horizons, which are believed to be tephras. Both the 
varves and the "tephras" are easier to identify in X-ray 
radiographs than in normal lighting. The tephra interpretation 
of the reddish-brown layers is supported by the fact that 
magnetic susceptibility measurements show marked increases which 
correlate well with these horizons.

Measurement of various aspects of the cored material are 
still in progress. Currently, the following aspects of data 
acquistion are in process: more precise susceptibility measure 
ments are being taken, the potential tephras are being isolated 
for identification by means of heavy liquid separation, and the 
remanent magnetization of the subsamples is being measured. 
Should evidence of the 1964 Great Alaskan Earthquake prove to be 
present in the magnetic signature of the lacustrine sediments of 
Skilak Lake, we plan to take longer (6 m) cores in an attempt to 
find repetitions of this signal. If found this will allow us to 
make an independent estimate of the recurrence interval for large 
earthquakes in southcentral Alaska.
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Paleoseismic and Slip-Rate study of the Northern
Segment of the San Jacinto Fault Zone in

San Bernardino, California

14-08-0001-G1530

Steven G. Wesnousky
Center for Earthquake Research and Information

Memphis State University
Memphis, TN 38152
(901) 678-2007

Objective; To perform a field study of a buried Holocene stream channel that 
Isoffset by the San Jacinto fault in San Bernardino, California. 
Documentation of the total offset and age of the buried stream channel will 
allow an estimate of fault slip-rate along the northernmost reach of the San 
Jacinto fault where it traverses the densely populated, rapidly growing, and 
urbanized area of San Bernardino.

Progress: Initial work at the site, based on the logs of about 10 trenches 
oriented both along and across a strand of the San Jacinto fault, showed an 
apparent 10.5 meter offset of a buried stream channel in a right-lateral 
sense. Subsequently, a total of about 40 more trench walls have been 
excavated across the fault and provide a 3 dimensional picture of the buried 
stream channel. The additional trenches show that the actual offset of the 
buried stream channel is actually only 5.5 meters and that the remainder of 
the 10.5 meter offset is accounted for by a bend in the channel at the fault 
which existed prior to being offset. The buried channel is 1,965 (2 sigma = 
134) years old as evidenced by a conventional radiocarbon date on 
disseminated charcoal collected from the unit. These preliminary 
observations suggest a slip-rate of about 2.7 mm/yr. The 2.7 mm/yr slip-rate 
is likely a minimum for the entire San Jacinto fault zone at this latitude 
since earlier investigations show the San Jacinto fault zone to consist of 
two or more active strands at this locality. Slip-rate estimates have not 
been reported for the other active stands.

175



1.3

Convergence Rates Across Western Transverse Ranges 

14-08-0001-G1372

Robert S. Yeats and Gary J. Huftile
Department of Geology
Oregon State University

Corvallis, Oregon 97331-5506
(503) 754-2484

Investigations

We have acquired two seismic-reflection profiles extending 
from Sulphur Mountain south to the Santa Clara syncline east of 
Ventura, and a short segment of a third profile extending down 
the axis of the Santa Clara syncline east of Santa Paula, 
California. Sonic-velocity logs of wells in the vicinity of 
these profiles have been used to prepare vertical synthetic 
seismograms to convert the seismic sections from time to depth. 
20 traces of the axis section were reprocessed for deep data in 
the trough of the syncline. In addition, a study of the April, 
1976 earthquake on the southwest edge of the Santa Susana 
Mountains will investigate the possibility that this earthquake 
occurred on the eastern end of the Simi fault.

Results

The two seismic sections in the dip direction show the 
south-dipping Sulphur Mountain homoclinal sequence comprising 
rocks of Eocene to Pleistocene age. Both sections show that the 
south-dipping sequence is underlain by a nearly flat-lying 
sequence which we interpret as a northward continuation of the 
deeper (Miocene and older) portion of the nearly flat-lying Santa 
Clara Valley sequence. We interpret the contact between the 
homoclinal and flat-lying sequences to be a flat-lying, south- 
directed blind frontal thrust of the San Cayetano fault system. 
This implies that the homocline itself is a fault-bend fold 
related to this subjacent thrust. Displacement on this blind 
thrust must be included in estimates of total convergence across 
this part of the Transverse Ranges.

This addresses the problem of why there is no south-directed 
active reverse fault at the surface at the longitude of the Ojai 
Valley, despite the presence of the Red Mountain fault to the 
west and the San Cayetano fault to the east, both seismically 
active and with displacements of several kilometers each. The 
homocline is best developed south of the Ojai Valley between the 
ends of the Red Mountain and San Cayetano faults. If the 
homocline is taken as a measure of displacement on the subjacent 
blind thrust, this would explain the lack of surface displacement 
on a south-directed thrust in the Ojai Valley. Displacement 
would have been transferred to the blind thrust, possibly related 
to a segment boundary within the fault system.
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PATTERNS OF OFFSET ALONG SEGMENTED FAULTS NEAR BORAH PEAK. 
IDAHO: IMPLICATIONS FOR CHARACTERISTIC EARTHQUAKE FAULT

BEHAVIOR

USGS contract # 14-08-0001-G1525 
Progress report October 1988

Kirk R Vincent and William B. Bull
Department of Geosciences, University of Arizona

Tucsoa Arizona 85721

Investigation
We are studying the spatial pattern of recent fault displacement on a section 

of the Lost River Fault in Idaho, in an effort to constrain models of fault behavior. 
The northern portion of the study area is the Thousand Springs fault segment which 
ruptured during the 1983 Borah Peak earthquake and also once during early to 
middle Holocene. The southern portion of the study area is the Mackay segment 
which ruptured once after 7 ka, and possibly once just after the latest glacial (Tony 
Crone, personal communication 1988). The middle portion of both fault segments is 
characterized by a steep, linear, range-front with recent faulting, apparently, 
restricted to a trace along the foot of the mountain. In the middle of the study area, 
at the boundary between segments, the strike of the range-front bends forming a 
spur with hills that stair-step up to the high peaks.

Vertical tectonic displacement was measured using the offset of fluvial 
longitudinal profiles surveyed on faulted alluvial fans and cones (eg. Vincent 1985). 
The soils of faulted and unfaulted landforms were inspected and the thickness of soil 
carbonate coatings found on the bottom of stones were measured Working in this 
same region, Pierce and Scott (1982) demonstrated that mean thickness of 
carbonate rinds increases with age, and Pierce (1985) estimated a late Pleistocene 
growth rate.

Results
Faulted landforms, used to document the displacement pattern described 

below, were surveyed if they appeared to have ceased development at the end of the 
latest glacial Soil development on the landforms is very similar, with mean rind 
thicknesses ranging from 0.9 to 1.1 mm, confirming our geomorphological hunch- 
the landforms record faulting over one time period These alluvial fans and cones are
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thought to be about 15 ka (Pierce and Colman, 1986). Soil development on fans and 
terraces both younger and older than 15 ka should help constrain the timing of 
recent faulting and rates of long term relative uplift

Displacement along the range-front fault will be discussed first followed by 
comments on rupture within bedrock. Vertical displacement from the 1983 
earthquake is maximum near the center of the Thousand Springs fault segment and 
tapers, toward the south, to a low value at Elkhorn Creek (Crone and Machette, 
1984, and Crone and others, 1985). A similar pattern was documented for 
cumulative, post-glacial, vertical displacement Cumulative displacement for the two 
events is maximum (about 4.5 m) near the center of the segment and tapers to lower 
values toward Elkhorn Creek, suggesting the events were nearly identical in 
magnitude and spatial position along the fault This confirms a comment of Schwartz 
and Crone (1985) and conforms to implications of the characteristic earthquake 
model of fault behavior (Schwartz and Coppersmith, 1984).

On the Mackay segment the pattern of cumulative, post-glacial displacement 
along the range-front fault is also a maximum (about 4 m) near the center of the 
segment and tapers, toward the north, to a value of 1 m just north of Lone Cedar 
creek. Cumulative, post-glacial displacement along the front of the segment 
boundary, along the 6 km between Elkhorn and Lone Cedar creeks, is negligible.

We have discovered that bedrock throughout the segment boundary was 
shattered during the 1983 earthquake. In addition to what has been previously 
mapped along the range-front near Elkhorn creek (maps in Volume B of Stein and 
Bucknam, 1985), there are within the boundary at least 10 km of ground cracks, 
small scarps, and one long trace with as much as one meter of vertical displacement 
Displacement is observed in soil mantling bedrock as well as on bare outcrops. The 
ruptures range in altitude from 7000 to 10,000 feet and are found on the mountain 
as much as 2.5 km (horizontal distance) from the range-front fault Although we are 
currently in the process of documenting this new information, we believe it will 
provide the analogy necessary for understanding how, and quantifying how much 
surface rupture on the adjacent segments overlap.
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On-Line Seismic Processing 

9930-02940

Rex Alien
Branch of Seismology
U.S. Geological Survey

345 Middlefield Road, MS 77
Menlo Park, California 94025

(415) 329-4731

Investigations and Results

The Part of this project that involved processing CALNET data is terminated. 
Online automatic processing and 'p-picking' will be handled by an add-in enhancement 
to the currently running CUSP processing system. The two Motorola systems owned 
by the branch will continue to be used as small-net Real Time Processors, one in Cal- 
tech for critical parts of the Southern California net, and one as a backup for the 
Parkfield area, but development work on these systems has ceased.

The RTP software is being adapted to run on a SUN computer now being used 
by Pete Ward in his Alaska project. Pete's system incorporates a seismic detector and 
data acquisition system, an offline processor for picking and general analysis, and data 
base for storage and retrieval of the seismic records. The RTP is being incorporated 
into this existing system.

Jim Ellis has continued work on the multiproject effort to develop new digital 
field instruments.

The Mk I RTP's at Menlo Park and at the University of Washington and the 
University of Utah have continued to operate satisfactorily.
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Crustal Deformation Observatory Part F

14-08-0001-G1355

John Beavan, Douglas Johnson
Lamont-Doherty Geological Observatory of Columbia University

Palisades, New York 10964
(914) 359-2900

Investigations
We operate a 535 m long-baseline half-filled water tube tiltmeter at Pinon Flat Observatory 

(PFO). This is used in conjunction with a similar instrument operated by the University of 
California, San Diego (UCSD), to investigate:

(1) sources and magnitudes of noise affecting the tilt signal;
(2) water level sensor design and reliability;
(3) methods of referencing tiltmeter to depth;
(4) interpretation of tilt signal.

Results (as of October 11, 1988)
1. The new tiltmeter electronics installed at PFO in November 1987 (see USGS Open File 
Report 88-434) have performed reliably, requiring virtually no maintenance.
2. The last six months of data are presently being collated at UCSD, and will be forwarded to 
us shortly. When we receive them we will proceed with analysis of the last year's data.
3. An interactive time series editing program has been written that takes advantage of the Sun 
workstation graphics environment. This will be useful in our analysis of the PFO tilt recordings, 
particularly for reanalysis of the earlier, noisier, data.
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Crusta! Deformation Measurements in the Shumagin Seismic Gap, Alaska

14-08-0001-G1379
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Investigations
1. Nine short (~ 1 km) level lines are measured approximately annually within the 
Shumagin seismic gap, Alaska (Figure 1). Surface tilt data are interpreted in terms of 
tectonic deformation at the Pacific-North American plate boundary.
2. Five absolute-pressure sea-level gauges are operated in the Shumagin Islands in an 
attempt to measure vertical deformation associated with the Aleutian subduction zone. A 
two-component short-baseline tiltmeter is operated at one site.
3. Data from the sea-level and tilt sensors are transmitted to Lamont by satellite in near real 
time, and are examined for possible tectonic signals. Studies of noise level as a function of 
frequency are used to determine the relative usefulness of different types of measurement, 
and to evaluate the minimum size of tectonic signal that will be visible above the noise. Our 
data are compared with other crustal deformation data from the Shumagin gap.

Results (as of October 11, 1988)
Level line and sea level gauge locations are shown in Figure 1. This report will deal 

principally with the leveling data. See USGS Open File Report 88-434 for a recent 
discussion of the sea level data. The leveling data show a consistent 1980-88 pattern of 
tilting in the Shumagin Islands, which appears to suggest that part of the plate interface is 
locked and is accumulating strain energy that may be released in a future major earthquake.

55°

54°

I64°W 162° 160" 158°

Figure la. Location of the Shumagin Islands with respect to the trench and the volcanic 
arc. Depth contours are in metres. The seismic gap stretches from approximately Sanak 
Island in the west to about 30 km east of the Shumagin Islands. Also shown are the sites 
of sea-level gauges operated by LDGO and by the National Ocean Survey (SDP).
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Figure Ib. The Shumagin Islands, showing the locations and directions of first-order level 
lines, whose lengths vary between 600m and 1200m. The resultant of the data from lines 
SDP and SQH is used to estimate the tilt direction in the Inner Shumagins. The resultant of 
SIM and SMH is used for Simeonof Island. The lines at CHN and PRS each consist of two 
approximately straight sections in different azimuths, with benchmarks at the junction. 
Analyzing the two sections independently allows tilt direction at these sites to be estimated.

New level lines on Sanak
Two new level lines were installed and measured on Sanak Island (Fig. la) during 

the 1988 field season, bringing the total number of lines to eleven. Sanak is located at the 
western end of the seismic gap, and data from these lines will be used to investigate 
whether deformation is occurring differently in the western arid eastern sections of the gap. 
Such a difference is suggested by seismicity data (Hudnut and Taber, 1987). The new 
lines are located near the southern tip of the island, are oriented N40°W and N40°E, and are 
of lengths 750 m and 1100 m, respectively. The lines were double run in July 1988 to 
better than 1st order standards. 
New sea level site

A new sea level site was installed at EGH on Nagai Island in July 1988, to bring the 
total of sites to six. This increases the redundancy of our network in the central islands. 
As of this writing, all six sea level gauges are fully operational.

Tilt and Strain Accumulation in the Shumagin Islands
1980-88 leveling data and inferred tilt rates are seen in Figure 2 and Table 1. 

Despite the relatively high error estimates on individual data points, consistent trends are 
shown on most of the lines and several of these are significantly different from zero at high 
confidence level. Note the pronounced tendency for arcward tilting in the outer islands, 
and trenchward tilting in the central and inner islands.

Lisowski et al. (1988) have made geodetic strain measurements in the islands from 
1980 - 1987, and have reported essentially no horizontal strain accumulation in the plate 
convergence direction. Their favored explanation for the low strain rates is that subduction 
is presently accomodated by steady aseismic slip at the plate interface.
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1980-88 TILT IN THE SHUMAGIN SEISMIC GAP, ALASKA, MEASURED BY REPEAT LEVELING

chn2 N60°W Md NS5°W aqh N50°W 1980-88

- 0.26 ± 0.08 |ira*yr 96% > 0.25 ±0.19 urad/yr

1980 1982 1984 1986 1988 1990

chnl N30-E

1980 1982 1984 1986 1988 1990

pr« N55°W 1905 data excluded

1980 1982 1984 1986 1988 1990 

kor N40-W

10
- 0.37 ± 0.18 (irad/yr 95% » 0.14 ± 0.06 M/ad/yr 95%

1980 1982 1984 1986 1988 1990

 im N65°W 1980-88

1980 1982 1984 1986 1988 1990 

pral N70°E

-0.03±0.11 jirad/yr » 0.04 ± 0.09 jirad/yr

1978 1980 1982 1984 1986 1988 1990

amh N20-E

1980 1982 1984 1986 1988 1990

10
- 0.24 ±0.09 jirad/yr 98%

- 0.10 ± 0.10 jirad/yr

1980 1982 1984 1986 1988 1990 

adp NOO°E 1980-88

1980 1982 1984 1986 1988 1990

pin NSO°W

+ 0.04 ±0.10 urad/yr

1980 1982 1984 1986 1988 1990 1980 1982 1984 1986 1988 1990

Outer isisnds Central islands Inner ialanda

Figure 2. 1980-88 tilt measured by repeat leveling of short (=0.5 - 1 km) level lines in the Shumagin seismic gap. 
The least squares best fit tilt rate is shown for each line; where the tilt rate is non-zero at or above the 95% 
confidence level, this level is also shown. A positive tilt rate represents relative uplift in the direction indicated 
in the plot title. Error bars are ±1 sigma. The two data points each year represent the forward and backward 
leveling runs. Several benchmarks (bms) are set at each end of each line to guard against bm instability. Lines 
sim and sad have only one data point plotted for each year because they have bms at frequent intervals along the 
line, and the tilt is calculated by averaging tilts between adjacent bms. Half the lines show tilts that are significantly 
different from zero at the 95% confidence level, and all the lines (except for kor which is particularly noisy) show 
a consistent pattern of arcward tilting in the outer islands and trenchward tilting in the central and inner islands. 
The direction of tilting is well resolved on Simeonof where the two perpendicular lines sim and smh are located. 
The lines at Chernabura (chn) and Pirate Shake (prs) contain significant bends and have benchmarks in the middle 
of the line, so that tilt directions may also be estimated at these sites. The inner island tilt direction can be 
estimated by combining data from lines sqh and sdp, but this may be inaccurate as the lines are at significantly 
different distances from the trench.

185



11.1

Table 1. Shumagin 1980-88 tilt rates

Site Interval Rate (jirad/yr)* Azimuth* Confidence

Inner Shumagins
SQH/SDP 1980-88 0.2410.09 -42^:41° 95%
PIN 1980-88 0.0410.10 NWt
KOR 1980-87 -0.1010.10 NWt
Central Shumagins
PRS/PRS1 1981-88 0.2010.11 -9°±22°
SAD 1980-87 0.2510.19 NWt
Outer Shumagins
SIM/SMH 1980-88 -0.2410.09 l^Q±2j6° 95%
CHN1/CHN21980-88 -0.4510.15 -5^16° 95%

* Positive rates indicate relative uplift towards the given azimuth
t Level line in only one azimuth, so tilt determined only in that azimuth
Errors quoted are 1 standard deviation

A simple subduction model, based on work by Savage (1983), can be invoked to fit 
the apparently inconsistent tilt and strain data sets. The model is shown in Figure 3. It is 
an idealised model that does not represent the real Earth and cannot be expected to fit every 
detail of the data. Its main feature of interest is that it simultaneously predicts significant 
tilts and relatively small strains over the Shumagin deformation networks. Taking the plate 
interface as defined by seismicity (e.g., Reyners and Coles, 1982), the data require that the 
plate boundary be locked between depths of ~25 km and ~50 km, and that it slips 
aseismically both at shallower and deeper depths.

Such a model is entirely consistent with the (not very well) known physics of 
subduction boundaries. The lower boundary corresponds to the brittle-ductile transition 
(e.g., Tse and Rice, 1986), and the upper boundary to the presence of unconsolidated 
gouge in the fault zone (Marone and Scholz, 1988). The existence of the upper transition is 
based both on seismicity data (e.g., Marone and Scholz, 1988; Byrne et al., 1988), and on 
laboratory experiments in which thick, well developed gouge layers exhibit velocity- 
strengthening (Marone and Scholz, 1988).

Lisowski et al. (1988) discuss this model, basing their discussion on an oral 
presentation by L.R. Sykes (1987) and a copy of my FY 1988 USGS grant proposal that 
consisted in part of a pre-print of a section of Byrne et al. (1988). While agreeing that the 
model does predict low strains, they eventually reject the model because they claim it is 
physically unjustifiable. I believe this claim is based on a misunderstanding of the model, 
which in turn is based on their use of sources not in the open literature, and therefore 
(regrettably but inevitably) not as carefully written or thoroughly reviewed. Rather than 
attempting to rebut their discussion (which would lead me into the same trap) I will state 
here what I believe to be the essential features of the model. (1) The overlying plate is 
assumed elastically strong on timescales associated with the earthquake cycle, except 
perhaps close to the toe of the accretionary wedge. (2) The plate boundary shallower than
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Model: MTZ locked in depth range 27-55 km
5 cm/yr convergence 
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Figure 3. Plate boundary model that does a fair job of explaining both 
the LOGO tilt observations and the near-zero USGS strain data. See 
text for discussion. The strain data plotted here represent averages 
over regions of width 10 - 30 km in the plate motion direction. The 
two estimates for the most trenchward data point depend on whether 
or not trilateration data from station sim is used in the analysis (see 
Lisowski et al., 1988).
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~25 km slips aseismically, presumably because of the presence of unconsolidated gouge 
and, perhaps, high pore pressures at the interface; these in turn are probably due to the 
subduction and subsequent de-watering of sediments. Under these circumstances the 
virtual dislocation model of strain accumulation shown in Figure 3 is an appropriate, 
though simplified, model. [A possible contribution to the misunderstanding is that Byrne 
et al. (1988) do not clearly differentiate between two distinct situations: one in which a 
fault slips aseismically due to the presence of "weak" rock on one side of the fault; the 
second in which the rock on either side is strong, but a "weak" layer exists within the fault 
zone. (I use "weak" in the sense: "amenable to stable sliding".)]

The tilt data are rather well fit by the model of Figure 3. We have used a 5 cm/yr 
convergence rate, rather than the conventional 7.5 cm/yr rate of the Minster and Jordan 
(1978) RM2 model. The justification for this is purely to emphasise the fit, but we note 
that the recent DeMets et al. (1987) study predicts a rate of 6.5 cm/yr for their global 
Nuvel-1 model, and a rate of 5.9 cm/yr when only Pacific-North American data are used to 
define the rotation pole. Also, a moderate slowing of deformation rate near the end of the 
earthquake cycle is plausible due to asthenospheric relaxation effects (see Lisowski et al., 
1988 for a discussion). Of further note is that the tilt direction in the outer islands appears 
to be rotated clockwise relative to the RM2 (and Nuvel-1) direction of N30°W, but this is 
not a strong conclusion with the present data set 
Caveat

The model predicts subsidence of the outer and central islands relative to the inner 
islands at rates between 0.5 and 1.5 cm/yr. We should be able to observe such rates in our 
sea level data. The data that have been most carefully looked at to date are the SIM-PRC 
sea level difference. The 1981-87 data show relative uplift at SIM of 0.010.4 cm/yr, 
barely consistent with the model. Our next task is to reanalyze all the sea level data, paying 
particular attention to the vertical referencing of the gauge zero to the local benchmarks at 
each site. The reanalyzed data will provide a test of the proposed model.
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Objectives:

Understanding the structure and geometry of seismogenic zones is a key element in the prediction 
of earthquakes. Geodetic measurements contribute to this understanding through the mapping of 
present-day crustal deformations. Three-dimensional relative-positioning using the Global 
Positioning System (GPS) appears to be the most accurate and cost-efficient method for measuring 
crustal deformations over distances of tens to hundreds of kilometers. The objective of our 
research is to investigate sources of error and optimum analysis techniques for high-precision GPS 
measurements. Progress in these areas will lead directly to more accurate measurement of 
deformation in areas of high seismogenic potential.

Investigations undertaken

Relative tectonic motion between the North American and Pacific plates is accommodated 
across a broad and complex zone of deformation in the western U.S. including the San Andreas 
and related fault systems in California (Minster and Jordan, 1984; 1987; Weldon and Humphreys, 
1986). A discrepancy between the tectonic motions predicted by global plate tectonic models and 
local geodetic observations suggests that significant deformation (~ 10 mm/yr horizontally) may be 
occurring west of the San Andreas fault system along the California margin [Minster and Jordan, 
1978 ; DeMets et al., 1987 ;Lyzenga and Golombek, 1986]. We have analyzed GPS phase 
observations acquired during three recent campaigns conducted in central and southern California 
to establish a network for long-term monitoring of tectonic deformations along the California 
margin. Twenty-four sites of the network were occupied during 15 days in December 1986 and 
January 1987 along with other sites distributed across North America. Most of the sites were 
occupied for five days in succession with observations spanning over 7 hours each day. In both 
May and September 1987, a subset of the network was reoccupied for five days. Our analysis of 
this subset for all three observation periods indicates repeatability of 5 parts in 10^ in horizontal 
baseline components and 1 part in 10^ in the vertical. The agreement between the independent 
GPS and VLBI determinations of the 245 kilometer baseline from Mojave to Owens Valley 
suggests that the accuracy is at the same level as the repeatability.

Design of the California Campaigns

The California campaigns were designed to study different sources of error, and baseline 
repeatability and accuracy over a wide range of spatial scales (30 km to 4200 km). Texas 
Instruments dual-band TI4100 receivers were used throughout. Each campaign consisted of one 
or more five-day experiments during which different subsets of the network were occupied. Five 
days were deemed adequate to provide redundancy to detect blunders, and to assess short-term 
repeatability within each experiment. In each single-day observation period, or "session", we 
observed 6 satellites using similar 7 to 8 hour schedules. In all experiments , four or five 
"regional fiducial" sites (within California) were occupied with separations of 200 to 500 km
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(Figure 1). The relative positions of these sites are well known from independent VLBI and SLR 
measurements.

The first campaign, carried out between 16 December 1986 and 30 January 1987, was divided 
into six experiments and included over 200 site-days of observations involving 30 different sites in 
California. The northern portion of the network was surveyed in experiments 1 to 3 and the 
southern portion in experiments 4 to 6. In this paper, we will deal exclusively with a subset of the 
northern portion of the network (Figure 1). Experiment 1 (16 December to 20 December) 
provided first-epoch data for studying tectonic deformation across the Santa Maria basin. 
Experiments 2 (29 December to 2 January) and 3 (3 to 7 January) were the most comprehensive of 
the campaign since they employed twelve receivers in California and six receivers at other sites in 
North America. The objectives were to extend the network to the north, and to measure 
deformation across the Santa Barbara Channel by re-occupying triangulation and trilateration sites. 
The area of geophysical interest was covered by ten sites with separations of 30 to 350 km, in 
addition to the five regional fiducial sites. Sites outside of California at locations in Massachusetts 
(Westfprd), Colorado (Platteville), Ontario (Algonquin), and Manitoba (Churchill), providing 
separations of 1200 to 4200 km, were also observing on the same 7-8 hour schedule. Thus, the 
network design provided deliberately for a wide range of inter-station distances, to investigate the 
accuracy with which station coordinates can be recovered using a regional or continental scale 
network.

In the second campaign (experiment 7), conducted from 24 to 28 May 1987, a subset of the 
network was occupied for five days at six sites in California and in Texas (Austin), Westford, and 
the Northwest Territories (Yellowknife) (Figure 1) . In the third campaign (experiment 8) 
conducted from 22 to 26 September 1987, observations were made for five days at seven sites in 
California and at Churchill, Platteville, Westford, and Yellowknife (Figure 1). Since the window 
of satellite observability advances by 2 hours each month, the 4-month interval between campaigns 
allowed us observe at different times of day, thus sampling different ionospheric and trppospheric 
conditions. The mid-winter observations were entirely at night, the May observations in the 
afternoon and evening, and the September observations from sunrise to mid-afternoon, the time of 
peak ionospheric gradients. The effect of the ionosphere can be removed from the observations 
using a particular combination of the two (LI and L2) GPS signals, but its magnitude significantly 
affects the ability to resolve phase ambiguities and thus to obtain the most accurate estimates of site 
coordinates.

To assess the long-term repeatability of GPS, we analyzed the data of experiments 7 and 8 and 
a subset of experiment 2, chosen to match as much as possible the same network geometry (Table 
1).

Data Analysis

We used the M.I.T. GPS processing software package, GAMTT, to analyze the data. A 
sequence of two simultaneous least-squares adjustments of the phase data was performed for each 
7-8 hour session. In the first adjustment, we estimated (1) the three-dimensional coordinates for 
all sites except three "fiducial" sites which were fixed to values in a geocentric terrestrial reference 
frame (called SV3) based on highly-accurate positions determined from very-long-baseline 
interferometry (VLBI) and satellite laser ranging (SLR) observations [Murray and King, 1988], 
(2) six initial conditions for each of six satellites, (3) a zenith delay parameter for each site for 
unmodeled atmospheric refraction effects, and (4) an independent set of double-difference phase 
ambiguity parameters. In addition, we applied tropospheric constraints based on a model of 
residual tropospheric delay [Davis, et al., 1987]. The observables used in the first adjustment 
were LI and L2 phases and weighted constraints on residual ionospheric refraction effects [Bock 
et al., 1987; Schaffrin and Bock, 1988].

The independent set of double-difference phase ambiguity parameters estimated in the first 
adjustment were generated from the original carrier-beat-phase ambiguities by means of a 
mapping based on baseline length and the distribution of phase data [Dong and Bock, 1988b]. 
Since unmodeled systematic effects tend to grow with baseline length, so will, in general, the
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uncertainties in the ambiguity parameters. Therefore, the mapping is designed to construct an 
independent set of double-difference ambiguities by determining the shortest independent path (no 
closed loops) through the network. The double-difference ambiguity parameters are theoretically 
integers. However, the ambiguity parameters estimated in the first adjustment will be real-valued. 
Their closeness to integers will be a function of the remaining, unmodeled systematic and random 
effects in the double-difference phase data. If the correct integer values for these ambiguities can 
be resolved ("bias-fixing"), the doubly- differenced phase measurements are reduced to doubly- 
differenced range measurements. By reducing the number of ambiguity parameters and 
eliminating their correlations with the other estimated parameters, the uncertainties in the other 
parameters will be reduced [e.g., Bock et al., 1985].

After the first adjustment, we performed a "bias search" to determine the best-fitting integer 
values for the ambiguity parameters. This procedure, described in detail in Dong and Bock 
[1988b], is done in a sequential manner starting with those ambiguities with lowest uncertainties 
(as mentioned above, these are usually from the shortest baselines). By re-estimating the other 
remaining parameters and their (lower) uncertainties after a new set of ambiguities is resolved, we 
"bootstrap" the bias-fixing to longer and longer baselines. This bootstrapping is also aided by 
searching the L2-L1 ("wide-lane") biases with a wavelength of 86 cm and the LI ("narrow-lane") 
biases with a wavelength of 19 cm (rather than searching the LI and L2 biases). This procedure is 
continued until no more biases can be fixed. Similar approaches have also been studied by 
Counselman [1987] and Blewitt [1988].

The second simultaneous network adjustment is similar to the first except that (1) the 
resolvable double-difference ambiguities are held fixed to their best integer values, and (2) the 
observables fit are the "ionosphere-free" linear combinations of the doubly difference LI and L2 
phases. We refer to this adjustment as an ionosphere-free, biases-fixed solution. That is, once the 
ambiguities are resolved, we use the observable that is free of ionospheric refraction effects. 
Except for networks of small spatial extent (less than several kilometers) this second adjustment is 
optimal for baseline-vector and orbital parameter estimation.

Experiment 3 has been analyzed extensively by Dong and Bock [1988a, b] using these 
methodologies. Sub-centimeter horizontal precision (2-3 parts in 10^) and several centimeter 
vertical precision (1 part in 10?) has been demonstrated for all baselines measured in California 
using a simultaneous multi-session network adjustment of all the phase data. The key to this 
accuracy is the network design: the wide range of inter-site distances allows all integer-cycle 
phase ambiguities to be resolved over the California baselines and over a majority of the 
continental-scale baselines.

Discussion of Results for the Three Experiments

We analyzed the data of experiments 2, 7 and 8 in single-session adjustments as described 
above. The distribution of data is given in Table 1 where the stations are grouped according to 
North American sites (outside of California), regional fiducial sites, and local sites. Each set 
includes at least the stations at Vandenberg, Owens Valley, Black Hill, and Center (on Santa Cruz 
Island). For each single-session adjustment, we fixed the coordinates of Vandenberg and, 
according to their availability, two North American sites at their SV3 values. The coordinates of 
these three sites determine the reference frame in which station coordinates and satellite orbital 
parameters are estimated. The reference frame is defined by Vandenberg, Westford, and Platteville 
in experiments 2 and 8 (except that Algonquin is substituted for Westford on day 363 and 
Churchill for Westford on day 265), and by Vandenberg, Westford, and Austin in experiment 7. 
Of course, it would have been preferable to use the same fixed fiducial stations for each session. 
The number of double difference phase ambiguities that could be resolved on regional baselines is 
given on the bottom of Table 1 for each session.

We assess the day to day repeatability of the baseline vector determinations within California 
in terms of horizontal components (north and east), vertical component, and length. Repeatability 
is defined as the weighted root-mean-square of deviations about the weighted mean. We compute
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the repeatability for each baseline within each experiment and for all three experiments combined. 
The repeatabilities for the three experiments combined are given in Figure 2. In addition, we fit a 
least-squares line through the repeatabilities in each component (Figure 2 and Table 2). The slope 
of the line is listed in Figure 2 in the upper right-hand corner of each plot.

In Figure 3, we show the 15 determinations of the 91 kilometer baseline from Vandenberg to 
Black Hill. In Figure 4, we show 10 determinations (2 from experiment 3) of the 245 kilometer 
baseline from Mojave to Owens Valley. The components of this baseline have been determined 
independently by VLBI measurements (indicated by dashed lines in Figure 4). The time interval 
spanned in Figures 3 and 4 is approximately 8 months.

In the analysis of experiment 3 [Dong and Bock, 1988a], integer-cycle ambiguities (biases) 
could be fixed on all regional (in California) baselines, resulting in significant improvements in 
(short-term) repeatability and accuracy compared to the corresponding biases-free solutions. The 
networks in experiments 7 and 8, and the subset of experiment 2 are much less robust than in 
experiment 3, primarily in the number and distribution of sites. This is particularly the case in 
experiment 7 where there is a significant loss of data, especially at the fiducial sites. The degree to 
which biases can be fixed will have a significant impact on the repeatability and accuracy of the 
baseline determinations.

From an examination of Table 1 and Figures 3 and 4, we conclude that the most significant 
factor in successful ambiguity resolution is the loss of data to one or more satellites, rather than the 
time of day and season of the particular experiment. This is manifested in two ways. First, the 
loss of data at fiducial sites degrades the orbital parameter estimates and the overall number of 
biases that can be fixed, which propagates into larger baseline uncertainties overall. Second, loss 
of data on a particular baseline degrades bias-fixing on that baseline. In general, as more outages 
occur less biases are able to be fixed, which worsens the short-term (within individual 
experiments) and long-term (among experiments) repeatabilities. The outlying points in Figures 3 
and 4 (particularly Mojave to Owens Valley on days 144 and 265) can be directly attributed to data 
loss. We plan to analyze all the data of each experiment using a multi-session network adjustment 
since this approach should be less affected by data outages.

Nevertheless, even with the relatively sub-optimal network configurations (compared to 
experiment 3) and data outages, the long-term repeatability of the GPS technique is on the order of 
5 parts in 10** for the horizontal components (and length) and 1 part in 10? for the vertical 
component (Figure 2). Considering the results of experiments 2 and 3, fixing all the regional 
baselines would probably reduce the horizontal repeatabilities by at least a factor of 2. The 
agreement between the independent GPS and VLBI determinations of the 245 kilometer baseline 
from Mojave to Owens Valley suggests that the accuracy of the GPS technique is at the same level 
as the repeatability. The GPS and the VLBI determined vector agreed to within 22 mm in the 
north component, 7 mm in the east, 4 mm in the vertical, and 16 mm in length (Figure 4). 
However, an examination of Figure 4 indicates that the means of the baseline components of the 
Mojave to Owens Valley baseline, vary between experiments by about 20 to 30 mm in the 
horizontal and about 50 mm in the vertical, while the means of the baseline lengths vary by only 
10 mm. The same pattern is apparent on a smaller scale for the shorter baseline from Vandenberg 
to Black Hill (Figure 3). Fixing a different set of fiducial sites for each experiment (i.e., defining 
a different reference frame) is the most plausible explanation for this phenomena since baseline 
length is much less sensitive to reference frame errors than baseline components.

We have not considered the possibility of deformation over the eight-month interval spanned 
by the three campaigns although a cursory inspection reveals none of significance. We will defer 
this question until the analysis of the March 1988 data set is complete.
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Table 1: Distribution of data for the three experiments and percentage of resolved regional double 
difference phase ambiguities.

Station

Algonquin
Austin
Churchill
Platteville
Westford
Yellowknife

FortOrd
Mojave
Owens Valley
Palos Verdes
Vandenberg

Black HiU
Center, SCI
Fibre

% Regional
Biases Fixed

Exoeriment 2
363

X*

1*

X

X

X*

X
X
X

76

364

X
X
X
X*
X*

X

X*

X
X
X

100

365 001

X X

X X
X* X*
X* X*

X X
X
x 3

X* X*

X X
X X
X X

93 89

002

X

X
X*
X*

X

X

X*

X
X
X

88

Exoeriment 7
144

3*

2*
1

X
2
X
X*

X
X

38

145

2*

1*
1

X
X
X
X*

X
X

70

146 147

2* 2*

1* 1*
X

X
X X
X X
X* X*

X X
1 X

35 25

148

2*

1*

X
X
X
X*

X

X

5

265

X*
X*

1
1
2
1
X
X*

X

X

10

Experiment
266 267 268

XXX
2* x* x*
x* x* 1*
1 1

X 1 X
XXX
XXX
XXX
X* X* X*

XXX

1 X X

52 93 97

8
269

x
X*
X*

1
X

X
X
X*

X
1

68

x = Observations for all six satellites
# = Number of missing satellites or satellites with fewer than 10 observations
* = Fixed fiducial station

Table 2: Least-squares fit (y=mx+b) to the baseline repeatabilities for ionosphere-free biases-fixed 
solutions. The constant term (b) is given in millimeters and the distance-dependent term (m) in 
parts in 10**. The x-axis origin is taken at 80 kilometers.

Experiment

north
east
vertical
length

2

b m

3.6 2.4
3.2 2.3
6.5 5.0
2.0 2.9

7

b m

2.9 4.9
8.8 5.9
24.1 5.6
6.4 5.6

8

b m

3.3 5.5
17.0 5.4
26.0 11.5
11.2 5.0

All

b m

3.3 5.5
9.1 5.9
19.2 13.0
5.9 5.3
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II.1

FAULT ZONE TECTONICS

9960-01188

Sandra Schulz Burford 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4814

Investigations

1. Directed maintenance of creepmeter network in California.

2. Updated archived creep data on USGS ISUNIX LOW FREQUENCY computer, and 
provided fault creep information in response to inquiries from outside the USGS.

3. Continued to survey alinement arrays on California faults.

4. Monitored creepmeter and alinement array data for possible earthquake precursors, 
primarily in the Parkfield, California area, site of the USGS-California State 
earthquake prediction experiment.

Results

1. Currently 31 extension creepmeters, two contraction meters, and 7 strong-motion 
creepmeters operate; 25 of the 31 extensometers and all of the strong-motion meters 
have on-site strip chart recorders. Of the total 40 instruments, 30 are telemetered to 
Menlo Park (Figures 1, 2). The Slack Canyon creepmeter (XSC1) north of Parkfield 
was excavated and rebuilt with new materials to its original length. After 19 years of 
operation in an area where fault movement is approximately 25 mm/yr, the instrument 
was found to have been rotated 3° clockwise from its original alignment.

2. Fault creep data from USGS creepmeters along the San Andreas, Hay ward, and 
Calaveras faults have been updated through August, 1988, and stored in digital form 
(1 sample/day). Telemetry data are stored in digital form (1 sample/ten minutes), and 
can be merged with daily-sample data files to produce long- or short-term data. Data 
from Parkfield creepmeters for the period June, 1966 through May, 1988 were provided 
to the CIRES group at the University of Colorado to aid in their study of creep rates. 
Information on Parkfield creep rates and the Parkfield Prediction Experiment were 
provided to a free-lance reporter for a magazine story on earthquake prediction. In 
response to a request from the Santa Clara Valley Water District, field investigations 
were made to determine the feasibility of installing and measuring an alinement array
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across the Coyote Reservoir dam, which sits atop the Calaveras fault near Gilroy, 
California.

3. Currently, 38 alinement arrays within California are surveyed on a regular basis. Main 
emphasis is placed on the 28 Parkfield sites, which are surveyed every 2 months and 
more frequently, if possible. Data are entered into the USGS VAX785, and quarterly 
transferred onto the USGS ISUNIX LOW FREQUENCY system. During the reporting 
period, data were made available to a private geologic consulting firm conducting an 
experiment in Parkfield.

Two new arrays were established in Parkfield in the Middle Mountain area to more 
closely study creep events occurring at Middle Mountain (XMMl) and/or Middle 
Ridge (XMD1) creepmeters coincident with periodic large water level drops in a deep 
well located between the two creepmeters. One array (MDN4) was placed between 
XMMl and XMD1, and one (MDS4) was placed south of XMD1 (Figure 2). A new 
end-point-only survey line (PSW4) was established between MID and PITT two-color 
laser reflectors to check the possibility of a subsidiary or splay fault in the area. The line 
crosses a topographic low that lies on the northwest projection of the southwest trace 
(Figure 2). Data collected thus far at PSW4 indicaes 2.0 mm left-lateral movement 
in 167 days, which may be seasonal variation.

During August, we assisted R.O. Burford (USGS) in reoccupying and resurveying two 
older arrays on the Coyote Creek fault in southern California. The arrays, Borrego 
Mountain and Lower Borrego Valley, were installed in 1973 and 1979, respectively. A 
third array was reoccupied on the Garlock fault near Randsburg, California. Data are 
being analyzed.

Nearing completion is a project being done in conjunction with a California Polytechnic 
State University student to determine a means of more accurately measuring deflection 
of internal array monuments. The procedure uses angles and distances to the internal 
monuments to locate their position, instead of our standard procedure of measuring the 
monuments' position with reference to a line-of-sight reference. Preliminary results 
indicate the new procedure is faster and as least as accurate as our traditional method.

4. Figure 3 shows the Parkfield creep and alinement sites with the locations of three 
magnetometer stations noted on it (Lang Canyon LGCM, Gold Hill GDHM, Antelope 
Grade AGDM). Figure 4 is representative of annual temperature curves from thermal 
data collected at the three magnetometers and provided to us by R.J. Mueller. To 
study the possible correlation between temperature and creep rate changes, we plotted 
the peak and trough points of the three curves onto a plot of the Parkfield creepmeter 
detrended data (Figure 5). The creepmeters are arranged north to south on the 
plot. Dotted lines represent Lang Canyon temperature data, dashed lines are Gold 
Hill temperature data, and solid lines are from Antelope Grade data. Assuming 
temperature data would apply locally, the Antelope Grade data would presumably 
be related to TWRl and X461 data, the Gold Hill data to XGH1 and WKR1, and the 
Lang Canyon data to XPK1 and the stations above it on the plot, as well as to the 
southwest trace stations, XRSW and XHSW (Figure 2).
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across the Coyote Reservoir dam, which sits atop the Calaveras fault near Gilroy, 
California.

3. Currently, 38 alinement arrays within California are surveyed on a regular basis. Main 
emphasis is placed on the 28 Parkfield sites, which are surveyed every 2 months and 
more frequently, if possible. Data are entered into the USGS VAX785, and quarterly 
transferred onto the USGS ISUNIX LOW FREQUENCY system. During the reporting 
period, data were made available to a private geologic consulting firm conducting an 
experiment in Parkfield.

Two new arrays were established in Parkfield in the Middle Mountain area to more 
closely study creep events occurring at Middle Mountain (XMMl) and/or Middle 
Ridge (XMDl) creeprneters coincident with periodic large water level drops in a deep 
well located between the two creepmeters. One array (MDN4) was placed between 
XMMl and XMDl, and one (MDS4) was placed south of XMDl (Figure 2). A new 
end-point-only survey line (PSW4) was established between MID and PITT two-color 
laser reflectors to check the possibility of a subsidiary or splay fault in the area. The line 
crosses a topographic law that lies on the northwest projection of the southwest trace 
(Figure 2). Data collected thus far at PSW4 indicaes 2.0 mm left-lateral movement 
in 167 days, which may be seasonal variation.

During August, we assisted R.O. Burford (USGS) in reoccupying and resurveying two 
older arrays on the Coyote Creek fault in southern California. The arrays, Borrego 
Mountain and Lower Borrego Valley, were installed in 1973 and 1979, respectively. A 
third array was reoccupied on the Garlock fault near Randsburg, California. Data are 
being analyzed.

Nearing completion is a project being done in conjunction with a California Polytechnic 
State University student to determine a means of more accurately measuring deflection 
of internal array monuments. The procedure uses angles and distances to the internal 
monuments to locate their position, instead of our standard procedure of measuring the 
monuments' position with reference to a line-of-sight reference. Preliminary results 
indicate the new procedure is faster and as least as accurate as our traditional method.

4. Figure 3 shows the Parkfield creep and alinement sites with the locations of three 
magnetometer stations noted on it (Lang Canyon LGCM, Gold Hill GDHM, Antelope 
Grade AGDM). Figure 4 is representative of annual temperature curves from thermal 
data collected at the three magnetometers and provided to us by R.J. Mueller. To 
study the possible correlation between temperature and creep rate changes, we plotted 
the peak and trough points of the three curves onto a plot of the Parkfield creepmeter 
detrended data (Figure 5). The creepmeters are arranged north to south on the 
plot. Dotted lines represent Lang Canyon temperature data, dashed lines are Gold 
Hill temperature data, and solid lines are from Antelope Grade data. Assuming 
temperature data would apply locally, the Antelope Grade data would presumably 
be related to TWR1 and X461 data, the Gold Hill data to XGH1 and WKR1, and the 
Lang Canyon data to XPK1 and the stations above it on the plot, as well as to the 
southwest trace stations, XRSW and XHSW (Figure 2).
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There is a good match between temperature highs and lows and the data from TWR1, 
a stainless steel rod instrument known to be sensitive to temperature. There is also 
a possible relationship between temperature and the XMMl slope changes, although 
the creep slowdown in 1987 adds some confusion.

At the other stations, temperature extremes do not seem as important as the onset of 
rainfall (bottom line of plot) in initiating slope changes. At stations above XPK1, the 
Lang Canyon temperature data presumably would apply, and there is an approximate 
1-month shift between temperature extremes and creep data peaks and troughs. In 
addition to the clear effect of rainfall in the XMDl and XVAl data, alinement array 
survey results suggest at least some part of the large swings in these data reflect 
vigorous activity on adjacent traces not continuously monitored.

Overall, the rainfall cycle appears to have a more dominant signature in the creep data 
than does temperature.

Reports

No papers were published during the reporting period.
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120°

CREEPMETERS

37««

XUB1 
HWR1

HWE1 HWW1 HWW2 
HWP1

36'

FIGURE 1

USGS creepmeter stations in northern and central California. 
Instruments with underlined names transmit on telemetry. 
NOT SHOWN: XRSW, XHSW on the Southwest Fracture near 
Parkfield (See Figure 2). Strong-motion creepmeters are 
located in vaults at XNML, XMD1, XVA1, XTA1, X461, XRSW, 
and XHSW.
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Creep and Alinement : Parkfield, CA

XMM1
XAf Af 4>V X M D1 , MDR4 

XPN4 
XPK1 PARKFIELD

PKF4 
XT A 1. 

XDftS

HST4 
WKR1 .WKR4

KEN4

, CRR4

HSW4.XHSW

EXPLANATION 
CREEPMETER 
ALINEMENT ARRA Y

10 kilometers

CREEPMETER AND ALINEMENT ARRAY SITES IN PARKFIELD
MARCH 1988

FIGURE 2
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Creep and Alinement : Parkfield, CA
35'50'

PARKFIELD
PKF4

XTA1 .TAY4 
XDR5

AGDM

EXPLANATION

A CREEPMETER
& ALINEMENT ARRAY

1 0 kilometers

TWR1

35*34

FIGURE 3. CREEPMETER, ALINEMENT ARRAY, and

THREE MAGNETOMETER SITES IN PARKFIELD

Magnetometer site names underlined
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II.1

Remote Monitoring of Source Parameters for Seismic Precursors

9920-02383

George L. Choy
Branch of Global Seismology and Geomagnetism 

U. S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. NEIC reporting services. Broadband data are now being used routinely to 
increase the accuracy of some reported parameters such as depth and to com 
pute additional parameters such as radiated energy. These parameters are 
published in the Monthly Listing of the Preliminary Determination of 
Epicenters.

2. Rupture process of large- and moderate-sized earthquakes. We are using 
digitally recorded broadband waveforms to characterize the rupture process 
of selected intraplate and subduction-zone earthquakes. The rupture pro 
cesses thus delineated are used to complement seismicity patterns to formu 
late a tectonic interpretation of the epicentral regions.

3. Teleseismic estimates of radiated energy and strong ground motion. On a 
world-wide basis, the relative paucity of near-field recording instruments 
hinders the prediction of strong ground motion radiated by earthquakes. We 
are developing a method of computing radiated energy and acceleration spec 
trum from direct measurements of teleseismically recorded broadband body 
waves. From our method, the maximum expectable spectral level of accelera 
tion and lower bounds of stress drops can be made for any event large enough 
to be teleseismically recorded.

Results

1. An automated processing package utilizing the method of Choy and 
Boatwright (1981) and Harvey' and Choy (1982) is being used on a routine 
basis by the NEIC to obtain broadband records of displacement and velocity 
from digital data of the GDSN. The NEIC now uses broadband waveforms to 
routinely: (1) resolve depths of all earthquakes with m^ > 5.8; (2) resolve 
polarities of depth phases to help constrain first-motion solutions; and 
(3) present as representative digital waveforms in the monthly PDE's. We 
have developed and implemented a semi-automated package that uses the 
algorithm of Boatwright and Choy (1986) to routinely compute radiated energy 
for all earthquakes with m, > 5.8. In the Monthly Listings of the 
Preliminary Determination of Epicenters between October 1987-March 1988, 
depth phases from broadband data were computed for 11 earthquakes; radiated 
energies were computed for 53 earthquakes.
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2. We are examining the rupture process of a sequence of intraplate earth 
quakes that occurred in Tennant Creek, Australia on January 22, 1988. 
Modeling of the far-field broadband data of the three large earthquakes is 
expected to complement the strong constraints on earthquake locations 
(provided by the Warramunga Array) and observed surface deformation in 
providing a detailed model of complex rupture and stress release in an 
intraplate environment.

3a. Subduction-zone events. We have compiled the log-averaged P-wave accel 
eration amplitude spectra from teleseismic data for a set of large, shallow- 
focus subduction-zone earthquakes. The events range in size from magnitude 
6.2 to 8.1. The acceleration spectra, corrected for frequency-dependent 
attenuation and the modulation of depth phases, are approximately flat from 
10 sees to 2-3 seconds, falling off somewhat at high frequencies. The radi 
ated energies of these earthquakes are proportional to the seismic moments, 
but the high-frequency acceleration levels are more strongly proportional to 
the asperity areas than the seismic moments of the earthquakes.

3b. Intraplate events. We have applied our algorithm for the computation of 
acceleration spectra to a series of shallow intraplate earthquakes. Most of 
these events are characterized by a flat spectral level at high frequencies 
but an intermediate slope before an w2 falloff at low frequencies. The 
high-frequency spectral levels of these intraplate earthquakes are the same 
as the levels of subduction-zone earthquakes with the same seismic moments, 
although the spectral shapes are different. The detailed analysis for two 
Canadian earthquakes has been accepted for publication in the Bulletin of 
the Seismological Society (Choy and Boatwright, 1988). Papers on the 
acceleration spectra of the suites of subduction-zone and intraplate 
earthquakes are in preparation.

Reports

Choy, G. L. and Boatwright, J., 1988, Teleseismic and near-field analysis of 
the Nahanni earthquakes in the Northwest Territories, Canada: Bulletin 
of the Seismological Society of America, in press.
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Analysis of Natural Seismicity at Anza

9910-03982

Joe Fletcher, Art Frankel, Leif Wennerberg, and Linda Haar 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5628 or (415) 329-5612

Investigations:

1. A primary objective of the Anza project is to obtain a large data set of 3-component 
digital seismograms from small earthquakes ranging in size from microearthquakes to 
large damaging shocks. These data are then used to analyze both the generation and 
propagation of high-frequency seismic waves. This part of the project centers on the 
maintenance of the 10-station digital array at Anza, the routine calculation of source 
parameters from high-quality seismograms, and the updating of the computer data bases 
that include both the source parameters for local events and the digital time series.

2. As in many other analyses of spectral data from microearthquakes, corner frequencies 
from spectra of body waves of local earthquakes appear to be roughly constant at Anza. 
Initially this observation was treated as a source effect, but several recent investigations 
suggest the constant corner frequencies are caused by attenuation (Anderson, J.G., 1986; 
Frankel, 1982). We have drilled two boreholes (300 m and 150 m deep) at both stations 
KNW and PFO. These boreholes are used to investigate the response of the upper crustal 
rocks to high-frequency seismic waves.

3. Records of regional events (distances less than 70 km) from the Anza network have been 
combined with records from stations near North Palm Springs to investigate the fre 
quency dependence of attenuation in the crust. Recent work suggests that Q in the crust 
is approximately proportional to frequency, i.e. signal attenuation is independent of 
frequency. Since the geometrical spreading correction needed to make Q measurements 
also gives an amplitude decay independent of frequency, a better understanding of the 
correction is needed to estimate crustal attenuation effects. Following Aki (1980), we 
used coda spectra to remove local recording site effects and then used a reasonable 
regional crustal model to estimate geometrical spreading from ray tracing calculations. 
We inferred the intrinsic attenuation at several frequencies necessary to explain the 
resulting observed amplitude dependence on distance.
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Results:

1. Approximately 750 events have been processed and are included in the Anza data base 
which is now complete up to mid-February of 1988. Source parameters include origin 
times, location, moment, source radius, stress drop, apparent stress, and energy. Figure 1 
shows the epicenters for the events recorded from January 1, 1986, to the end of the data 
base in early 1988. Although the Cahuilla hot spot has not been as active as in previous 
years, most of the seismicity continues to occur in the previously defined clusters (Fletch- 
eretaL, 1987).

2. To investigate the effects of the near surface rocks, we drilled 300 m and 150 m deep 
boreholes at two of the Anza sites (KNW and PFO). Borehole instruments were installed 
at KNW in November of 1986 and at PFO in August of 1987. Boreholes at both sites 
were logged with a televiewer and for both P- and S-wave velocities by using a hammer 
source at the surface while a three-component geophone was lowered in the borehole. 
The logging data has been analyzed for velocities and show low P-wave velocities of just 
300 m/s at the surface but quickly climbing to 5.4 km/s by 100 m depth at station KNW.

Twenty-eight events have been recorded at both sites on both surface and borehole 
installations and over 200 more have been recorded at either KNW or PFO. Borehole 
recordings from both sites display a much more impulsive and high-frequency body-wave 
arrival than do surface recordings as P- and S-waves appear to smear out as they propa 
gate through the last 300 m to the surface. The surface recordings at both sites appear 
monochromatic in character.

Spectra from borehole and surface installations support the impressions drawn from the 
time-series. The surface spectrum has a lower corner frequency and a higher fall-off rate 
than does the borehole spectrum. The borehole spectrum falls off as co"2 in agreement 
with the Brune model. Comparing the surface spectrum to that from the borehole, it 
would seem that a simple attenuation factor would "correct" the data. However, after 
spectral division of surface by downhole, it is evident that not only is there attenuation of 
the very high frequencies (i.e., those above 40 Hz), but also, there is strong amplification 
of frequencies in the 10 to 40 Hz range. This is significant and surprising since these 
sites are in hard rock, whereas such resonances are more commonly associated with 
low-velocity sedimentary structures.

Using the velocity model derived from the shear wave generator data we attempted to 
model the amplifications and attenuation produced by the upper 300 m of surface rock. 
Haskell modeling of the resonances using the velocity model derived from the logging 
shows that the amplifications predicted by the velocity model fit the data quite well in 
both frequency and amplitude. The high-frequency attenuation exhibited by the data, 
however, cannot be matched with a constant Q model.
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3. We found a dramatic shift in the low frequency crustal Q's from what one would calcu 
late using the conventional geometrical spreading correction, which is the reciprocal of 
hypocentral distance. Using our crustal model, we found a Q ~ 1500 was adequate to 
explain the observations at frequencies from 1 to 50 Hz. A clear frequency dependence 
for Q with high attenuation at low frequencies (Q ~ 70 at 1 Hz) was required if we used 
the conventional 1/r spreading correction. While the data could be fit with either model, 
the use of a more realistic crustal model to calculate geometrical spreading is suggestive 
that at least part of the commonly reported frequency dependence of crustal Q is due to 
an inadequate understanding of non-dissipative propagation effects.
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Figure 1. Map of epicenters near Anza, CA. Triangles mark the locations of three- 

component digital seismographs. Two-letter symbols designate clusters 
of seismicity. The stars indicate the locations of the two sites where 
boreholes were drilled.
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Seismic Waveform 
Analysis Project

8-9930-03790

Thomas H. Heaton
Branch of Seismology
525 S. Wilson Avenue
Pasadena, CA 91106

Investigations

1. Develop methodologies for studying waveform data recorded by 
the Southern California Seismic Network.

2. Invert strong ground motions and teleseismic P-waveforms to 
find the rupture history of the 8 July 1986 M 5.9 North Palm 
Springs earthquake.

3. Investigate the nature of body-force systems that are used to 
simulate rupture on faults in the vicinity of boundaries between 
differing elastic media.

Results

1. Moment, source duration and stress drop were estimated for 20 
aftershocks of the 1986 North Palm Springs earthquake using 
short-period data from the Southern California Seismic Network. 
The source parameters were determined from P waves of magnitude 
3.4 to 4.7 events, as recorded on 1 or 2 low-gain stations. In 
order to correct for the complicated path effects which dominate 
the short-period seismograms, empirical Green's functions were 
deconvolved from the data. The empirical Green's functions con 
sisted of magnitude 1.9 to 2.2 earthquakes that were located 
within a few hundred meters of the events of interest and were 
recorded at the same stations. The corner frequencies of the 
smaller events used for Green's functions are higher than 30 hz, 
so that there is little source contribution to the waveforms in 
the 1 to 30 hz frequency range we are using. The deconvolution 
often produced simple unipolar waveforms which are interpreted as 
source time functions. The area of the pulse was used to deter 
mine the moment. The rise time was used to estimate the fault 
area, assuming circular ruptures with rupture velocities of 0.9 
times the shear wave velocity. The static stress drop was esti 
mated from the moment and fault area. Some of the waveforms 
showed multiple subevents indicating that simple circular fault 
models are not adequate for estimating the fault area and stress 
drops. However, since waveforms from only 1 or 2 stations were 
used, there is not enough data to determine the parameters for 
more complicated models.

The moments ranged from 1020 through 1021 dyne-cm with rise times 
of 0.05 to 0.10 sec. The stress drops for the aftershocks in the
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rupture area of the mainshock fell in the range of 2 to 30 bars. 
One aftershock which was located outside the immediate rupture 
area had a relatively high stress drop of close to 50 bars.

A variety of computer codes have been developed to manipulate 
broad-band data from the new Streckeisen/Quanterra seismic system 
installed at the station PAS. These codes allow us to simulate 
the response of a wide variety of seismometer systems using the 
broad-band data. In addition, we are continuing to document the 
attributes of the Southern California Seismic Network. We have 
investigated calibration pulses and we maintain a station-history 
data base.

2. The July 8, 1986 North Palm Springs earthquake is used as a 
basis for comparison of several different approaches to the solu 
tion of the rupture history of a finite fault. The inversion of 
different waveform data is considered; both teleseismic P-wave- 
forms and local strong ground motion records. Linear parame- 
terizations for slip amplitude are compared with nonlinear par- 
ameterizations for both slip amplitude and rupture time. Inver 
sions using both synthetic and empirical Green's functions are 
considered.

Stabilization. Without stabilization the inverted slip histories 
would bear little resemblance to one another and the moment esti 
mates would be entirely too large. Stabilization is quite effec 
tively achieved through the use of smoothing and minimization 
constraints on both slip amplitudes and rupture times. An impor 
tant factor governing the required amount of stabilization is the 
appropriateness of the Green's functions. If the Green's func 
tions are a poor approximation to the actual propagation path, 
more stabilization is needed. More stabilization is not without 
its penalties. When larger amounts of smoothing and minimization 
are needed, slip distributions can become artificially broadened 
and peak values of slip will be lowered.

Teleseismic Data. Source retrieval through the inversion of 
teleseismic body waves requires the broadest frequency bandwidth 
in the data that is possible. The teleseismic P-waveforms in this 
study are modeled up to a frequency of almost l.OHz. However, at 
these frequencies the solution is very dependent on the attenua 
tion model. Uncertainties in t* in the frequency range from 0.1 
to 2Hz is the single largest source of error in teleseismic 
inversions. However, if good empirical Green's functions exist 
and are used, uncertainties in attenuation can be avoided. Fol 
lowing attenuation, complex source and receiver effects are the 
next largest source of error. But, if these structures are know 
to exist, reasonably accurate Green's functions can usually be 
economically calculated for the teleseismic problem.

Strong Motion Data. Unlike the teleseismic problem, it is usu 
ally a reasonable assumption to neglect attenuation at the short 
distances of most good strong motion recordings (<30 km). How 
ever, complicated path effects often make Green's functions for
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laterally homogeneous structures inadequate. Even if the 
regional velocities are well known, computation of high frequency 
Green's functions would probably be an intractable problem. 
Empirical Green's functions are the natural solution.

Linear versus Nonlinear Inversion. Any amount of complexity in a 
fault rupture can be accommodated by a linear parameterization of 
the problem. This approach has been used by the author by allow 
ing rupture to occur in multiple so called time windows. This 
procedure can accommodate whatever complexity is required in the 
time function at every point on the fault. However, such a para 
meterization quickly yields problems with a great many unknown 
parameters, which cannot be easily solved. An alternative 
approach is to use a nonlinear parameterization in which both 
slip amplitudes and rupture times are solved for simultaneously. 
The problem is not significantly more complicated and stabiliza 
tion can be achieved in a similar manner as in the linear prob 
lem.

Empirical Green's Functions. The significant advantages of using 
empirical Green's functions have been stated. However, an ideal 
set of such Green's functions is rarely available. As in this 
study, aftershocks usually do not uniformly cover the fault plane 
under investigation. Although, in the inversion of teleseismic 
data, waveforms change mainly with depth, and it is sufficient to 
have a good coverage of empirical Green's functions with depth on 
the fault. Also, variable mechanisms of aftershocks are the rule 
and not the exception. One must also have a good measure of the 
size of each empirical Green's function and be able to scale them 
to a common size. A large amount of work also remains to be done 
on the spatial interpolation of foreshock and aftershock records 
to improve their use as empirical Green's functions. Despite 
these difficulties, empirical Green's functions hold the most 
promise for the understanding of complex strong ground motion 
records.

3. We have derived analytic expressions for the deformations pro 
duced by point force and force-couple sources embedded in elastic 
Poissonian half-spaces that are welded along a horizontal plane. 
We found that deformations from point forces and from vertically- 
dipping strike-slip double-couples vary continuously (except at 
the strike-slip source point) as the source is moved across the 
interface. However, deformations from vertically-dipping dip- 
slip double-couples jump by the ratio of the rigidities as the 
source is moved across the interface. Furthermore, the pattern of 
deformation produced by explosion sources or by double-couples 
dipping at angles other than 0 or 90 jumps as the source is moved 
across the interface. We integrated these solutions over finite 
planes to show that the resulting deformation mimics a disloca 
tion on a fault plane with total moment given by Mo=pAD (nothing 
surprising here). We also showed that two horizontal finite 
faults, one just above the material boundary and the other just 
below, produce identical deformations everywhere (and are there 
fore indistinguishable) provided that their moments differ by the 
ratio of the material rigidities. This demonstrates that moment
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is sometimes ambiguously defined. That is, when slip occurs at a 
material interface, it can be completely modeled with double 
couples on either side of the interface, but the moment depends 
upon the arbitrary decision of exactly where to place them. A 
common related question is whether to use the rigidity of a fault 
zone or the rigidity of the surrounding rock when computing the 
moment of an earthquake. We show that the deformations and 
change in energies are little affected by this decision, whereas 
the seismic moment is greatly affected. This is merely a reflec 
tion of the fact that Mo is not a very satisfying parameteriza 
tion of earthquake size. We find that potency (AD) is a more 
natural scaling parameter for earthquake size.

REPORTS
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Development of a Kalman Filter for the analysis of GPS data 

14-08-0001-G1603

Thomas A. Herring
Harvard-Smithsonian Center for Astrophysics

60 Garden St, Cambridge, MA. 02138
(617) 495-7100

Oiective: Fluctuation of the water-content of the atmosphere is one of the main limiting sources of error 
in the estimation of relative position using observations of radio signals from the satellites of the Global 
Positioning System (GPS). Such fluctuations, in fact, may soon be the the limiting source of error. To 
reduce this source of error, we are developing a Kalman filter for implementation in programs used for GPS 
data analysis. The application of Kalman filtering to the analysis of other space geodetic data have yielded, 
in some cases, severalfold improvements in the precision of the estimates of station heights.

Progress: We have installed the GPS analysis software from the Astronomical Institute of Berne (often 
referred to as the Bernese software) on our CONVEX Cl computer. The software package was obtained 
from the USGS under agreement with the Astronomical Institute of Berne that our implementation would 
only be used to incorporate Kalman filtering into the package. The installation of the software posed no 
major problems once some machine specific code was modified. USGS also supplied the GPS data obtained 
in the March/April 1987 Hawaii experiment along with tracking data obtained mainly from sites located in 
North America. We will use this data to study the characteristic of the GPS Kalman filtering program.

We are now in the design phase of the Kalman filtering implementation into the Bernese software. This stage 
has involved studying the "flow" of the estimation program (GPSEST) so that the exact setup of variables 
that our Kalman filter subroutines will need can be determined. We have now documented the meanings 
of most of the variables we need and we are now studying our options for the actual implementation of the 
Kalman filter subroutines. We are considering two approaches. The first of these approaches is to implement 
a separate Kalman filtering program which would use as input a control file and a file containing prefit 
residuals and partial derivatives generated by a modified version of the GPSEST program. This approach 
has the advantage that it could be easily implemented into other analysis programs. Its disadvantage is that 
many subroutines to implement bias-fixing and the output of the results would need to be reproduced in this 
separated program. An alternative approach is to replace the subroutines which increment the least-squares 
normal equations in GPSEST with the corresponding set of Kalman filter equations. The main disadvantage 
of this approach is that the Kalman filtering subroutines would then be very program dependent.

The other implementation questions we are addressing concern bias-fixing algorithms and the generation 
of the Kalman filter back solution. Rather than repeating the complete solution with some parameters 
set to integer values, most implementations of bias fixing directly manipulate the normal equations of the 
solution to determined the effects on the estimated parameters and the scatter of the postfit residuals of 
bias-fixing. However, since the Kalman filter subroutines directly manipulate the covariance matrix of the 
parameters rather than its inverse (the normal equations), some manipulations of the output of the Kalman 
filter subroutines will be required for the Kalman filter to correctly interface to the bias-fixing subroutines. 
The final problematic question we are addressing is the implementation of the Kalman filter back solution. 
Since the Kalman filter includes parameters whose values change with time (the atmospheric zenith delay 
in our case), the estimates of these parameters can only be obtained once all of the data in an experiment 
are processed. It is only after this part of the solution that the postfit residuals can be computed. Since 
the computations involved in this part of the filter are considerably more time consuming than for standard 
least-squares, we are carefully considering our implementation of the back solution. We will soon make 
a decision on the approach we will use to implement the Kalman filtering subroutines into the Bernese 
estimation software.
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SEISMICITY AND THE SEISMOTECTON1C FABRIC OF THE 

SAN ANDREAS TRANSFORM BOUNDARY
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345 Middlefield Road, MS 977
Menlo Park, California 94025

(415)329-4795

Investigations

We continue our efforts to describe details of the seismicity pattern along 
the San Andreas transform boundary based on data compiled from the 
telemetered seismograph networks operated in California and western 
Nevada since 1980. The core of this investigation will involve publication 
of a series of seismicity maps and cross-sections emphasizing 
spatial-temporal variations in the occurrece of M>1.5 earthquakes 
extending the length of the San Andreas transform boundary in coastal 
California and extending inland to include the western margin of the Basin 
and Range province.

Results

We are making final revisions after review of "Seismicity and the 
Seismotectonic Fabric of Central California" (co-authors: Bill Ellsworth, 
Rob Cockerham, Rick Lester, and Ed Corbett), which will appear as a 
chapter in DNAG associated volume GSMV-1, Neotectonics of North 
America. We (with Luci Jones) have completed the first draft of a 
manuscript describing the seismicity of the San Andreas fault system for 
a chapter in the professional paper on the San Andreas fault system beomg 
edited by Bob Wallace.

Reports

None published
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Instrument Development and Quality Control
9930-01726

E. Gray Jensen
Branch of Seismology

U.S. Geological Survey
345 Middlefield Road - Mail Stop 977

Menlo Park, California 94025
(415) 329-4729

Investigations

This project supports other projects in the Office of Earthquakes, Volcanoes and 
Engineering by designing and developing new instrumentation and by evaluating and 

improving existing equipment in order to maintain high quality in the data acquired by the 

Office.

Results

A set of 120 filters were built and installed at the Varian Well in Parkfield. These will 

provide anti-aliasing for the borehole seismometer string. They are based on 

switched-capacitor filter chips and have a cutoff slope of 42 dB per octave. An uninterruptible 

power supply (UPS) was also installed there and an emergency generator was wired into the 

system. Additional work has been done to try to eliminated noise and otherwise improve the 

system. A timing capabilty was added to the 2-camera video tape recording system at 

Parkfield. Also, one of the camcorders was replaced.

Over 800 J120 discriminator boards were built and assembled. Approximately 100 have 

been tuned and put into service so far. A Nanometrics RD-3 digital seismic field station was 

received and is currently being evaluated for use in office networks. An adapter was built to 

permit a master clock to set the time in EDA PRS-4 recorders. Similar adapters were built to 

provide a start time for 200 SGR's recently acquired by Stanford University.

As before, much time has been spent augmenting and maintaining the microwave 

telemetry network. Many CalNet and Parkfield seismic stations were visited for maintenance, 

repair and upgrading. Also, numerous telemetry radios and seismometers were repaired, 

adjusted or calibrated. Support was provided for refraction profile projects in Alaska and 

Maine.
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Southern California Earthquake Hazard Assessment

8-9930-04072

Lucile M. Jones and Douglas D. Given
Branch of Seismology

U. S. Geological Survey
Seismological Laboratory 252-21

California Institute of Technology
Pasadena, California 91125

INVESTIGATIONS
1. Routine Processing of Southern California Network Data.

Routine processing of seismic data from stations of the cooperative southern California 
seismic network was continued for the period April through September 1988 in cooperation 
with scientists and staff from Caltech. Routine analysis includes interactive timing of 
phases, location of hypocenters, calculation of magnitudes and preparation of the final 
catalog using the CUSP analysis system. About 800 events were detected in most months 
with a regional magnitude completeness level of 1.8. The largest earthquake this recording 
period was the ML = 5.2 Tejon Ranch earthquake of June 10, 1988 a few kilometers north 
of the Garlock fault.

2. Investigation of Southern California Earthquake Sequences.
The ML = 5.6 North Palm Springs earthquake of July 8, 1986, the ML = 5.3 Ocean- 

side earthquake of July 8, 1986, the ML = 5.9 Whittier Narrows earthquake of October 
1, 1987, and the ML = 6.0 Superstition Hills earthquake of November 24, 1987 and their 
aftershocks are being analyzed. Preliminary reports have been completed for all of the 
sequences and final reports for the Oceanside and Whittier Narrows sequences. Detailed 
studies are continuing including determination of focal mechanisms for M >3.0 aftershocks, 
inversion of these data for changes in the state of stress, and comparison of the results to 
the geologic structures to better understand the seismotectonic structure of southern Cal 
ifornia.

3. Characteristics of Aftershock and Foreshock Sequences in California.
To better use the observation of foreshocks in real-time earthquake hazard assess 

ment, we seek to understand the characteristics of foreshock sequences and to search for 
discriminating characteristics of foreshock sequences that may allow them to be recognized 
as such before the mainshock occurs. Earthquakes in the California catalog from 1932 to 
1987 have been grouped into spatio-temporal clusters using Reasenberg's (1985) clustering 
algorithm. The parameters of foreshock and aftershock sequences including rate of activ 
ity, decay rate and b-value have been determined and are compared to magnitudes and 
seismotectonic region. Discriminating characteristics of foreshocks are searched for among 
these paramters.
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RESULTS
1. Routine Processing of Southern California Network Data.

The projects to upgrade the southern California seismic network are continuing. A 
new Micro VAX system for on-line recording of the network data and a RTF (real-time 
processor) for near-real-time earthquake locations were installed. The RTF system oper 
ates on 64 of the 270 stations in southern California and includes a graphics display of 
current seismicity. To increase the accessibility and research potential of the seismic data, 
a series of semi-annual Network Bulletins have been issued since 1985. These bulletins 
provide information about how to access data from the network, problems with the data, 
details of the processing computer systems, and earthquakes in southern California. As 
part of this project, documentation of past and present station configurations has been 
compiled. Hardware upgrades of the network have also been undertaken, including the 
complete replacement of the discriminators in the telemetry system.

2. Investigation of Southern California Earthquake Sequences.
Oceanside. The Oceanside earthquake occurred 55 km offshore at 32°58.2'N and 

117°52.2'W and was followed by an extensive aftershock sequence with 55 events of MI > 
3.0 during July 1986. The mainshock and aftershocks are located at the northern end of 
the San Diego Trough-Bahia Soledad fault zone (SDT-BS) where it changes strike from 
northwest to a more westerly direction through a left step or bend in the fault. The 
spatial distribution of the aftershocks indicates a unilateral 7-9 km long rupture to the 
east-southeast away from the mainshock. The focal mechanism of the mainshock also 
shows a east-southeast striking and south-dipping plane with mostly reverse motion on it. 
Focal mechanisms of the MI > 3.0 aftershocks show both reverse and strike-slip movement. 
These data suggest that the earthquake ruptured a thrust fault in the left step of the SDT- 
BS fault. A stress inversion of the focal mechanism data shows a rotation of the maximum 
principal stress of 14° that is largest in the days following the mainshock and decreases 
rapidly with time. The abundance of aftershocks may be related to the large temporal 
variation in stress orientation that, in turn, may have resulted from the small stress drop 
of the mainshock. These data suggest that the Inner Continental Borderland is not a pure 
strike-slip regime but rather a strike-slip mixed with reverse faulting regime.

Whittier Narrows. The ML = 5.9 Whittier Narrows earthquake was located at 34° 
3.0'N, 118° 4.8'W, at the northwestern end of the Puente Hills, at a depth of 14 ± 1 km. 
The epicenters of the aftershocks form an approximately circular pattern that is centered 
at the epicenter of the mainshock, and has a diameter of 4 km; the hypocenters define 
a surface that dips gently to the north. The focal mechanism of the mainshock has two 
nodal planes, that strike east-west and dip 25° to the north and 65° to the south. These 
data indicate that the causative fualt was an east-striking, gently dipping fault confined 
to depths from 12 to 15 km. This blind thrust was not recognized as a seismogenic 
fault prior to the earthquake. Although the focal mechanisms of 59 aftershocks document 
a complex sequence of faulting, most are consistent with block motion caused by the 
thrust faulting observed in the mainshock. Unlike the mainshock, the focal mechanism 
of the largest aftershock (Mi = 5.3) shows mostly strike-slip movement with a small 
reverse component on a steeply dipping northwest striking plane within the hanging wall

222



II.1

of the mainshock's thrust fault. The locations and focal mechanisms of the two largest 
and numerous smaller aftershocks define a north-northwest striking, steeply dipping fault, 
which may have confined the slip in the mainshock.

Superstition Hills. The foreshocks, two mainshocks and aftershocks of the Superstition 
Hills sequence occurred on a conjugate fault system involving the northwest-striking, right- 
lateral Superstition Hills fault and a previously unknown northeast-striking left-lateral 
defined by a lineatin of hypocenters extending from the Sueprstition Hills fault to the 
Brawley seismic zone. The earthquakes have been relocated using data from the Southern 
California Seismic Network and master event relocation techniques. The first mainshock 
(ML = 5.8, MS = 6.2), on the northeast trend, and its foreshocks colocate at 33° 4.9'N, 
115° 47.7'W, h=10.6 km. Its aftershocks are located on the northeast trend between the 
Sueprstition Hills fault and the Brawley seismic zone, clustering in time and space. The 
second mainshock (ML = 6.0, MS = 6.6) is located on the Superstition Hills fault at 33° 
0.9'N, 115° 50.9'W, h=1.9 km. The second mainshock initiated 12 hours after the first at 
a shallow depth where the two aftershock trends join. Epicenters on the northwest trend 
lie between the Superstition Hills and the Superstition Mountain faults and the extent of 
aftershocks is not coincident with the extent of surface rupture on the Superstition Hills 
fault. In general, hypocenters on the northeast trend are deep and hypocenters on the 
Superstition Hills fault are shallow.

3. Characteristics of Foreshock and Aftershock Sequences in California.
Earthquake sequences in the southern California catalog since 1932 have been clus 

tered using an algorithm by Reasenberg (1985). Foreshocks are defined as members of 
those clusters preceding the largest member of the cluster. 30% of M > 5.0 mainshocks 
in southern California were preceded by foreshocks of M > 3.0. The rate of foreshock 
activity varies strongly by region, from less than 10% in the Transverse Ranges to over 
50% in the Mammoth region. The percentage of M > 3.0 earthquakes followed by a larger 
earthquake is 5.6% in southern California, 2% in the Transverse Ranges, and over 15% in 
the Mammoth region. In California, foreshocks are most common in extensional regimes, 
less common in strike-slip environments and least common in compressional regimes. The 
frequency of foreshocks with magnitude Mf prior to mainshocks of magnitude Mm can be 
fit by an exponential distribution such that N(Mf ) oc io-°-75 ( M'«-M/). The decay with 
time of the occurrence of mainshocks after foreshocks is best fit by a power-law decay like 
the modified Omori's law with an exponent greater than 1.

The rate of occurrence of aftershocks in sequences has been modeled, assuming the 
modified Omori's Law and the Gutenberg-Richter relationship, as

where a, b, c, and p are constants (Reasenberg and Jones, 1988). The constants have been 
estimated for 62 aftershock sequences and 12 foreshock sequences related to mainshocks 
(M > 5.0) in California since 1933. For the foreshock sequences, the largest foreshock is 
treated as a mainshock and the foreshocks occurring after the largest foreshock and before 
the mainshock are considered aftershocks. This corresponds to the real-time situation in 
which an earthquake occurs and is followed by some smaller events, and we want to know
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if these earthquakes will be followed by an even larger event. We observe an apparently 
distinguishing feature of some foreshock sequences consisting of low p-value and high a- 
value. Five of the 12 foreshock sequences analysed have lower p-values and higher a- 
values than were estimated for any of the 62 aftershock sequences. A t-test comparison 
of the means of the parameter values estimated for the aftershocks and foreshocks shows 
that the means of a- and p-values differ significantly (99.9% level of confidence). This 
distinction of foreshock sequences suggests that observation of these model parameters (a 
and p) could contribute useful information for the purpose of earthquake prediction. Four 
foreshock sequences recognizable in this way have occurred within the last decade, all in 
the extensional regions east of the San Andreas fault. Seven other foreshock sequences 
could not be distinguished from aftershock sequences using a low-p, high-a discriminant. 
These include the 1934 Parkfield and 1987 Superstition Hills foreshock sequences.

PUBLICATIONS

Jones, L. M., 1988, Focal mechanisms and the state of stress on the San Andreas fault 
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Ziony, J. L, and L. M. Jones, 1988, Map showing late Quaternary faults and 1978-1984 
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State of Stress in the Rupture Zone of Large Earthquakes

Grant No. 14-08-0001-G1356

Hiroo Kanamori
Seismological Laboratory, California Institute of Technology 

Pasadena, California 91125 (818-356-6914)

Investigations

1. Rupture pattern of the 1986 Andreanof Is. earthquake. Hwang, L. J. and H. 
Kanamori.

2. Comparison of t-eleseismic and strong motion source spectra. Hwang, L. J. 
and H. Kanamori.

Results

1. Ruture pattern of the 1986 Andreanof Is. earthquake.

Hwang and Kanamori (1986) investigated the rupture pattern of the 1986 
Andreanof Is. earthquake. In view of its importance in relation to the 
pre-seismic, co-seismic and post-seismic seismicity patterns associated with 
this earthquake (Kisslinger, 1988), we repeated the analysis adding the 
seismograms that became available to us since then. The analysis method is 
the same as that used in Hwang and Kanamori(1987). The stations used are: 
ADE, AKU, PDA, PMG, RAR, WEL, RSNY, RSON, SCP, RSSD, ANTO, KONO, TOL, RSCP, 
CTAO, SNZO, and MAJO. The result is shown in Figure 1.

2. Comparison of teleseismic and strong motion source spectra.

The determination of strong ground motion for large earthquakes is an 
important problem in earthquake engineering. Estimates of strong ground 
motion are difficult to calculate since in many seismogenic areas of the world 
strong ground motion data are not available. The use of teleseismic broadband 
digital records to estimate strong motion is one method to circumvent this 
problem since large earthquakes are well recorded worldwide. We used the 
method described in Houston (1986) and estimated the near field acceleration 
spectra from the teleseismic records and compared them to spectra from strong 
motion stations for the 1986 Andreanof Islands; 1985 Nahanni; May 20, 1986 and 
November 14, 1986 Hualien events. The results are shown in Figure 2. For the 
Andreanof Islands earthquake, at a distance of 133 km, the estimated spectrum 
shows negligible differences. For the Nahanni earthquake, at a distance of 10 
km the estimated spectrum is approximately 2 times the observed. For the 1986 
Hualien earthquakes, the estimated spectrum is 1/10 or less than the observed 
at distances of 63 and 81 km respectively. This is caused by the alluvial 
valley in which the stations sit. For the one record at a hard rock site at a 
distance of 81 km, the estimated spectrum is approximately 1/5 of the observed. 
Only the Taiwan events have comparable differences between the strong motion 
and the estimated spectra with respect to different regions at similar 
distances. The location of the station on the edge of the fault rupture 
surface for the Andreanof Islands event and complex source problems for the 
Nahanni event contribute to their nonsimilarity with other regions. Hopefully,
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the continuing analysis of more teleseismic and strong motion records will lead 
to better estimates of strong ground motion from teleseismic records.
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Figure 1. Fifteen second time slices of the spatial distribution of moment 
release projection onto the fault surface. The radius of each circle is 
proportional to the seismic moment of the point source it represents.
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Figure 2. Comparison of Fourier spectrum of the observed acceleration record 
with that estimated from far-field data. The method is described in Houston 
(1986).
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FAULT MECHANICS AND CHEMISTRY

9960-01485

C.-Y. King 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4838

Investigations

[l] Water temperature and radon content were continuously monitored at two water wells 
in Parkfield, California.

[2] Water level was continuously recorded at six other wells in central California.

[3] Water temperature and electric conductivity were periodically measured, and water 
samples were taken from most of these wells and two springs in San Jose for chemical 
analysis.

[4] Radon content of near-ground atmosphere was continuously monitored at five sites in 
the Parkfield area in cooperation with the Environmental Protection Agency.

[5] Volume predictability of volcanic eruptions in Hawaii was studied.

[6] Changes of electric resistivity and gas-emission rates in cement blocks under compres 
sion were investigated in the laboratory in cooperation with a visiting scholar from 
China.

Results

Electric Resistivity and Gas Emission Changes in Cement Blocks under Stress

In a series of laboratory experiments, carried out with Luo Guangwei of the 
State Seismological Bureau of China, cement blocks were put under increasing uniaxial 
compression until they fractured. The electric resistivity and radon and hydrogen emission 
rates of the blocks were continuously monitored to check whether they show any pre- and 
co-fracture changes that may correspond to the changes of such parameters reported for 
some earthquakes. The results show that all these parameters generally begin to increase 
when the applied stresses reach about half of the fracture strengths, probably due to 
the beginning of occurrence of microscopic fractures. Larger increases occur at the times 
of fracture. Shortly thereafter, both radon and hydrogen emissions begin to drop, but 
to different levels (radon stays at higher level), suggesting a difference in the emission 
mechanisms for these two kinds of gases. The stress induced increases in radon emission
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are probably due to increased release of stored radon in the pore spaces and to increased 
emanation surface area created by the microscopic and macroscopic fractures, whereas the 
increases in hydrogen emission are probably due to increased release of stored hydrogen 
and to chemical reaction of water with Si or Si   0 radicals in the freshly created fracture 
surfaces.

Reports

King, C.-Y. (1988). Volume predictability of historical eruptions at the Hawaiian volcanoes 
(abs.): Seismological Research Letters, v. 9, no. 1, p. 30.

King, C.-Y., Walkingstick, C., and Easier, D. (1988). Radon in soil gas along active faults 
in central California: U.S. Geological Survey Bulletin, in press.
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CALIFORNIA AND HAWAII SEISMICITY STUDIES

Project 9930-03563 
for the period April 1, 1988 through September 30, 1988

Fred W. Klein
Branch of Seismology

U.S. Geological Survey MS 977
345 Middlefield Rd.
Menlo Park CA 94025

Investigations

The overall objective 1s to look for long-term seismlclty and tectonic 
patterns 1n the Northern California and Hawaii earthquake catalogs. The two 
catalogs are 1n very different states of self-consistency and usefulness for 
research, however. Accordingly, the Hawaiian work uses a completely 
reprocessed catalog and focuses on research. The Northern California effort 
presently Involves cleaning up the raw phase data and developing methods for 
reprocessing this data into a self-consistent catalog. This reprocessing is 
necessary before many types of research become meaningful. The emphasis is on 
applying methods developed for Hawaiian processing and earthquake display to 
the California catalog.

The Hawaiian seismic investigation consists of a thorough study of 
earthquake focal mechanisms 1n the upper mantle beneath Hawaii. The goal is to 
determine the state of stress, nature of Hthospherlc flexure and interaction 
of the volcanic system with the Hthosphere. This work Includes a detailed 
study of the vertical magma conduit feeding Kilauea Volcano's shallow (3-7 km 
depth) magma reservoir. The se1sm1cally active conduit extends downward to 
about 55 km to the top of the magma source region. Earthquakes in the 
surrounding Hthosphere below 15 km depth reflect deformation and stress 
Imposed by the volcanic edifice above.

The work on the Northern California earthquake catalog is being shared by 
several colleagues 1n the branch. This project has assumed responsibility in 
several areas: (1) Develop a data base of seismic station data Including a new 
systematic set of station codes and apply 1t to the reprocessing of the 
earthquake catalog. (2) Develop a computer file system or data base for 
storing both raw and processed "earthquake phase data. (3) Develop and modify 
the HYPOINVERSE earthquake location program to handle the various tasks needed 
for Northern California processing. These Include archival storage of various 
data, Implementation of a revised coda magnitude procedure, ability to obtain 
Interactive locations 1n the CUSP processing environment, and use of 
regionalized crustal and station delay models. (4) Revise the QPLOT 
geophysical data plotting program as necessary for real-time and other display 
tasks needed for research, monitoring and reprocessing of seismlclty data.

Results

The research on KHauea's magma conduit suggests that the earthquakes 
require external sources of stress and are not simply generated by excess 
magma pressure, as with rift zone Intrusions. Dramatic evidence for an 
external stress cause 1s the major drop in earthquake rate following the M=7.2 
Kalapana earthquake 1n 1975. This event thus released stress 1n the entire 
volcanic system 1n addition to the rupture zone 1n KHauea's south flank. 
Seismic gaps occur along the conduit centered at about 5, 13 and 20 km depths.
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The 3-to-7-km gap 1s the main magma reservoir, the 13 km gap appears to result 
from the layer of burled ocean sediments at the base of the volcanic pile, and 
the 20-km gap 1s present under the whole Island, The latter may be a depth of 
low or "neutral" stress within the flexing Hthosphere. Lateral extension 1s 
characteristic of the focal mechanisms within the volcanic pile (above the 13 
km gap) and lateral compression occurs just below. Stresses are thus decoupled 
at the boundary of the volcanic pile with the underlying oceanic crust. Focal 
mechanisms below 20 km depth are similar to those 1n KHauea's south flank and 
show southward motion of the upper block on a near-horizontal plane.

The reprocessing of the Northern California earthquake catalog Is 
underway. Contributions from this project to date Include: (1) A data base of 
seismic stations 1n and surrounding California has been assembled, Including a 
time history of station gain. Several programs use the station data base, 
Including one that converts all of the chaotic station codes 1n our phase data 
to the new system. (2) The HYPOINVERSE location program now uses multiple 
crustal and station delay models assigned to different geographic areas. We 
have assembled and revised 24 regional models and sets of station delays, and 
assigned them to different geologic and seismic provinces in California, 
Nevada and Oregon.

Reports

Klein, F.W., G.P. Eaton, and F. tester, Seismic station data for Northern 
California and surrounding areas, U.S. Geological Survey Open File Report 
88-448, 1988.

Klein, F.W., Multiple crustal models for earthquake location in Northern 
California and surrounding areas, U.S. Geological Survey Open File Report, in 
preparation, 1988.

Klein, F. W., User's guide to HYPOINVERSE, a program for VAX computers to 
solve for earthquake locations, U.S. Geological Survey Open File Report, 
1988.
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Southern California Co-Operative Seismic Network 

8-9930-01174

Charles Koesterer 
Branch of Seismology 
525 S. Wilson Avenue 
Pasadena, CA 91106

Investigations

Continuation of operation, maintenance, and recording of the 
southern California seismic network consisting of 208 U.S.G.S. 
short period seismic instruments and 66 other agency 
instruments. All of the stations are being recorded onto the 
CUSP analysis system and 205 stations recorded on FM tape units 
for back-up of digital recording.

Results

1. Operation and maintenance of field stations and office 
recording systems continued with little failure during this 
reporting period.

2. Replacement of discriminators to the new J120 type has been 
completed on 131 stations.

3. Installation of a 64 channel real-time processor was completed.

4. Installation of a microvax II to replace the on-line PDP 11/34 
was completed.

CK(6):lr 
09-09-88
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Operation of Borehole Tiltmeters 
at Pinon Flat Observatory, California 
and Analysis of Secular and Tidal Tilt

14-08-0001-G1338

Judah Levine 
Joint Institute for Laboratory Astrophysics

Campus Box 440
University of Colorado
Boulder, Colorado 80309

(303) 492 - 7785

Objective: To install borehole tiltmeters at Pinon Flat Observatory in 
Southern California and to compare the records with data obtained from other 
nearby instruments.

Results: We have analyzed the data from our two tiltmeters at PFO.. These 
two tiltmeters were installed earlier in the year to replace instruments that 
had been damaged by lightning as discussed in our previous report. The 
second pendulum in BOB failed in late July, but we have continued to operate 
both instruments with three out of the four pendulums working. We had 
planned to replace the sensor in BOB when went to PFO to install the third 
tiltmeter in the new, deeper borehole, but the drilling date for that 
borehole has been delayed several times by the driller and is now not 
scheduled to take place until the end of September.

As discussed in our previous report, the instruments in both boreholes 
are installed on a common azimuth to facilitate comparison. The East-West 
channels of both instruments agree quite well in their secular response, but 
the amplitudes and phases of the tides differ significantly. Although the 
instruments installed in both boreholes were completely rebuilt following the 
lightning strike and were not installed parallel to their original azimuths, 
the results are almost identical to the original measurements. (We mean by 
this that the tidal ellipses deduced from the instruments installed on the 
original azimuths agree very well with the ellipses deduced from the current 
data sets.) The discrepancy that we had previously reported between BOA and 
BOB has thus been reproduced using an independent set of measurements made 
along different axes with different instruments.

It is possible to model the discrepancy using a phenomenological time 
delay between the two boreholes, but such a model is not consistent with a 
preliminary analysis of seismic data done at IGPP (by Frank Wyatt). Although 
the analysis is still in progress, the two instruments seem to have very 
similar responses to seismic excitation.

The discrepancy we have observed might be explained using a more complex 
layered model of the region, and there is some other evidence for such a 
model. Frank Wyatt has examined the effects of atmospheric pressure and 
rainfall on the near surface layers and finds that Poisson's ratio at PFO 
varies quite significantly with depth. The tidal strains at depth ought to 
differ significantly from the measurements near the surface if this is true, 
but the data we have examined so far are somewhat ambiguous because the
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significance of the comparison requires a robust calibration of all of the 
instruments using methods that do not depend on the data themselves.

Data from our third, deeper borehole (BOG) is likely to be very useful 
in testing the usefulness of a layered model. If the new BOG (122 m deep) 
agrees with BOB (37 m deep) then we will have unambiguously delineated a 
surface layer with a boundary between BOB and the shallower BOA (24 m deep). 
Such a result would be consistent with the other observations and might 
explain many of the discrepancies we have seen. If BOG does not agree with 
BOB, however, then a more complex model is likely to be necessary. The 
details will have to await further data but the results are likely to have a 
significant impact on the interpretation of other near-surface measurements.
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High Sensitivity Monitoring of Resistivity and Self-Potential Variations
in the Palmdale and Hollister area

contract 14-08-0601-G109

Resistivity changes on the Palmdale Telluric Array
T.R.Madden

Department of Earth Atmospheric and Planetary Science
Massachusetts Institute of Technology

Cambridge, MA, 02139

Data from the Palmdale telluric array since 1980 has been reanalysed using a consistent 
procedure for all the data and averaged over two month blocks in order to obtain sensitivities of 
around 0.1%. This analysis reveals that there has been some systematic changes occuring 
around the array. These changes are seen on dipoles on the Mojave side of the array and on the 
big bend relative to the reference dipoles which are on the San Andreas (Pb-Pd) and up into the 

San Gabriel Mts. (Pl-Pd). These changes started around 1985 and amount to about 0.75% on 
the major telluric eigenvector and about twice that for the minor eigenvector. The telemetered 

dipoles, (Fp-Go) and (Az-Su), cannot achieve the same sensitivity, but nevertheless changes 

can be seen on (Fp-Go) but not on (Az-Su). The telemetered data prior to 1984 had problems 

and cannot be used at this level of sensitivity. The blank period from late 1984 to early 1986 is 

due to the loss of several telephone line cables which effected our reference dipoles and 
prevented us from carrying out a standard analysis on that data.

Figures 2 and 3 show the major and minor telluric eigenvector fluctuations around the 

array relative to the reference dipoles Pb-Pd and Pl-Pd. The vertical bars are related to the 

signal standard deviation and the density of the bars is inversly related to the deviation (only 

one value per every two month period is being displayed).
We will not know the geophysical significance of these changes until these effects can 

be correlated with other data or with geophysical events, but they are real. Based on the 
behavior of earth resistivity as measured in China in the Tangshan region one would ascribe 
any stress related changes to a stress weakening effect rather than a stress change effect. At 

present, however, we cannot make the jump of relating the observed variations on the Palmdale 

array to stresses. It would seem that the anticipated Parkfield event may be very important in 

helping us understand the significance of the observations of resistivity variations around 

Palmdale, but without help from the U.S.G.S. the array will have to shut down which is an 

irreversible process.

235



ho CO
 

O
N

v^
<>

eM
ii-

*p
'-'

J^
^,

r-
-<

>*
T

\::^
;-

f
>

^
-
\
'l
'-

''
'S

^
r̂

J
^

f
^

^
M

il
lt

ir
ir

 
\
 
"
 

 p
*
*
}
U

 i
lX

&
V

Ii*
J/

T
^i

£
 

* 
;'
^
J
.-

 .
t^

w
t^

rC
L
^
 '
-
 

0
 

|0
 

20
 

30
 

4
0
 

50

F
ig

u
re

m
^J

tr
.



11.1

1980 j 1981 j 1982 j 1983 j 1984 j 1985 j 1986 j 1987 j 19&8

27.-

-IX-

-Jk,

Lc-Pd

Lc-Pb

2X-

 dt±!
HI

BTT

-2X-
niH IIII m II mm I

Az-Su

J./i                                             

-IX-

IX- 
8 "

-IX-
Cs-Pd

Figure 2 PALMDALE TELLURIC ARRAY

P2BP ANALYSIS 

MAXEIGENVECTOR FLUCTUATIONS

237



11.1

1988 1981 1982 1983 1984 1385 1386 1987 1388

1QX
9 . Fp-Go

MM 1 ~.. I    __ .  

-182- M...___________M H M "_______I

-2/S-

-2X-

-18X-

2X-
8 "

-2X-

9 T- - -_____________w^______ Lc.Pd

8     :            " ">l|-.|l^-^  Lc-Pb

««... - .,.., .. ..' " ..  -. " Az-Su

2X
0 ___________________________ Cs-Pd
2/i -^ -J""" "~^"T-~ ̂ n~i:        "    

Figure 3 PALMDALE TELLURIC ARRAY

P2BP ANALYSIS 

MINEIGENVECTOR FLUCTUATIONS

238



II. 1

Array Studies of Seismicity
9930-02106

David H. Oppenheimer
Branch of Seismology

United States Geological Survey
345 Middlefield Road - MS 977
Menlo Park, California 94025

415-329-4792

Investigations
1. Continue consolidation and clean-up of phase data of central California Seismic 

Network (CALNET) from 1969 through present.
2. Continue analysis of digitized seismograms from characteristic earthquake sets in the 

Stone Canyon/Bear Valley region of the San Andreas fault.
3. Evaluate seismicity patterns along the Calaveras fault for ability to delineate segments 

which may slip during moderate earthquakes.
4. Continue study of 3-D velocity structure at Coalinga.

Results

1. Substantial effort was again devoted to the collection, organization, relocation, 
archiving, and documentation of all the CALNET earthquake data since 1969 (see 
previous Semi-Annual Reports). Main efforts were directed toward processing data 
obtained from the Humboldt network operated by P.G. & E., RTF data obtained from 
5-day recorders which operated during the Coalinga sequence, and merging of post- 
1983 RTF and CUSP data. All available phase data for period 1969-1983 are now 
relocated, and discrete files are in the process of being merged together into monthly 
files. Processing of post-1983 data is underway. The first half of 1987 is complete, 
and work is now beginning on data collected since October, 1984. We anticipate that 
the catalog will be relocated and merged within 6 months.

2. Since 1934, six M4 earthquakes have ruptured a patch of the San Andreas fault 
which we have recognized as a characteristic earthquake source. The two most recent 
earthquakes (771215 and 871107) were recorded by CALNET on FM tape. The 
seismograms have been digitized and reformatted, and the phase arrivals have been 
re-picked by hand. Joint hypocenter determinations using these arrivals place the 87 
event approximately 0.4 km NW of and slightly shallower than the 77 event.

Cross-spectral analysis was performed on the seismograms from 42 stations within 
225 km of the earthquakes. No known changes were made to the instruments at these 
stations during the interevent period. Coherency between events is good (> 90%) 
from 1 to 2.5 Hz. This frequency band is much narrower than we have observed for 
other characteristic pairs and suggests a slight difference in the sources. This is also 
supported by the difference in hypocenters shown above. Amplitude ratios calculated 
from undipped portions of the coda for the same 42 stations average to 1.3 ± 0.2 for 
77:87. Low gain instruments yield an S-wave ratio of about 1.7 for 77:87.
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3. A comparison of accurate microearthquake locations and the rupture zones of M5+ 
earthquakes along the southern Calaveras fault indicates that some of the main shocks 
ruptured previously aseismic patches of the fault. The 1979 Coyote Lake, 1984 Morgan 
Hill, 1988 Alum Rock earthquakes all initiated at depths near the lower part of the 
seismogenic zone, as expressed in the microearthquake activity. Two aseismic zones 
currently exist on the "Calaveras Reservoir segment" of the Calaveras fault which lies 
south of the reservoir and northwest of the hypocenter of the Alum Rock earthquake. 
Neither zone has seismically slipped since the two M5.5 1903 earthquakes, an interval 
of at least 85 years. If the seismic behavior of these two aseismic zones is similar 
to the behavior of the Calaveras fault in the Coyote Lake and Morgan Hill regions, 
then the 80 year recurrence interval established for these two regions suggests that 
the Calaveras Reservoir segment is currently near failure.

Unless the occurrence of four M > 5 main shocks since 1979 in this regions is 
fortuitous, the time interval and spatial proximity between events indicates that a 
physical mechanism exists in which the occurrence of each earthquake triggers failure 
on adjacent locked fault segments which are already close to failure. The observations 
of significant amounts of post-seismic creep and time interval between main shocks 
on adjacent fault segments suggest that aseismic deformation rather that the static 
stress changes resulting from the main shock is the triggering mechanism. This 
interpretation of the data implies an increased likelihood that a M5.5 earthquake 
could occur on the Calaveras Reservoir segment of the Calaveras fault in the near 
future.

4. One thousand five hundred twenty five Coalinga earthquakes of M > 2.0 have been 
located with a 3D velocity model. For purposes of geologic interpretation the 3D 
model is markedly different than a local ID model with station delays. However, the 
hypocenters changed surprisingly little; 3D locations have 0.03 ± 0.05 s lowever rms 
residual, and are 0.6 ± 0.8 km NE and 0.6 ±1.2 km shallower. Thus although some 
of the secondary features are more detailed, the hypocenter patterns are similar to 
those with the ID model. Interpretation of aftershock patterns in the central region 
shows 2 sets of conjugate faults. The larger set contains the primary mainshock 
rupture, a SW-dipping thrust, with a NE-dipping reverse fault branching off within 
the hanging wall. The other-conjugate fault set occurs below and slightly east of the 
main thrust, thus suggesting block movement at depth (below 10 km). Above 7 km, 
within the Great Valley Sequence, the main thrust splays into a steeper segment and 
a near-horizontal segment. North and south of the central region, aftershock patterns 
display more varied geometry, consistent with changes in the mapped fold sturctures. 
These results suggest that the spatial extent of rupture of the mainshock is associated 
with a region of uniform structural orientation.
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Reports

Ellsworth, W. L., and L. D. Dietz, Repeating earthquakes near Stone Canyon, California, 
Seism. Res. Let., 59, 33, 1988.

Oppenheimer, D. II., R. W. Simpson, and P. A. Reasenberg, 1988, Fault-normal compres 
sion in the aftershock region of the 1984 M=6.2 Morgan Hill, California, earthquake, 
Seism. Res. Let., 59, 20, 1988.

Eberhart-Phillips, Donna, Interpretation of hypocenters located with 3D velocity model, 
Coalinga, California, Seism. Res. Let., 59, 20, 1988.

Oppenheimer, D. H., P. A. Reasenberg, and R. W. Simpson, Fault plane solutions for the 
1984 Morgan Hill, California, earthquake sequence: Evidence for the state of stress 
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UCR-IGPP-88/38

Variations in Electrical Properties Induced by Stress Along the 
San Andreas Fault at Parkfield, California

Stephen K. Park
Tien Chang Lee

Institute of Geophysics and Planetary Physics
University of California 

Riverside, California 92521

Introduction

We are monitoring fluctuations of resistivity using telluric currents in 
Parkfield. We use electrodes grounded at the ends of telephone lines to record 
the telluric currents. The array has dipoles with lengths from 5 to 15 km 
(Figure 1). We report here the results of the analysis of the data from Day 101 
to Day 220, 1988.

Analysis of Data

We use a procedure similar to that of Madden (1983) to analyze our data. 
We assume that three dipoles are related through a tensor of coefficients:

R2(t)]
(1)

Rl(t) and R2(t) are channels 7 (Hr-Ff) and 8 (Tf-Hr), respectively, and D(t) is 
one of the remaining six channels. X and y are the telluric coefficients, and 
are dependent upon the geology and the polarizarion of the source. Estimates of 
these coefficients are also dependent upon noise in the data. We thus expect 
some variability in these coefficients. The usual approach to removing the 
effects of polarization is to record long enough that many different polariza 
tions of the source are recorded.

The variability in the raw coefficients is not yet sufficiently stable to 
look for variations due to the earth. We obtain more stable estimates by first 
creating remote reference signals and then looking at the eigenvalues of the 
residuals. The remote references are created by allowing each dipole to have 
noise associated with the electrodes:

D(t) = x 0Rl' (t) + y 0 R2' (t) + n x (t) - n 2 (t), (2)
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where Rl' and R2' are the noise-free references, x 0 and y 0 are the average 
telluric coefficients, and ni and n2 are noises associated with the electrodes 
in D. The pseudo-references are close to, but not exactly equal to, the desired 
noise-free references. We then re-analyze the data using Rl' and R2' instead of 
Rl and R2 in equation (1).

Madden (1983) has shown that equation (1) can be recast as a shifted eigen 
value problem (Lanczos, 1956). Essentially, this analysis permits us to deter 
mine row and column vectors for the Nx2 matrix given by [Rl'(t) R2'(t)]. This 
matrix equation is written as

[Rl'(t) R2'(t)] = U 2 (t)]

x 2 (3)

where U-^ are eigenvectors associated with the time series for the references, 
(xi»yi) are tne eigenvectors associated with the telluric coefficients, and \^ 
are the eigenvalues. We desire the change in x and y due to the earth and not 
due to noise. Madden (1983) shows that the most stable estimate of (Ax, Ay) is 
given by the projection of the residual signal on the eigenvectors associated 
with the references:

Ax

Ay

[D(t) - - y 0 R2'(t)

(4)

Note that there will be two components in this projection - one for each \^. 
The projection associated with the minimum eigenvalue, X 2 > will be much more 
variable due to noise, however.

The results of this analysis are shown in Figures 2 and 3. The numbering 
of the dipoles corresponds to that in Figure 1. We use channels 7 and 8 as the 
reference signals. The first plot for each dipole is the projection of the 
residual (AX, AY) on the major eigenvector and the second plot is the projection 
on the minor eigenvector. We normalize the projection by the magnitudes of the 
telluric coefficients to obtain a percentage variation. The third plot for each 
dipole is the coherency between the predicted time and measured time series. 
Note that only data with coherencies greater than .998 are plotted. Each point 
represents a daily average.

Discjission of Data

The most obvious feature of Figures 2 and 3 is that channels 2, 5, and 6 
are more variable than channels 1, 3, and 4. This variability is probably due 
to Lc, which is common to channels 2, 5, and 6. In spite of the variability, 
systematic, long term changes can be seen on the maximum eigenvalues of channels 
1, 4, and 6 and on the minimum eigenvalues of channels 1, 2, 3, and 4. We are 
assessing the importance of these changes.
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Conclusions

Results from the first 90 days indicate that the noise levels in our 
measurements are low enough to detect subtle changes of resistivity. Daily 
averages are accurate to within ±2% for half of the array, but noise on one 
electrode is degrading the response for the other half. Weekly and monthly 
averages will be correspondingly more stable and will allow us to identify long- 
term variations.

References

Madden, T. R., 1983, High sensitivity monitoring of resistivity and self- 
potential variations in the Palmdale and Hollister areas for earthquake 
prediction studies: Final Tech. Rept. for USGS Contract 14-08-0001-19249, 
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INVESTIGATIONS

The principal subject of investigation was the analysis of deformation in a number of tectonically active areas in the 
United States.
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RESULTS: GPS

Repeated Global Positioning System Measurements: Results at Scales from 5 to 200 km

The U.S. Geological Survey has determined the relative positions of geodetic stations in the vicinity of the San 
Andreas fault system in California. All observations were made with dual frequency TI-4100 Global Positioning 
System receivers. The GPS data was processed with Bernese version 3.0 software implemented on Macintosh com 

puters. "Fiducial station" 
tracking data from four or five 
sites in North America were 
used for orbit estimation. We 
have examined results from six 
baseline vectors. Station sepa 
ration varies from 5.5 km to 
230 km. The number of inde 
pendent determinations varies 
from 6 to 15 depending on the 
particular vector, and the ob 
servations were spread over a 
year or more. We used the 

0 50 100 150 200 250 RMS about either the mean or 
Longth (km) a linear fit as a measure of the

precision of the GPS observa 
tions. The results are summarized in the figure above. Triangles represent the vertical component, squares the east 
component, and circles the north component. The continuous lines represent
best fits to each component with formulas of the form s = (a2 + b2!.2)1/2 
where, s, a and L are in common units and b is unitless. The resulting values 
of a and b are listed in the table. Although this form has been useful in de 
scribing errors in conventional geodetic observations, the apparent structure of 
the misfit suggests that it may not be appropriate for these observations.

East 
North

North
East
Up

a (mm)
6.0
9.6
27.3

b (IP"8)
3.4
4.4
16.6
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RESULTS: GEODOLITE

Deformation in the Yakataga Seismic Gap, Southern Alaska, Associated with the Gulf of 
Alaska Earthquakes of November 1987 and March 1988

The northern end of the 250-km-long, north-south trending zone ruptured by the 1987 and 1988 Gulf 
of Alaska earthquakes (both Ms 7.6) is located about 100 km south of two trilateration networks surveyed 
biennially since about 1980 to monitor deformation in the Yakataga seismic gap. Line-length changes during 
the 1986-1988 coseismic interval in a 60-by-40-km network located at Cape Yakataga are not significantly 
different than those observed between 1980 and 1986. A principal component analysis of the line-length 
changes, however, shows a linear rate of deformation between 1980 and 1986 with a significant decrease in 
the 1986-1988 interval. Apparent earthquake related deformation is more obvious in the nearby 20-by-20-km 
trilateration network at Icy Bay, where the pattern of strain accumulation in the 1986-1988 interval was 
opposite of that observed between 1982 and 1986. Principal strain rates (ei and  2, extension reckoned 
positive) in //strain/yr and the bearing of the axis of maximum contraction (/?) inferred from line-length 
changes for the pre- and coseismic intervals are summarized below.

Yakataga Icy Bay 
1980-86 1986-88 1982-86 1986-88

\ X -/-
ei 0.06 ±0.03 0.06 ±0.10 0.23 ±0.10 0.43 ±0.17
 2 -0.27 ±0.03 -0.22 ±0.10 -0.23 ±0.10 -0.20 ±0.17
/3 N30°W±2 N40°W±9 N14°E±5 N71°W ± 8

The differences between the observed 1988 line lengths and linear extrapolations of the 1980-1986 
average rates of line-length change predict 2.9 ± 1.2 m of right-lateral slip on a dislocation model of the 
earthquake rupture that extends from the surface to a depth of 25 km. The geodetic estimate of slip is not 
significantly less than the 4.5 m estimated from the seismic moment.

The spatial distribution of deformation in the Yakataga network continues to show a concentration of 
convergence near the Chugach-St. Elias fault and a localized zone of right-lateral shear (0.54±0.04/Ltrad/yr) 
across the N85°E trending Contact fault. The principal strain rates given above are averages for the entire 
Yakataga network. At Icy Bay there is exponentially decaying, shallow left-lateral slip across a northeast 
trending fault in addition to the deformation indicated by the principal strains.

Strain Accumulation Across the Denali Fault at Windy Pass, Alaska

A 23-line network crossing the Denali fault at the southeast corner of Denali National Park was 
resurveyed in June 1988. The network had previously been surveyed in 1982 and 1984. The principal strain 
rates measured in the 1982-1988 interval were 0.05±0.04 /Ltstrain/yr N48°E ± 16° and -0.02±0.04 //strain/yr 
N42°W ± 16° (extension reckoned positive). The fault strike there is N85°E so that the resolved right-lateral 
shear rate is 0.03 ± 0.02 /Ltstrain/yr. Although the indicated shear is in the proper sense (right lateral), the 
magnitude is such that our measurements cannot be said to resolve the strain accumulation with any certainty 
over such a short time interval (6 years). Nevertheless, it is significant this shear-strain accumulation rate is 
at least an order of magnitude less than on the San Andreas fault.

Equivalent Strike-slip Earthquake Cycles in Half-space and Lithosphere-Asthenosphere Earth 
Models

By virtue of the images used in the dislocation solution, the deformation at the free surface produced 
by the strike-slip earthquake cycle in an Earth model consisting of an elastic plate (lithosphere) overlying a
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viscoelastic half-space (asthenosphere) can be duplicated by prescribed slip on a vertical fault embedded in 
an elastic half-space. For the case in which the earthquake ruptures the entire lithosphere (thickness H), the 
half-space equivalent slip rate is as follows: depth interval O to H, identical coseismic slip; depth interval H 
to 3H, uniform slip rate that decays with time as e~ tlT where r is twice the asthenosphere relaxation time 
(77//x) and t is measured from the instant of the preceding earthquake; depth interval 3H to 5H, uniform slip 
rate that depends upon time as (t + a)e~tlT \ depth interval 5H to 7H, uniform slip rate that depends upon 
time as (<2 -+  lai -+  6)e~*/r ; etc. The slip rate averaged over the seismic cycle in each depth interval must 
equal the secular rate of relative plate motion. For reasonable values of the asthenosphere relaxation time, 
the slip rates below 3H do not vary much from that mean value. Thus, the half-space equivalent slip rate is 
described approximately by coseismic slip in the depth interval 0 to H, a uniform slip rate that decays with 
time as e~t/ T in the depth interval H to 3H, and uniform slip at the rate of relative plate motion beneath 
depth 3H. That distribution of the slip rate is the same as in Thatcher's 'modified elastic half-space model'. 
An attempt to fit this model to geodetic measurements of deformation along the big bend segment of the San 
Andreas fault north of Los Angeles suggests no slip on the fault above 10 km, slip at the rate of 6 ± 3 mm/yr 
in the depth interval 10 to 30 km, and slip at the rate of 33 ±4 mm/yr below that depth. However, a simpler 
half-space model (no slip above 25 km and slip at the rate of 35 ± 2 mm/yr below that depth) fits the data 
just as well.

Marginally Significant Temporal Variations in the Rate of Shear-Strain Accumulation at Two 
Sites Along the San Andreas Fault in Southern California

The U. S. Geological Survey has measured strain accumulation at six sites along the San Andreas fault 
system by repeated trilateration surveys during the time interval 1973-87. The accumulated strain is almost 
wholly right-lateral shear parallel to the local strike of the San Andreas, and the rate of accumulation of that 
component of strain at each site is very nearly constant in time. However, marginally significant fluctuations 
in this shear-strain rate are evident in the Salton Trough and along the big bend segment of the fault north 
of Los Angeles: Strain accumulation in the Salton Trough appears to have been somewhat more rapid in the 
mid-1970's than in the early 1980's, whereas strain accumulation in the big bend area may have flattened 
out during 1979-82.
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Deformation Across Long Valley Caldera, Eastern California, 1983 1988

A 40-line trilateration network spanning Long Valley caldera has been surveyed annually since 1983. The 
caldera has continued to expand, apparently due to inflation of a magma chamber beneath the resurgent 
dome. However, the annual expansion is now only barely resolved by the measurements. The temporal 
behavior of the expansion is best described by the temporal coefficient a for the first principal mode of the 
observed deformation (See Figure below). That is, a plot of the line-length less the average length for any 
line in the network exhibits a time dependence proportional to a. The quadratic in time (smooth curve in
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the figure) which fits the data satisfactorily suggests that the rate of deformation is slowing down. However, 
a straight line can be fit to the 1984-1988 data (i.e., excluding the 1983 observation) suggesting a uniform 
rate of deformation in that interval. The data are not adequate to distinguish between these two possibilities.

0.5-

-0.5

-1.0

LONG VALLEY CALDERA

1983 data point not 
included in linear fit

83 84 85 86 87 88 89 

Time, yr
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Investigations

1. We address the problem of estimating the earthquake hazard after a mainshock in 
California. In the wake of a strong earthquake, the possibility of the occurence of 
either significant aftershocks or an even stronger mainshock represents a continuing 
hazard that threatens the resumption of critical services and the reoccupation of 
essential but partially damaged structures. We present a simple parametric model 
for estimating probabilities for significant aftershocks and larger mainshocks during 
intervals following the mainshock.

2. We extend the hazard assessment work described above to investigate the character 
istics of foreshock and aftershock sequences in California, and search for one or more 
parametric discriminants useful for recognizing foreshock sequences (distinguishing 
them from aftershock sequences).

Results

1. We model the aftershock process as a non-homogeneous Poisson process in time with 
intensity obeying the modified Omori law, and magnitude distribution following the 
Gutenberg-Richter relationship. Then the rate, A, of aftershocks with magnitude M 
or larger, at the time t following a mainshock of magnitude MO, may be expressed 
as A(£,M) = io°+6 (M°-M)(£ + c)~p where a, b, p and c are constant parameters. 
The probability, P, of observing one or more earthquakes in the magnitude range 
(Mt < M < M2 ) and time range (S < t < T) is

P = l-exp-/ / X(t,M)dMdt

Model parameters are estimated in real time using Bayes' rule from both the ongoing 
aftershock sequence and a suite of historic California (Mo > 5.0) aftershock sequences. 
We assume that the a priori estimates of each parameter, 0, are normally distributed 
with some mean value 8$ and variance a*, and that the a posteriori estimate of the
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parameter, determined from a sample of size n, is normally distributed with some 
mean & and variance a 2 . Then the Bayesian estimate of & is given by

* 
0+

The model consisting of the medians of the parameter distributions for the California 
sequences (a    1.67, b   0.91, p   1.08, c = 0.05) is termed the "generic California" 
model. With this generic model we calculate the probability that a larger earthquake 
will occur during the first 7 days following any (M0 > 5.0) mainshock to be 4.9%. 
Agreement of this result with an independent empirical estimate of 5.6% based on 
foreshock occurence rate in southern California (see next abstract) suggests that the 
model accurately predicts earthquake probabilities in the magnitude range of interest. 
Furthermore, the ability to successfully extend a model based solely on aftershock 
occurence to earthquakes with magnitudes larger than the mainshock implies that the 
earthquake process is self-similar over this magnitude range.

2. To better use the observation of foreshocks in real-time earthquake hazard assessment, 
we seek to understand the characteristics of foreshock sequences by studying their 
temporal, spatial and magnitude distributions. Earthquake sequences in the southern 
California catalog since 1932 have been clustered using an algorithm by Reasenberg 
(1985). Foreshocks are defined as members of those clusters preceding the largest 
member of the cluster. 30% of M > 5.0 mainshocks in southern California were 
preceded by foreshocks of M > 3.0. The rate of foreshock activity varies strongly by 
region, from less than 10% in the Transverse Ranges to over 50% in the Mammoth 
region. The percentage of M > 3.0 earthquakes followed by a larger earthquake 
is 5.6% in southern California, 2% in the compressional Transverse Ranges, and over 
15% in the extensional Mammoth region. The frequency of foreshocks with magnitude 
Mf prior to mainshocks of magnitude Mm can be fit by an exponential distribution 
with a b-value of 0.75. The decay with time of the occurrence of mainshocks after 
foreshocks is best fit by a power-law decay like the modified Omori's law with an 
exponent greater than 1. The rate of occurrence of aftershocks in sequences has 
been fit to the relationship, A(t,M) = iQ"+b(Mm -M)y. + cj-P where a? b ? c? an(j
p are constants (see previous abstract). The constants have been estimated for 62 
aftershock sequences and 12 foreshock sequences of M > 5.0 mainshocks in California 
since 1933. For the foreshock sequences, the largest foreshock is treated as a mainshock 
and the foreshocks occurring after the largest foreshock and before the mainshock 
are considered aftershocks. This corresponds to the real-time situation in which an 
earthquake occurs and is followed by some smaller events, and we want to know if 
these earthquakes will be followed by an even larger event. Five of the 12 foreshock 
sequences analysed have lower p-values and higher a-values than were estimated 
for any of the 62 aftershock sequences. A t-test comparison of the means of the 
parameter values estimated for the aftershocks and foreshocks shows that the means 
of a- and p-values differ significantly (99.9% level of confidence). This distinction of 
foreshock sequences suggests that observation of these model parameters (a and p)
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could contribute useful information for the purpose of earthquake prediction. Four 
foreshock sequences recognizable in this way have occurred within the last decade, 
all in the extensional regions east of the San Andreas fault. Seven other foreshock 
sequences could not be distinguished from aftershock sequences using a low-p, high-a 
discriminant. These include the 1934 Parkfield and 1987 Superstition Hills foreshock 
sequences.

Reports

Reasenberg, Paul A. and L. M. Jones, Earthquake Hazard After a Mainshock in California, 
submitted to Science.

Reasenberg, Paul A. and L. M. Jones, Earthquake Hazard After a Mainshock in California, 
(abstract), Fall 1988 AGU Meeting, EOS, in press.

Jones, Lucile M. and Paul A. Reasenberg, Possible Real-Time Use of Foreshocks in 
Earthquake Prediction in Southern California, (abstract), Fall 1988 AGU Meeting, 
EOS, in press.

Jones, Lucile M. and Paul A. Reasenberg, The Application of Foreshocks to Real-Time 
Earthquake Hazard Assessment in Southern California, U.S.G.S. Open-File (redbook) 
report on U.S. - Japan Conference on Earthquake Prediction, Morro Bay, California, 
in press.
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INVESTIGATIONS

This project involves using available geodetic observations in conjunction 
with other geophysical and geological information to investigate contemporary 
tectonic processes along the southernmost segment of the San Andreas fault 
system. In addition, we completed a GPS survey in cooperation with NGS of a 
dense network (station spacing of about b-10 km) in the Imperial Valley, 
including reobservation of GPS sites established by NGS in 1986. Specific studies 
completed include:

(1) Geodetic deformation and paleoseismology,

(2) GPS measurements of deformation associated with the 1987 Superstition 
Hills earthquake, Imperial Valley, California: Evidence for conjugate 
faulting,

(3) Combining GPS and classical geodetic surveys for crustal deformation in 
the Imperial Valley, California.

RESULTS

1. Geodetic deformation andpaleoseismology. Three examples from the 
Western U. S. are presented in which short-term geodetic deformation shows a 
Hose relationship to longer term deformation as revealed by 
topographic/structural relief. In the Imperial Valley of southern California, 
earthquake deformation (coseismic and postseismic) has a very similar spatial 
pattern to topographic relief within the complex transition zone between the 
Imperial and San Andreas faults. The relationship between long-term tectonic 
subsidence in this area and earthquake deformation suggests that currently 
active fault systems are very young relative to the age of the Imperial Valley or 
that activity has been episodic on these faults throughout this period. In the 
Pacific Northwest, considerable uncertainty persists as to the spatial and 
temporal character of ongoing deformation, although there appears to be some 
similarity between ongoing coastal tilting measured geodetically and tilting 
indicated by deformed marine terraces. While this similarity has been 
interpreted to indicate aseismic subduction, the question of a possible future 
large subduction earthquake in this area remains unresolved. Comparisons 
between earthquake deformation measured geodetically and structural relief in 
the Basin and Range province suggest that large interearthquake movements 
must occur in such normal-fault environments. These movements apparently 
involve broad regional uplift. Such uplift has been measured directly in the 
vicinity of the 1959 Hebgen Lake earthquake, \fodeling suggests that 
postseismic viscoelastic relaxation and strain accumulation in an elastic 
lithosphere overlying a viscoelastic asthenosphere are possible physical 
mechanisms to generate these interseismic movements.
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S. Combining GPS and classical geodetic surveys for crustal deformation in 
the Imperial Valley, California. In 1986, the National Geodetic Survey 
performed A GPS survey of a. SB-slalion network in California's Imperial Valley. 
This area experienced an M=7.1 earthquake in 1940 and an M=6.6 earthquake in 
1979. Most stations occupied in 1986 had been positioned beforehand during one 
or more of the previously observed classical surveys. Triangulation was 
observed in 1934, 1939, 1941, and 1954-55; and triangulation/trilateration in 
1967, 1975, 1979, and 1980. We supplemented the combined data set with prior 
information to estimate how individual stations have moved from survey epoch 
to survey epoch. The prior information has the form of quasi-observalions thai 
damp the amount of displacement that can occur at individual stations in the 
direction perpendicular to fault strike. The quasi-observations serve not only to 
remove datum defects encountered when estimating displacements from 
geodetic data; they also serve to better resolve attributes of the deformation 
that could be derived from the real data alone. The derived station 
displacements indicate that: (l) the region about the Imperial fault has 
accommodated 40 ± 5 mm/yr of interplate motion over the 1934-86 interval and 
(2) ooseismio and postseismio slip in the 1979-86 interval does not balance all 
the strain that had accumulated during the 1941-79 interseismic interval.

3. GPS measurements of deformation associated with the 1987 
Superstition Hills earthquake, Imperial Valley, California: Evidence for 
conjugate faulting. Measurements of crustal deformation associated with the 
Superstition Hills earthquake sequence of November 24, 1987 are determined 
from GPS surveys conducted in the Imperial Valley, California in 1986 and 1988. 
This is the first occurrence of a large earthquake (M=6.6) within a preexisting 
GPS network. The two data sets have been processed with the NGS (1986 survey) 
and Bernese (1988 survey) software packages. Measurements of station 
displacement are consistent with right-lateral slip along the northwest trending 
Superstition Hills fault and left-lateral motion along a conjugate northeast 
trending seismic lineament, recently named the Elmore Ranch fault. The 13 km 
baseline between L589 (4 km southwest of the Superstition Hills fault) and Kane 
(100 meters north of the Elmore Ranch fault) was shortened by 70 cm. 
Calculated station vectors indicate L589 moved about 45 cm to the northwest 
while Kane was displaced approximately 40.cm to the southwest. Eight 
additional GPS sites within 20 km of the fault system show significant (~10 cm) 
movement. A simple (and preliminary) elastic dislocation model with 100 cm 
right-lateral slip on the Superstition Hills fault and 40 cm left-lateral motion on 
the Elmore Ranch fault (uniform slip from 0 to 10 km depth) is consistent with 
the GPS data, although this model is non-unique. In addition to large 
displacements related to the Superstition Hills earthquake sequence, the GPS 
measurements show evidence of significant strain accumulation across the 
Imperial fault, suggesting that a sizeable percentage of the Pacific-North 
American plate motion is concentrated here.

PUBLICATIONS

Snay, R., A.R. Drew, W.E. Strange, H.C. Neugebauer, R.E. Reilinger, andW.
Thatcher, Combining GPS and classical geodesy for crustal deformation 
in the Imperial Valley, California, EOS, Trans. Am. Geophys. Union, 69, 
326, 1988.

Reilinger, R.E., Geodetic deformation and paleoseismology, in, Crone, A.J., ed., 
Proceedings of Workshop XXXIX-Directions in Paleoseismology, USGS 
Open File Kept. 87-673, 285-297, 1987.
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HYDROGEN AND OTHER NON-RADON GEOCHEMICAL MONITORING

9980-02773

Motoaki Sato* and J. Michael Thompson** 
Branch of Igneous and Geothermal Processes

U.S. Geological Survey
*MS/959, Reston, VA 22092; ** MS/910, Menlo Park, CA 94025 

(703) 648-6766, FTS 959-6766

INVESTIGATIONS

We continuously monitor soil hydrogen at 1.5 m depth along the San 
Andreas and Calaveras faults in central California. There are 7 monitoring 
sites in the Parkfield area and 5 sites in the Hoi lister area. Of the 
former sites, 3 sites now have duplicate sensors at about 50 feet 
separation.

We also continuously monitor water conductivity, dissolved (#2, and 
dissolved H£ in pumped water from a well drilled into the San Andreas fault 
zone.

RESULTS 

Soil Hydrogen 

1. Parkfield Area:

The data are summarily plotted in Fig. 1. The hydrogen scale indicates 
only relative values. The data from Twisselman Ranch began coming in after 
the telemetry was switched to the Sutron DCP system on Aug. 12. The 
telemetry at Work Ranch was also switched to the Sutron system in August. 
The data from Work Ranch may not be valid because oxygen supply is 
exhausted due to a leaky pressure regulator. The rest of the 7 stations 
were in good working order.

The only site that showed unambiguously anomalous \\% emission changes 
was Gold Hill as shown in Fig. 1. A series of 4 peaks began in late April 
and reached a maximum value of 1200 ppm on June 1. Then suddenly it fell 
below the baseline value by June 4. Within a day of the decrease, a right- 
lateral creep (1.7 mm) occurred at the same location. Minor changes 
continued after the events in coincidence with the accelerated fault creep 
(Fig. 2). Unfortunately a duplicate sensor has not been installed at this 
site yet, so the credibility of the anomaly may not be readily accepted. 
We feel, however, that the persistency of the changes and the long-term 
coincidence with fault creep that appears to be indicated in Fig. 2 suggest 
strongly that something has happened underneath Gold Hill. Perhaps there 
was a local injection of fluid or viscous material (e.g., steaming serpen- 
tinite paste) near the base of the brittle crust, releasing hydrogen and
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lubricating the fault plane. We did not issue an alarm in this case 
because in previous cases of time-coincidence with M > 5 earthquakes (for 
example, the M 6.7 Coalinga earthquake of May 2, 1983) multiple sites 
recorded large changes. Wider lubrication of the fault plane is considered 
necessary to trigger a damaging earthquake in our model.

The duplicate soil hydrogen data from the Taylor Ranch geochemical 
monitoring site are presented separately in Fig. 4 and discussed later. The 
duplicate sensor at Parkfield (XPK1 site) was installed in the spring of 
1988 but the signal output has not been connected to the telemetry line; 
hence no data can be presented.

2. Hollister area:

The data from the five sites in this area are summarily shown in 
Fig. 3. There were anomalous changes at Melendy Ranch starting on May 7. 
Initially the hydrogen level rose to 300 ppm for a few hours and then fell 
abruptly to zero hydrogen. Within several hours it rose back to 150 ppm 
level, and, after staying there for about a week, it slowly came down to 
the baseline by the end of July, although there were at least three very 
minor events in mid-July.

There were increases of less than 150 ppm at Shore Road on June 2 - 
July 8, July 22, and July 28 - Aug. 3, but these could have been artifacts 
of telemetry judging from the somewhat discontinuous shape of the peaks. 
Shore Road site had a number of telemetry problems recently.

The telemetry system for the Melendy Ranch, San Juan Bautista, and 
Cienega Winery sites were switched from the Larse system to Sutron DCP 
system, during the reporting period. The new 16-bit system shows the 
details of diurnal changes clearly, although this is not apparent in Fig. 3 
due to high compression of the data.

Taylor Ranch Geochemical Monitoring

1. Soil Hydrogen:

There are two sensors buried 50 feet apart on the fault trace. The 
amplitude of diurnal changes at these locations are very different in spite 
of the proximity of the sensors. Fig. 4 shows xl plot of HTA1 and xlO plot 
of HTA2, because diurnal changes are much smaller at HTA2. Also cumulative 
rain fall data from Vineyard Canyon (WVCR) is plotted for reference. The 
diurnal amplitude is suppressed in rainy weather for both sensors. For the 
same weather condition, the amplitude seems to be controlled largely by 
local site factors, probably most dominantly by permeability of the ground 
in the vicinity of the sensor. Note that the amplitude increased in June 
and July at HTA2. Continued dry weather in these months probably perched 
the ground and opened up cracks. More about this later.

2. Well-water Conductivity:

The well, drilled to a depth of 365 feet and tapped an acquifier at
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310 feet, failed to produce enough water to run two radon monitors and two 
geochemical monitors concurrently, when the sump pump was located at 180 
feet. The experiments on the well-water geochemistry all suffered from the 
water supply problem. They were interrupted by shutdown, replacement, 
and relocation of the pump, and also by malfunctioning and replacement of 
the Sutron DCP.

Composite plot of the data from the duplicate conductivity sensors are 
shown in Fig. 5. The zero output level is offset for Sensor B. Sensor A 
operated normally between April 23 and June 14, whereas the water supply 
valve for Sensor B was closed during the period leaving stagnant water in 
the detector chamber. Sensor B was connected in series with Sensor A to 
produce duplicate data set, but the pump was shutdown the following day due 
to power supply problem. The pump was turned back on June 29, but again 
was shutdown on July 7. The water valve was left closed until July 11. 
The data were lost in late August and early September due to telemetry 
failure. The complex changes seen in the figure are mostly artifacts of 
water supply failures. We hope that the new deeper sump pump and the new 
replacement DCP will allow more stable operating condition and continuous 
data recording. At the moment, this site is still undergoing the initial 
shake-down period.

3. Dissolved Carbon Dioxide:

The data from duplicate sensors are shown in Fig. 6. Similar to water 
conductivity monitoring, the experiment suffered from water supply and 
telemetry failures. The level of CO? dropped to the atmospheric levels 
(320 ppm) in late June and mid-July due to the lack of water flow.

Prior to June 14, sensor B (HXYC) was left on with the detection 
chamber open to the atmosphere inside the shed. We observed that the C02 
concentration in the shed increased daily much above the atmospheric base 
level, the increase starting at about 10 a.m., reaching a maximum at about 
1 p.m., and diminishing to the normal level at about 9 p.m. PDT. Oddly the 
times of the maxima are about 4 hours ahead of those of dissolved COp 
maxima and soil hydrogen maxima, both of which coincided with barometric 
minima recorded at nearby Vineyard Canyon as shown in Fig. 7. Time- 
coincidence is found between the shed C02 maxima and the barometric 
maxima. We do not know the reason.

On Aug. 14, sensor B was connected in series with sensor A to obtain 
duplicate data. Although most changes recorded were artifacts, the two 
sensors tracked each other well.

260



II.1

3000.

H2

ppm

-

1000 _

"

a

    *.i..H.«l»>

1 '

\J \
' m.

1 '

VJ

1

Slack Canyon

Middle Mtn
ll     4    - - --  I "- J ' UI11J" 1   ti/jxiz 

Middle Mtn

Parkfield uow

Work Ranch
. T . u _ .. ^^^^*w ^^    «*»*«*, H2WK 

Gold Hill .

ijjj i , .^ . J » JL Jl^ylrlV'r * ^2 GH

Twisselman Ranch
!«**^-^-^^ H^ TW

iijii |ii 1 ' i
apr nag jun jul aug

Fig. 1. Summary plot of soil hydrogen data obtained from sites 

in the Parkfield area excluding the Taylor Ranch site. 

The hydrogen scale is relative; no absolute values are 

shown. The gaps or jumps were due to telemetry factor,

261



II.1

-300 _

-1000.

GOLD HILL 1987 - 1988

oct

One-year plots of raw hydrogen and fault creep data 

(the latter courtesy of the Fault Creep Project) 

recorded at Gold Hill in the Parkfield area. Both 

changes were local. The vertical scale is in telemetry 

counts.

262



II.1

3000.

H2

ppm

£000 _

1000-

Shore Road

Wright Road

"H2SH

IH2WR

San Juan Bautista

Cienega Winery

H2 S J

H2CW

Melendy Ranch
,»t.W*....>~.~..».m...«M,,('"".n-v.-w <~*Mm» H 2 MR

1 ' I
apr m*y

I l l l I I I i 7 I I 
Jun jul aug sip oct

Fig. 3. Summary plot of soil hydrogen data obtained from sites

in the Hollister area, central California. The hydrogen 

scale is relative; no aboslute values are shown. The 

gaps or jumps in data are due to telemetry factor.

263



II.1

H
2
ppm

E000-

apr

I i i i I i I i i

HTA2 X 10

HTA1 X 1

Cumulative Rain i i i i i i i i r r~
may jun jul aug

I i r-
*tp oct

Soil hydrogen data recorded at two sites located on the 

San Andreas fault near the Taylor Ranch creepmeter site 

in Parkfield. The two sites are 50 feet apart. Because 

HTA2 has much smaller diurnal variations, the data are 

magnified by 10 times. The cumulative rain data were 

recorded at nearby Vineyard Canyon by the Water Level 

Project.

264



II. 1

2000.

COND. 

jiS/m

Sensor A

1300.

li Sensor B

1000.

apr may jun Jul aug s*p oct

Well-water conductivity data obtained at the Taylor Ranch 

site by using duplicate sensors. The well was drilled to 

465 feet and tapped an acquifer at 410 feet. The zero 

point for sensor B is offset to show similarity of the 

changes, although t-hey were mostly artifacts of pumping 

problems. The conductivity sensors are induction-coupled 

type and relatively immune to fouling by sediments and algal 

growth.

265



II.1

3000 I I I I I I

2000 .

1000 .

CCL Sensor A

V i:

£000 .

1000 .

iiii|ii( 
jul aug asp oct

1 1 1

If- -lltf
: » . i'.  >  ',':; | -y|

1 1 |

1

co2

'! ;

 ' :i.i: 
< fi:'

,ii.''\
! '; "jj?

JlV.    *_'

js/5
^Iiu.-Ui

1

i 1 i i 1 t i III III

Sensor B MX%MU.

I1 r* / / VT   *M
;:||;:i!;,JM ? ! ' I

' U %
^ liit^nS^ ^  **  '

I | I I | i I | I I | t I
oct

Dissolved carbon dioxide in well water was monitored 

by using duplicate infrared sensors at Taylor Ranch 

geochemical monitoring site. The sensor B monitored 

the CCL level in the shed on the well-head prior to 

connection in series with the sensor A on June 14. The 

pronounced diurnal variations in the well-head atmosphere 

were unexpected. Other large variations were mostly 

artifacts of irregular pump operation. These are expected 

to vanish by the deepening of the sump pump location 

from 180 feet to 260 feet by Kelvin Walkingstick.

266



II.1

hxgc 13 May 1988 136 - 58 May 1965 1,

i70a_

1S30_

15 16 17 18 
htal- 15 Hay 1988 136 - 50 May 19S8 1M1

900

800

raa
600

500

400

300

200

15 16 17 18 
uvcb: 13 May 1988. 136 - 50 Hag 1988 1/U

6700 .

6600 .

6300 .

64Q0 .

6300

htac: 15 Mau( 1988 136 - 28 Mag 1988 i/U

20

19

Barometric Pressure

15 16 17 IS 19 20

r.7 Comparison of diurnal changes in the well-head atmospheric 
CCL, dissolved C0? in the pumped well-water, soil hydrogen, and 
barometric pressure. The first three quantities were recorded at 
Taylor Ranch, and the pressure was recorded at Vineyard Canyon.

267



11.1

Analysis of Seismic Data from the Shumagin Seismic Gap, Alaska 

14-08-0001-G-1388

John Taber and Paul Huang
Lamont-Doherty Geological Observatory of Columbia University

Palisades, New York 10964
(914) 359-2900

Investigations
Digitally recorded seismic data from the Shumagin seismic gap in the eastern Aleutian 

arc, Alaska, are analyzed for detecting space-time variations in the seismicity, focal mechan 
isms, and dynamic faulting parameters that could be precursory to a major earthquake expected 
in this seismic gap. The seismic results obtained from the network data are being integrated 
with crustal deformation data that are independently collected, with volcanicity data of nearby 
Aleutian volcanoes, and with teleseismic information to identify basic tectonic processes which 
may be precursory to a great earthquake.

Results
As a part of our study of earthquake precursors, we have developed a methodology to 

estimate the conditional probability of the occurrence of an earthquake above a given magni 
tude within a fixed time window. The method is based on a statistical method developed by 
Feng et al. (1985) and uses several regional seismicity indices easily derived from an earth 
quake catalogue. There are six fundamental indices: number, average magnitude, and max 
imum magnitude of earthquakes whose magnitude is above the threshold magnitude within a 
time window, and their time derivatives. To apply this method, an earthquake catalogue is 
divided into two parts: the learning and prediction parts. Then each part is divided into many 
time windows with a specific window length. The values of each statistical index in each win 
dow are first calculated. We then specify the number of windows to use for precursory time. 
In the learning process, the conditional probability of each statistical index for a range of 
values for each precursory time window is calculated from the learning part of the catalog 
according to its association with an earthquake occurrence in the window immediately follow 
ing the precursory time windows. For example, the program calculates how often a target 
earthquake follows a particular seismicity rate within a specified period of time. These condi 
tional probabilities can be used to identify precursory earthquake patterns. For example, if a 
maximum magnitude equal to 4.5 is followed by a M>6 earthquake 3 windows later 50% of 
the time, then it is a possible precursory pattern. To predict earthquakes, the conditional pro 
bability for each index over the precursory interval is synthesized by assuming that the condi 
tional probabilities in different time intervals are statistically independent. The total conditional 
probability for a large earthquake occurrence following the precursory time window is a 
weighted mean of all the conditional probabilities of statistical indices. The weights are 
assigned according to the effectiveness of each index in predicting earthquakes. However, 
sometimes we encounter a particular situation that we do not have an identical case in the 
learning catalog. We then drop that particular statistical index from our probability calculation 
and the total conditional probability is the weighted average of all other statistical indices. The 
critical probability above which a large earthquake is forecast is determined by minimizing a 
penalty function. The penalty function allows the explicit inclusion of the relative importance 
of missed predictions versus false alarms. It is possible to minimize either false alarms or
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LATIN AMERICAN EARTHQUAKES AND VOLCANOES

Project #9930-01163

Randall A. White and David H. Harlow
Branch of Seismology

U. S. Geological Survey
345 Middlefield Road, MS 977

Menlo Park, CA 94025
(415) 329-4746

Investigations:

The eruption of Nevado del Ruiz volcano, Colombia on 
November 13, 1985 killed about 25,000 people. In cooperation 
with the Colombian Volcanic Observatory (OVC), we have studied 
the microseismicity associated with the eruption in order to
a) model the eruption and subsequent disastrous mudslides, and
b) determine how to predict catastrophic eruptions in the future.

Results:

1. High-frequency earthquakes are believed to be caused by 
slippage on fault planes, sometimes induced by magma injection. 
At Ruiz, high-frequency earthquakes of 10-25 hz were recorded at 
hypocentral distances of 3 to 6 km. Hypocenters of well located 
high-frequency earthquakes are concentrated in a north-south 
elongated zone of approximately 6 by 10 km that extends southward 
from about 1 km north of the main crater. Almost all of these 
events occurred above 7 ±1 km depth. Within this zone, several 
distinct source areas generated recurrent swarm activity. A few 
epicenters are located outside this zone in three principal 
clusters, up to 15 km from the crater. Depths for these few 
events are less reliable, because they occurred outside the 
perimeter of the seismic net. One of these clusters corresponds 
to an area of hydrothermal activity, another to the nearest major 
volcano. The third cluster may correspond to a tectonic fault 
and/or hydrothermal activity.

We see nothing in' the distribution of high-frequency earth 
quake hypocenters that indicates the existence of either a small, 
or a caldera-sized magma body beneath Ruiz. In fact, when 
compared with the volume of high-frequency seismicity associated 
with caldera-size structures such as Long Valley, Rabaul, or 
Campo Phlegri, the small volume of the hypocenters in the 
elongate zone argues against the existence of a caldera-size 
magma body beneath Ruiz.

The largest swarm of high-frequency earthquakes and largest 
single earthquake (magnitude 4 1/2) recorded during the 116 days 
prior to the main eruption, occurred just 5 days before the main 
eruption.
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missed predictions or some combination of the two. The length and number of time intervals 
as well as the division of the range of the statistical indices are chosen arbitrarily. In practice, 
the proper choice of these parameters is the most time consuming part of the procedure 
because only certain combinations yield useful results.

We have applied the statistical method to Shumagin network data between 1979 and 
1987. We used earthquakes with a local magnitude above 2.0 to predict events with mb >5. The 
catalogue was divided into a learning period from January, 1979 to January, 1984 and a predic 
tion period from February, 1984 to January, 1988. To keep the learning process continuous, 
all parameters are updated each time a new window is added into the calculation. Also 
updated each time is the critical probability. Therefore, each prediction is based on all informa 
tion up to the window just before the predicting window. Our best case (Figure 1) uses a win 
dow length of one month with the 6 windows of precursory time. In the example, there are 47 
time windows and a correct prediction is made in 45 of them. There were no false alarms, but 
2 of the 5 target events were not predicted. The use of a 5 month instead of a 6 month precur 
sory period resulted in the successful prediction of 4 of the 5 target events but there were 5 
false alarms. One of the next steps will be to examine which indices are responsible for the 
successful predictions and then to see if those indices can be localized to the region surround 
ing the eventual earthquake.

References
Feng, D.Y., J.P. Gu, M.Z. Liu, S.X. Xu, X.J. Yu, Assessment of earthquake hazard, 
PAGEOPH, 122, 983-997, 1985.
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2. Mid-frequency earthquakes, sometimes called "B-type volcanic 
earthquakes," have been recorded at Ruiz. Recorded at 
hypocentral distances of less than 5 km, they have frequencies in 
the 1-5 hz range. These events are thought to be caused by 
slippage along fault planes within the very low-density of the 
volcanic edifice, which greatly attenuates the higher 
frequencies. Many mid-frequency earthquakes were recorded, all 
from within the upper 2 km. Most of these originated from 
beneath the volcanic edifice, as expected, but some originated 
from beyond the volcano structure. A likely explanation is that 
this seismicity is associated with shallow geothermal systems.

3. Low-frequency events, of predominantly 0.3 to 1 hz, have also 
been recorded at hypocentral distances of less than 5 km from 
beneath Ruiz. These events are often entirely monochromatic; 
others contain an additional bit of hogher (1-5 hz) signal during 
the first few seconds only. Chouet recently predicted the 
occurrance of such events from the resonance of fluid-filled 
conduits induced by pressure transients with short source-time 
functions.

4. Periodic tremor (A hrs on, B hrs off, A hrs on, etc) was 
recorded during the week preceeding the September 11, 1985 
phreatic eruption. According to Chouet, tremor, both periodic 
and continuous, results from the resonance of a fluid-filled 
conduit induced by pressure transients with a longer source-time 
function, compared with that for low-frequency events. Since 
periodic tremor has only been observed in the presence of active 
hydrothermal systems, it apparently results when the fluid 
involved is ground water flashes to steam during the "on" period 
and then recharges during the "off" period. In a steady state 
system, where the reservoir size and supply rate of water are 
constant and the heat source is constant, the duration of each 
period of tremor should be about equal, as should the quiet 
intervals suring groundwater recharge. At Ruiz, estimates of 
reduced displacement are consistent with a very small, very 
shallow source for the periodic tremor, probably resulting from 
hydrothermal activity above the ascending magma. This conclusion 
is supported by the fact that geyser activity apparently began 
within the crater of Ruiz at about the same time that the 
periodic tremor began to be recorded.

5. Harmonic or continuous tremor occurred principally following 
the September 11 phreatic eruption and during the three days 
immediately preceeding the main eruption of November 13. 
Dominant frequencies were much higher during the September 
activity. A likely explanation for this is that the September 
harmonic tremor involved principally resonating water-filled 
cracks while the November tremor involved higher-viscosity magma.
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6. The total energy released beneath Ruiz by high- and low- 
frequency earthquakes during the 116 days preceeding the main 
eruption was found to be approximately equal to the average 
seismic energy released daily at Mt. St. Helens during the two 
months preceeding the main eruption of May 18, 1980. The volume 
of eruptive products and duration of the Ruiz eruption were also 
very small compared with that of the main eruption at Mt. St. 
Helens.

7. The simplest model for the 1985 Ruiz eruption, compatible 
with the observed seismicity and geochemistry, is the following: 
a) during the year preceeding the main eruption, a small volume 
of fresh magma ascended beneath the crater; b) In September 1985, 
the magma ascended to about 5 km beneath the crater, reaching 
groundwater, and a phreatic eruption occurred; c) during the next 
2 months, the fresh magma remained at the 5 km level and frac 
tionated; d) On November 13, the magma may have abruptly ascended 
another 1 or 2 km; at this time, melting of the glacial cap 
accellerated; gases began coming out of solution; e) about 6 
hours later, the main eruption occurred, an essentially phreatic 
eruption carrying only minor amounts of fresh ash. Although the 
main eruption was rather small, the sudden melting of the glacial 
cap was disastrous, producing large mudflows down four canyons 
surrounding the mountain.

8. Thus it appears that the overall seismic energy release rate 
during the couple of months preceeding an eruption may scale with 
the thermal energy release rate during the eruption, and thus may 
be a critically useful tool for predicting the volume of future 
catastrophic eruptions. It appears that the timing of impending 
eruptions may be worked out from studying the ascent of the magma 
column via the space-time distribution of low-frequency earth 
quake sources that originate just above the column. Periodic 
tremor is probably indicative of a hydrothermal system developing 
as the magma column comes into contact with groundwater, while 
high-amplitude continuous tremor is probably indicative of rapid 
movement of the magma column itself.

Reports:

White, Randall A., and David H. Harlow, 1987, The San Salvador
earthquake of October 10, 1986 - Seismological aspects, and 
other recent local activity: Earthquake Spectra . v. 3, 419- 
433.

Harlow, D. H. White, R. A., Rymer, M. J., Alvarez G., S., and C. 
Martinez, 1988, The San Salvador EArthquake of 10 October 
and its Historical Context: Bull. Seis. Soc. Am. (accepted 
with changes: Sept 1988), 11 pp.

White, Randall A., 1987, USGS Cooperative Earthquake Hazards- 
Reduction Programs in Central America: Review, Results, and 
Reccommendations: U.S. Geological Survey Circular 1006, p. 
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Pinon Flat Observatory: 
A Facility for Studies of Crustal Deformation

14-08-0001-G1178

Frank Wyatt, Duncan Carr Agnew, and
Mark A. Zumberge

Institute of Geophysics & Planetary Physics
Scripps Institution of Oceanography
University of California, San Diego

La Jolla, CA 92093
(619) 534-2411

This grant supports the operation of Pinon Flat Observatory (PFO) by providing 
50% of the funding needed for running the facility. Matching funds are provided by the 
National Science Foundation. The work done at PFO includes establishing the accuracy 
of instruments designed for measuring various geophysical quantities by comparing results 
from them with data from "reference standard" instruments. This comparison also 
allows accurate monitoring of strain and tilt changes in the area near the observatory, 
between the active San Jacinto fault and dormant southern San Andreas fault systems. 
For only one other site in the U.S. (Parkfield, California), are such reliable records avail 
able. All of this effort is intended to foster development of precision geophysical instru 
mentation. The site continues to be utilized by many different researchers.

In this report we present data from several of the long-base instruments at PFO for 
the Superstition Hills earthquakes sequence of November 1987. Figure 1 shows the raw 
data from two of the laser strainmeters at PFO (the third was dismantled at the time for 
upgrading with optical fiber anchoring). These data show the very large dynamic strains, 
which saturated the records for all instruments at PFO except the strong-motion record 
ers; however, the strainmeters themselves did not saturate, and the coseismic strain steps 
shown are in fair agreement with those expected from seismic data, assuming a dislocation 
in a half-space as a model.

Figure 2 shows the strain and tilt data from the two fully-anchored instruments (the 
NW-SE strainmeter and long fluid tiltmeter); in these long-term records the dynamic 
effects have been filtered out. As usual, we show both the raw data, and the residual after 
removing the tides. No precursors are apparent; there is also no sign of anything unusual 
on the noisier records from the EW strainmeter or the borehole dilatometer, which we do 
not show. Both records show a pleasing resistance to the effects of local rainfall; the 
change in trend in the NW-SE strain on day 292, while conspicuous on this plot, becomes 
much less so if viewed as part of a longer record (Figure 3); it may be a precursor, but it is 
hardly obvious. This does not, of course, rule out any slow adjustments in the immediate 
source region that are much smaller than the eventual offsets. Neither trace shows any 
thing unusual on day 304, when a significant creep event occurred on the Imperial and San 
Andreas faults (C. R. Alien, pers. commun., 1988), so this does not appear to have been 
associated with any large, regional strain event.

Figure 3 shows the NW-SE laser strainmeter record for the last two years together 
with the geodetic strain measurements made over the observatory (courtesy of J. C. 
Savage, USGS, 1988); the laser strain data are again shown both with and without the 
earth tidal signal ("residual"). The dashed line gives the long-term geodetically
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determined strain rate from the USGS Geodolite survey array centered on Pinyon Flat, 
while the two boxes with error bars show the results of the two most recent surveys. 
Clearly the geodetic measurements, even if made much more frequently, cannot constrain 
fluctuations of the true ground strain here, which must be less than what is shown by the 
laser strainmeter records. The coseismic deformations due to the North Palm Springs 
earthquake, estimated in this plot from modeling based on other records from the site (the 
power was lost for all sensors not on uninterruptible power), and the Superstition Hills 
earthquakes are no more than anticipated from elastic modeling; there is no evidence for 
short-term accelerated regional deformation associated with these events. (We believe 
that the late-1987 geodetic survey was performed specifically to check this. The strain- 
meter data show how unlikely it is that the geodetic surveying alone can address such 
issues.) A comparison of the long-baseline tiltmeter record and leveling across the Flat 
(performed by the NGS for Dr. Ross Stein, USGS) shows results essentially identical to 
these.

The most provocative signal in Figure 3 is the strain "event" in the month or so fol 
lowing the North Palm Springs event; this is unlike anything we have seen since the NW- 
SE strainmeter became fully anchored. Unfortunately, the details of this event are 
obscured by the effects of a borehole seismometer drilling project done for the USGS. 
This borehole drilling was done only 65 m from one end of the strainmeter and tem 
porarily lowered the water table in the area by tens of meters; normal fluctuations are 
tens of centimeters over periods of several months. Even before the drilling commenced 
the strainmeter record appears to show an exponential response amounting to nearly 30 
ne of deformation, roughly equal in size and of the same sign as the modeled coseismic 
deformation. Very likely this signal represents ongoing aseismic deformation in the 
seismic source region. With only one such strainmeter record we cannot be sure of the 
authenticity of this event, but without the PFO data it could not have been seen at all. 
(A borehole strainmeter operated at PFO by Dr. M. Gladwin [Queensland University] also 
saw a postseismic strain change, apparently somewhat larger than that shown here; we 
plan a detailed comparison of these results.)

The two fully-anchored instruments at PFO both show long-term secular rates com 
mensurate with geodesy, namely, deformation smaller than 10~ 7 per year. (For the NW- 
SE strain we obtain 0.03 (xe/yr compared with 0.03 (± 0.013) (xe/yr from geodesy, while 
the tiltmeter gives 0.11 (xrad/yr down-tilt at azimuth 287.3°; the leveling data are so far 
insufficient to estimate geodetic tilt rates across the site.)
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Elmore Ranch & Superstition Hills Earthquakes - 1987
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Intraplate Stress and Deformation

9930-02669

Mary Lou Zoback
U. S. Geological Survey
Branch of Seismology

345 Middlefield Road, Mail Stop 977
Menlo Park, CA 94025

(415) 329-4760

Investigations

1) Analysis of the state of stress in the south-central United States, specifically 
in the vicinity of the Meers fault in south-central Oklahoma.

2) Continued compilation and analysis of global in situ stress data.

3) Investigation into the state of stress and intraplate deformation in China.

Results

1) Breakout data from the eastern Anadarko Basin, Oklahoma indicate a rel 
atively uniform maximum horizontal stress (SHmax) direction of N79°E ±23° 
(Figure 1). This Sjjmax direction agrees reasonably well with a hydraulic frac 
turing stress orientation determination of N65°E from Kingfisher County, lo 
cated approximately 130 km NNE of the Meers Fault (Figure 1).

The data imply a component of left-lateral shear across the N60° W trending 
Meers Fault. These data also suggest that this pre-existing fault zone is favorably 
oriented (angle between strike of fault and SHmax is between 30   45°) for 
reactivation as a steeply-dipping fault zone in a strike-slip faulting stress regime
(SHmax > Sy > ^/imtn)-

Surface offset measurements along the Meers fault suggest a left-lateral, re 
verse oblique sense of displacement (A. R. Ramelli and D. B. Slemmons, 1986, 
Oklahoma Geological Survey Guidebook 24, p. 45-54). However, recent trench 
ing studies along the Meers fault suggest primarily strike-slip displacement dur 
ing one or more probable Quaternary faulting events (A. J. Crone and K. V. 
Luza, 1987, EOS, v. 67, p. 1188).

The direction of slip on a pre-existing fault depends on the attitude of 
the fault and both the orientation and relative magnitudes of the stress field. 
Unfortunately, the breakout data do not provide information on relative stress 
magnitudes. However, a rake of 7°SW calculated by Crone and Luza using well- 
constrained surface offsets at one site along the Meers fault is consistent with a 
stress regime transitional between strike-slip and reverse faulting (Sy « Shmin) 
and with a SHmax oriented about N80°E (±10°). A rather poorly constrained
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primarily strike-slip focal mechanism for a nib   4.6 event in the Oklahoma pan 
handle (36°N, 100.7°W) which occurred on February 15, 1974 is also consistent 
with this stress field.

2) More than 3000 stress orientation datapoints have now been compiled as 
part of the World Stress Map project of the International Lithosphere Program. 
Several consistent global patterns have emerged.

The first order observation is that globaly there are broad regions of the 
earth's crust which are presently experiencing a relatively uniformly oriented 
stress field (±20°). The most striking pattern observed is a strong correlation 
between Sfimax and the azimuth of absolute plate motion, this is best docu 
mented for midplate North America (including most of the central and the east 
ern United States, much of Canada, and possibly the western Atlantic basin) 
and is also found in South America, western Europe, and the younger portions 
of the Pacific plate. In four major regions there is no apparent correlation be 
tween Sffmax and absolute velocity: eastern Asia, western United States, most 
of the Indian-Australian plate, and the older portions of the Pacific plate. Data 
from the African, Antarctic, Nazca, and Cocos plates are too sparse to confirm 
or contradict this correlation.

Most intraplate regions are characterized by compressional stress regimes 
(strike-slip or reverse faulting). The regions of active extension witin the con- 
tients occur in regions of anomalously high elevation (broad uplifted regions 
with average elevations in excess of about 1.5 km above sea level): western 
United States Cordillera, East African rift, Tibet, the Baikal rift, and parts of 
the Andes.

3) A two week visit to the Institute of Crustal Dynamics of the SSB in Bei- 
jing provided access to a very large stress orientation and magnitude database 
currently being compiled by colleagues at that Institute and at the Institue 
of Geophysics of the SSB. The data primarily come from wellbore breakouts 
and hydraulic fracturing measurements supplemented by the best quality fo 
cal mechanisms. Presently there are approximately 500-600 stress orientation 
determinations for China, coverage comparable to the United States.

Preliminary analysis of the high quality stress data for eastern China in 
dicate a 60   70° angle between Sffmax and the NNE-trending right-lateral 
Tanlu fault zone. This fault zone is a major tectonic feature extending possibly 
2400 km along coastal eastern China. There is evidence of Quaternary displace 
ment along parts of the fault zone and isoseismals for a M 8.5 earthquake near 
Tancheng in 1668 together with surficial ground failure features suggest that 
this event occurred along this fault zone (An Excursion Guide to Tanlu Active 
Fault in China, guidebook prepared for the second organizational meeting of 
the IUGS/UNESCO International Global Correlation Program). The large an 
gle between Sfimax and the strike of this fault zone suggests a low frictional 
strength for this fault, in contrast to many moderate-sized events in the central
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and eastern United States (m « 4.0   5.5) which appear to be occurring on 
relatively well-oriented pre-existing fault zones.

Reports

Zoback, M. L. and others, Global patterns of intraplate stress: A status report on 
the World Stress Map Project of the International Lithosphere Program: 
through internal review, to be submitted to Nature as a review article.

Dart, R. L., 1988, Horizontal stresses from well-bore breakouts and lithologies 
associated with their formation, Oklahoma and Texas Panhandle: Proc. 
Anadarko Basin Workshop, K. Johnson, ed., Oklahoma Geological Survey 
Special Publication, in press.

Dart, R. L., and Zoback, M. L., 1988, Wellbore breakout stress analysis within 
the continental United States: Log Analyst, in press.
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Creep and Strain Studies in Southern California

Grant No. 14-08-0001-G1177

Clarence R. Alien and Kerry E. Sieh
Seismological Laboratory, California Institute of Technology 

Pasadena, California 91125 (818-356-6904)

Investigations:

This semi-annual Technical Report Summary covers the six-month 
period from 1 April 1988 to 30 September 1988. The grant's purpose is to 
monitor creepmeters, displacement meters, and alignment arrays across 
various active faults in the southern California region. Primary emphasis 
focuses on faults in the Imperial and Coachella Valleys.

During the reporting period, alignment arrays were resurveyed across 
the Banning-Mission Creek (San Andreas) fault at INDIO HILLS, DILLON ROAD, 
and BERTRAM; across the Imperial fault at WORTHINGTON ROAD, HIGHWAY 80 
(twice), and ALL AMERICAN CANAL; across the Superstition Hills fault at 
IMLER ROAD (twice); across the Coyote Creek fault at BAILEYS WELL; across 
the unnamed fault at DIXIELAND; and across the Garlock fault at CAMERON. 
Nail-file arrays were resurveyed at ROSS ROAD, ANDERHOLT ROAD, and WOR 
THINGTON ROAD. Creepmeters were serviced at ROSS ROAD (4 times), HEBER ROAD 
(3 times), TUTTLE RANCH (3 times), NORTH SHORE, SALT CREEK (4 times), MECCA 
BEACH, and HARRIS ROAD (twice). Slip meters were serviced at LOST LAKE and 
MECCA BEACH.

Results:

In contrast to the previous six-month period, when considerable 
movement occurred on several faults in the Imperial and Coachella Valleys 
before, during, and after the Superstition Hills earthquakes, this period 
was one of little activity except for continuing afterslip on the Supersti 
tion Hills fault. Between 13 April and 3 August, almost 5 millimeters of 
further slip took place at our alignment array across the Superstition Hills 
fault at IMLER ROAD. The telemetered creepmeter at ROSS ROAD showed a small 
but abrupt creep event on 18 July, but other activity has been normal.

Publications:

McGill, S. F., Alien, C. R., Hudnut, K. W., Johnson, D. C., Miller, W. F., 
and Sieh, K. E., submitted for publication, Slip on the Superstition 
Hills fault and on nearby faults associated with the 24 November 1987 
Elmore Desert Ranch and Superstition Hills earthquakes, southern Califor 
nia: Seismol. Soc. America Bull.
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Digital Signal Processing of Seismic Data 

9930-02101

William H. Bakun
Branch of Seismology

U.S. Geological Survey
345 Middlefield road, MS 977

Menlo Park, CA 94025
(415) 329-4793
(FTS) 329-4793

Investigations
1. Responsibility for coordination of the Parkfield

prediction experiment was transferred from this project 
to the project "Parkfield Seismic Experiment - 
9930-02098" (Allan G. Lindh, project chief) on April 9, 
1988. Results of the Parkfield earthquake prediction 
experiment (and monthly Parkfield summary reports for the 
April-September 1988 period) are include in the report 
for project 9930-02098.

2. Procedures to obtain consistent, reliable estimates of 
magnitude and seismic moment for earthquakes in central 
California using the USGS Central California Seismic 
Network (CALNET) were in development.

Results
1. Transfer of responsibility for coordination of the

Parkfield earthquake prediction experiment was completed. 
Effective date: April 9, 1988.

2. The coda duration algorithm for earthquakes in central 
California was completed. A complete set of 
coda-duration magnitude station corrections was obtained 
as well as revised magnitudes for all shocks in the 
1977-1981 time period. These results will form the basis 
for magnitudes in a revised CALNET earthquake catalog 
1969-1983.

Reports
1. Bakun, W. H., 1988, Parkfield, California earthquake 

prediction experiment - a status report (abs.), 
Seismological Research Letters, vol. 59, p. 33.

2. Bakun, W. H., and R. D. Borcherdt, 1988, Criteria for the 
issuance of public warnings based on short-term 
earthquake predictions near Parkfield, California, USA 

: .) , in press.

Michaelson, C., 1988, Coda Duration Magnitudes in Central 
California: An Empirical Approach. Bulletin of 
Seismological Society of America, submitted.
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4. Bakun, W. H., 1988, Parkfield earthquake prediction
experiment: Geophysical instrumentation near Parkfield, 
California Geology, vol. 41, no. 9, p. 205-207.

5. Bakun, W. H., 1988, Parkfield earthquake prediction alert
levels, California Geology, vol. 41, no. 9, p. 207-208.
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Tectonic Tilt Measurement: Salton Sea

14-08-0001-G1392

John Beavan
Lamont-Doherty Geological Observatory of Columbia University

Palisades, New York 10964
(914) 359-2900

Investigations
1. Historical water level recordings from three sites around the Salton Sea are being investigated to 
determine tectonic tilting, taking account of as many noise and error sources as possible.
2. The tectonic tilt so derived is being carefully compared with leveling data from the area.
3. LDGO-designed pressure-sensor gauges at five sites around the sea are being used to measure 
water level continuously, to investigate noise sources, to determine the level of detectability of 
tectonic tilt signals in the data, and to measure tectonic tilting.

Results (as of October 11, 1988)
1. Our paper on the historical 1952-87 tilt recorded by Salton Sea water level gauges was finally 
submitted to the Journal of Geophysical Research in August 1988, and is presently under review. 
See USGS Open File Report 88-434 for details.
2. The water level recording array suffered severe vandalism in May 1988. One site was stolen in 
its entirety despite its location inside a locked, reinforced concrete bunker. The antenna was stolen 
from a second site. The latter problem has been partially fixed. New parts have been purchased 
and built to replace the missing station, and these will be installed in an upcoming field trip in 
November, 1988. Earlier repair was not possible this year because of the intervention of the 
Alaskan field season, and the loss of our technician/engineer to Paris. A new technician plus two 
graduate students will participate in the November trip, as well as the P.I., so that ample personnel 
should be available for future emergency trips.
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Earthquake Prediction Research in the Anza-Coyote Canyon Gap

14-08-0001-G1373

Jonathan Berger
Institute of Geophysics and Planetary Physics

Scripps Institution of Oceanography
University of California, San Diego

La Jolla, CA 92093
(619) 534-2889

Introduction

Our research in the last six months has focused on two areas: 1) improving our 
knowledge of the space-time patterns of seismicity by simultaneous velocity/location inversion 
of an augmented dataset of traveltimes and 2) investigating the coherency between waveforms 
to evaluate, among other things, the possibility of making empirical greens function.

Seismicity and the Cahuilla Swarm

The San Jacinto Fault Zone has been demonstrated to have a seismic gap near the trifur- 
cation of the main strand of the San Jacinto Fault, the Buck Ridge Fault, and the Coyote 
Canyon Fault. The Anza Network was deployed here to determine if seismic observables of 
small and moderate events, in particular, seismic moment and stress drop, can be correlated 
with space-time seismicity patterns and crustal structure, and to increase our fundamental 
knowledge of the characteristics of these events. Some of the deepest and shallowest earth 
quakes on the San Andreas Fault System occur in this region. Since the start of operation of 
the Anza array, over 17 events have occurred below 20 km depth (19.5 km below sea level) 
along the Hot Springs Fault. We have also recorded over 23 events shallower than 3.5 km 
below the surface (2.0 km below sea level) in the Cahuilla swarm. In this swarm, which does 
not fall on mapped surface traces of any geologic fault, we have recorded events up to magni 
tude M£=3.2. In July 1984, during a particularly active period, three portable recording 
instruments were deployed directly above the swarm in order to study these events in more 
detail. A discussion of the resulting constraints on the depth of the events follows.

In previous reports we have shown the results of a simultaneous velocity inversion and 
earthquake relocation using the stations of the Anza network and some of the stations of the 
Caltech array (Figure 1). We solved for a one-dimensional smoothly varying velocity model 
with a relatively high surface P-velocity of 5.24 km/sec and S-velocity of 2.84 km/sec and also 
for a set of station corrections. The resulting hypocenters of the events in the Cahuilla swarm 
line up on a planar surfaces from 3-6 km depth (Figure 2). Eighteen of these events were 
recorded by the portable instruments. We relocated them using the S-P times of the three 
recordings in addition to the traveltime data from the other stations. The depths of the 
events did not change by more than 0.16 km (Figure 3), verifying the shallow depth of these 
events and demonstrating that the distribution of stations we chose to use in the velocity 
inversion is sufficient to constrain the depth of events within the array.

We are attempting to refine our model of the crustal seismic velocity structure. The sta 
tion corrections resulting from the one-dimensional inversion revealed a pattern of slow and 
fast regions that could be better modeled with a full three-dimensional tomographic inversion. 
For this inversion the model is parameterized as a three-dimensional rectangular grid of points
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at which the velocity is specified. The velocity is linearly interpolated between grid points. 
The grid is 80 km square with spacing of nodes 5 to 10 km apart. It is rotated to align 
roughly with geologic features (i.e., strike of faults, elongation of surficial exposure of bathol- 
ithic rocks) that we expect to be able to resolve. We are using the fast approximate three- 
dimensional raytracer of Um and Thurber (1987). It is a two-point bending method that per 
turbs piecewise the segments of the ray path to minimize traveltime subject to the constraint 
that the ray path is everywhere perpendicular to the velocity gradient. A modified version of 
the Simultaneous Iterative Reconstruction Technique (SIRT) (Olson, 1986), is used to perform 
the least squares inversion. It is a "row-action method" that will allow us to double the 
amount of data used in the inversion and invert for 1000 model parameters. We apply a 
Laplacian smoothing operator to the system of linear equations to suppress unresolvable spa 
tial variations. We are presently in the process of modifying our one-dimensional inversion 
program to incorporate the new ray tracer and the SIRT algorithm. It remains to bring the 
new program up on the CRAY-XMP and to complete the final stages of data editing. We 
hope to be able to gain new insight into the characteristics of the fault zone itself with our 
improved locations and possibly to image the fault plane at depth.

Coherency Between Waveforms

Aster et al. (1988) used Anza network data from 25 aftershocks (M^ = 1.0   3.0) from the 
November 23-24 Elmore Ranch-Superstition Hills earthquakes (M5 = 6.2, M5 = 6.6) to investi 
gate frequency-dependent complex coherency as a function of source separation. A reliable 
estimate of coherency was obtained using a new multitaper method described in Vernon et al. 
(1988) (Figure 4). The study suggests that coherency sometimes extends to frequencies 
significantly exceeding the quarter-wavelength (A./4) separation criterion proposed by Geller 
and Mueller (1980) and others (Figure 5). On the other hand, we find that events which are 
nominally very close can sometimes show very different waveforms. A major uncertainty in 
this analysis is the relative location of events and we plan to repeat this kind of analysis with 
events within the array whose relative location can be very accurately determined.

References

Aster, R., Berger, J., Masters, G., Scott, J., Wyatt, F. Source characteristics of the Supersti 
tion Hills Elmore Ranch earthquake sequence (Abstract). Seismo. Res. Lett. 59, 49 (1988).

Geller, R., Mueller, C. Four similar earthquakes in Central California. Geophys. Res. Lett. 7, 
821-824 (1980).

Olson, A. H. A Chebyshev condition for accelerating convergence of iterative tomographic 
methods solving large least squares problems. Phys. Earth Planet. Inter. 47, 333-345 (1987).

Um, J. and Thurber, C. H. A fast algorithm for two-point seismic ray tracing. Bull. Seism. 
Soc. Am. 77, 972-986 (1988).

Vernon, F. L., Fletcher, J., Haar, L., Sembara, E., and Chave, A. Coherence of a small aper 
ture array. In preparation (1988).
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Figure 1. Locations of events in the San Jacinto Fault Zone calculated using the results of 
a one-dimensional velocity inversion. Portable stations are LRP, BRP, and CLP. 
Dashed box around Cahuilla swarm events is enlarged in Figures 2 and 3.
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Figure 2. Cross-section through events in dashed box of Figure 1. Note the planar feature 
that extends from about 6 to 3 km below the surface.
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Figure 4. Complex coherency (with Icr error bars) of SH wave train from two similar aft 
ershocks from the Superstition Hills-Elmore ranch aftershock zone recorded at 
the ANZA station PFO. The coherence cutoff corner, fm was chosen as the 
point where the phase uncertainty reached 90 .
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1234 
Hypocenter Seporotion, Ah (km) (So. Col. Net Relocations)

Figure 5. fm versus hypocenter separation for the 14 closest pairs of aftershocks from the 
aftershock zone. Note the tendency for fm to exceed the theoretical A./4 cri 
terion.
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Acceleration, Velocity, and Volumetric Strain 
from Parkfield GEOS Network

9910-02089

Roger D. Borcherdt, Malcolm J. Johnston, Allan Lindh
Branch of Engineering Seismology and Geology

345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5619

Investigations

o Maintain GEOS array near Parkfield, CA to serve as a strong-motion array to provide 
broad-band, high-resolution measurements of the mainshock as well as an array to provide 
measurements of pre-, co-, and post-seismic strain and displacement field pertubations for 
purposes of earthquake prediction.

o Maintain up-to-date archive of all events recorded in anticipated rupture zone.

o Develop theoretical basis and models to interpret colocated measurements of volumetric 
strain and seismic displacement fields.

Results:

An array of 15 stations has been maintained at 95 percent or greater reliability by T. Noce 
since July, 1987. An up-to-date digital data archive is being maintained and summarized 
in monthly internal USGS reports. (See previous reports for detailed description of the 
array.) Events recorded along Parkfield segment of study zone during time interval 
January 1-August 22, 1988 are summarized according to magnitude and depth (Figure 1).

Reports

Borcherdt, R.D., Johnston, M.J.S., Noce, T., Glassmoyer, G., aand Myren, D., 1988, A broad- 
band, wide dynamic range, strong-motion network near Parkfield, California, USA for 
measurement of acceleration and volumetric strain: 9th World Conference on Earthquake 
Engineering, Proceedings, in press.

Hauksson, E., Jones, L., Davis, T., Hutton, K., Brady, G., Reasenberg, P., Michael, A., Yerkes, 
R., Williams, P., Reagor, G., Stover, C, Bent, A., Shakal, A., Bufe, C, Helmberger, D., 
Johnston, M., and Cranswick, E., 1988, The Whittier Narrows earthquake in the Los 
Angeles metropolitan area, California, Science, 239, 1409-1412.
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Johnston, M.J.S., Linde, A.T., and Myren, G.D., 1988, Earthquake strain steps, seismic moment 
and total earthquake moment, Trans. Am. Geo. Un., 69, 401.

Johnston, M.J.S., Linde, A.T., Borcherdt, R.D., and Gladwin, M.T., 1988, Implications of high 
resolution strain measurements prior to moderate earthquakes in California, Trans. Am. 
Geo. Un., in press.

(See project (Borcherdt et al., 9910-02689) for related reports.) 
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PARKFIELD TWO-COLOR LASER STRAIN MEASUREMENTS

9960-02943

Robert Burford 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4850

and

Larry Slater
CIRES

University of Colorado
Boulder, Colorado 80309

(303) 492-8028

Investigations

Operation of the CIRES two-color laser geodimeter at the Car Hill Observatory near 
Parkfield, California was continued during the period October 1, 1987 through March 31, 
1988. Lines to permanent reflector sites that were monitored for length changes during 
this period are shown in Figure 1. Additional measurements were made occasionally to 
monumented points without permanent reflectors as well as to reference marks adjacent 
to the permanent reflectors.

Results

Plots of detrended length-change histories for the 18 lines to permanent reflector 
points are shown in Figure 2. Detrended changes for the period April-September 1988 are 
shown in Figure 3, and average rates of length change determined by linear least-squares 
approximation for each line are given in Table 1. Average station velocities relative to Car 
Hill for motion constrained to be parallel to the strike of the San Andreas fault zone are 
also given in Table 1 (negative values denote apparent left-lateral motion).

Short-term (6-month) rates of deformation for this report period generally exceed the 
long-term (4-year) rates (compare Figures 2 and 3). This is probably a seasonal effect. 
However, a net areal dilatation for the block southwest of the fault and fault-normal 
contraction within the block northeast of the main fault may have tectonic significance 
(Figure 3a, b).

Reports

None
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Table 1

Summary of Monitoring Results
Two Color Laser Geodimeter Network at Parkfield 

April 1, 1988 through September 30, 1988

Permanent 2-Color 
Reflector Sites

1. Can

2. Nore

3. Table

4. Hunt

5. Mel-S

6. Turk

7. Gold

8. Creek

9. Mason-W

10. Todd

11. Hog-S

12. Lang

13a. Porno

13b. Pitt**

14. Mid

15a. Mid-E

15b. Buck

16. Bare

Measurements 
Started

10/09/84

08/13/87

10/09/84

07/28/85

10/14/84

07/10/87

04/18/86

06/27/84

06/26/84

08/07/85

07/25/84

07/25/84

04/29/86

10/09/84

08/23/84

08/21/84

07/31/86

10/09/84

Location Relative 
to Car Hill

5.7 km N03°W

1.1 km N44°E

6.2 km N69°E

2.7 km S72°E

5.4 km S68°E

2.3 km S56°E

9.2 km S49°E

5.7 km S36°E

6.3 km S11°W

3.7 km S15°W

5.0 km S62°W

4.1 km N72°W

5.6 km N51°W

5.7 km N47°W

5.0 km N43°W

4.5 km N35°W

3.1 km N32°W

4.8 km N12°W

Average Extension 
Rate, mm/yr

-09.38 ± 0.59

-06.08 ± 0.27

-00.02 ± 0.76

+09.34 ± 0.31

+05.35 ± 0.62

+08.68 ± 0.29

+08.76 ±1.75

+04.02 ± 0.64

+02.72 ± 0.63

+15.22 ±0.45

+04.01 ± 0.49

+02.28 ± 0.40

+ 10.51 ±0.57

+ 17.77 ±1.45

+02.00 ± 0.48

-32.33 ± 0.46

-14.96 ±0.36

-15.82 ±0.48

Fault Parallel 
R.L. Station 

Velocities

12.14 ±0.76

[127.65 ± 05.67]

[-00.06* ± 2.14]

10.84 ± 0.36

5.96 ± 0.69

9.03 ± 0.30

8.82 ±1.76

-4.04* ± 0.64

-4.49* ± 1.04

-27.58* ±0.81

[16.57 ±2.03]

2.62 ± 0.46

10.65 ± 0.58

17.84 ± 1.46

2.00 ± 0.48

32.59 ± 0.46

15. 17 ±0.37

18.23 ±0.55

Note: (*) Indicates apparent left-lateral station movement (column 5)

[ ] Fault-parallel projection values in column 5 unreliable owing to orientation of line nearly 
normal to fault strike.

(**) Routine measurements discontinued after June, 1986.
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POMO

TABLE 3PABKPIILD 

NORE 2A

NORM 2B

HILL   35« 53.29' N

HOQ-S 11

GOLD 7
MASON-W 9

Figure 1. IVo-color laser geodimeter network 
at Parkfield, California.
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L MID

L PITT

L POMO

L LANG

L HOG-S

L TODD

L MASON -

L CREEK

S.OO mm extension

L MID(14) 
(-I.481+/-0.027)

5.00 nun extension

L
(-0.831+/-0.048)

5.00 mm extension

5.00 "."» extension

5.00 mm extension

5.00 nun extension

1984 1985 1986 1987 1988

Figure 2a. Detrended 2-color data from the Carr-Hill Network, 
Parkfield, for lines terminating in the block southwest 
of the main San Andreas fault.
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L iflD-E

L BUCK

L BARE

L CAN

L NORE

L TABLE

L HUNT

L MEL-S

L TURK

L GOLD

1984 1985 1986 1987 1988

L GOLD(7)
(10.697+/-0.107)

Figure 2b. Detrended 2-color data from the Carr-Hill Network, 
Parkfield, for lines terminating in the block northeast 
of the main San Andreas fault.

299



II.2

L MID

L PITT

L POMO

L LANG

L HOG-S-

L TODD

L MASON-W

L CREEK

Julian Day

i*t, .* lv * HH-Jy

-£***

Apr May Jun Jul 
1988

Aiig Sep

S.OO mm extension

L MID(14) 
(1.998+/-0.*80)

S.OO nun extension

L PITT(13B) 
(17.774+/-1.448)

S.OO mm extension 

L POMO(13A)
(10.511+/-C.568)

S.OO mm extension

L LANG(12) 
(2.279+/-0.403)

5.00 mm extension

L HOG-S(11) 
(4.012+/-C.492)

5.00 mm extension

L TODD(IO) 
(15.217+/-0.445)

S.OO mm extension

L MASON-W(g) 
(2.717+/-0.629)

5.00 mm extension

L CREEK(8) 
(4.017+/-O.B35)

Figure 3a. Detrended 2-color data from Carr-Hill Network, ParVfield, 
April-September, 1983, for lines terminating in the block 
southwest of the main San Andreas fault.
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L 1OD-E
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L BARE
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L NORE
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Julian Day   
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5.00 nun extension

L MID-E(15A) 
(-32.332+/-0.456)

5.00 nun extension

L BUCK(15B) 
(-14.963+/-0.356)

L BARE(16)
(-15.821 +/-0.475)

S.OO imTti extension

L CAN(1) 
(-9.381+/-O.S8B)

5.00 mm extension

L NORE(2A) 
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L TABLE(3)
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L TURK(6B)
(8.B7S+/-0.287)

5.00 rnm extension 

L GOLD(7)
(8.755+/-1.748)

Figure 3b. Detrended 2-color data from Carr-Hill Network, Parkfield, 
April-September, 1988, for lines terminating in the block 
northeast of the main San Andreas fault.
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Theodolite Measurements of Creep Rates 
on San Francisco Bay Region Faults

14-Q8-QQQ1-G1186

Jon S. Galehouse
San Francisco State University

San Francisco, CA 94132
<415) 338-1204

We began measuring creep rates on San Francisco Bay region -faults 
in September 1979. Amount o-f slip is determined by noting changes in 
angles between sets o-f measurements taken across a -fault at different 
times. This triangulation method uses a theodolite to measure the angle 
 formed by three -fixed points to the nearest tenth o-f a second. Each day 
that a measurement set is done, the angle is measured 12 times and the 
average determined. The amount o-f slip between measurements can be 
calculated trigonometrically using the change in average angle.

We presently have theodolite measurement sites at 20 localities on 
ten active -faults in the San Francisco Bay region (see Figure 1). Most 
o-f the distances between our -fixed points on opposite sides o-f the 
various -faults range -from 50-275 meters. The precision of our 
measurement method is such that we can detect with confidence any 
movement more than a millimeter or two between successive measurement 
days. We remeasure most o-f our sites about once every two to three 
months.

The -following is a brief summary of our results thus far.

San Andreas fault - Since March 1980 when we began our measurements 
across the San Andreas fault in South San Francisco (Site 10), no net 
slip has occurred. Our Site 14 at the Point Reyes National Seashore 
Headquarters has also shown virtually no net slip since we began 
measurements in February 1985. Our Site 18 (not shown on Figure 1) in 
the Point Arena area has averaged one millimeter per year of 
right-lateral slip since January 1981. These results indicate that the 
northern segment of the San Andreas fault is virtually locked, with very 
little, if any, creep occurring.

Hayward fault - Since we began our measurements on the Hayward fault in 
September 1979 in Fremont (Site 1) and Union City (Site 2), the average 
rate of right-lateral slip is 5.4 millimeters per year in Fremont and 
4.3 millimeters per year in Union City (see figure 2). Since we began 
measuring two sites within the City of Hayward in June 1980, the average 
annual rate of right-lateral movement is 5.0 millimeters at D Street 
(Site 12) and 4.6 millimeters at Rose Street (Site 13). Since we began 
measurements in San Pablo (Site 17) near the northwestern end of the 
Hayward fault in August 1980, the average rate of movement has been 4.1 
millimeters per year in a right-lateral sense. However, superposed on 
the overall slip rate are changes between some measurement days of up to 
nearly a centimeter in either a right-lateral or a left-lateral sense. 
Right-lateral slip tends to be measured during the first half of a 
calendar year and left-lateral during the second half.
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38*00  

37*30  

37  00 

figure 1. San Francisco State University 
Theodolite Measurement Sites
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In summary, our data show that since 1979 the average rate o-f 
right-lateral movement on the Hayward -fault is about 4 to 5 millimeters 
per year.

Calaveras -fault - We have three measurement sites across the Calaveras 
 fault and the rates o-f movement are considerably different at all three 
<see Figure 3). Since we began monitoring our Site 4 within the City o-f 
Hoi lister in September 1979, the average rate o-f movement has been <5.5 
millimeters per year right-laterally. Slip at this site is episodic, 
with most times o-f relatively rapid slip occurring early in a calendar 
year and little net movement occurring during the rest o-f the year.

At our Site 6 just 2.3 kilometers northwest o-f Site 4, the slip 
rate was rather constant -from late 1979 to June 1984. Since then, 
however, -fault displacement has been episodic. Uirtually no net 
movement occurred for more than a year between late 1985 and late 1986 
<see Figure 3). Overall, the average rate of right-lateral slip since 
October 1979 is 12.0 millimeters per year. This rate is the fastest of 
any of our sites in the San Francisco Bay region and is nearly twice as 
fast as that at our nearby Site 4 on the Calaveras fault. Inasmuch as 
the two sites are so close and the rates are so different, undetected 
movement may be occurring somewhere outside of our 89.7 meter long 
survey line at Site 4 within the City of Hoi lister.

In contrast to the relatively high creep rates in the Hollister 
area, our Site 19 in San Ramon near the northwesterly terminus of the 
Calaveras fault has shown virtually no net movement since we began 
measuring it in November 1980.

Concord fault - We began our measurements at Site 3 and Site 5 on the 
Concord fault in the City of Concord in September 1979 <see Figure 4). 
We measured about a centimeter of right-lateral slip at both sites 
during October and November 1979. Following this, both sites showed 
relatively slow slip for the next four and one-half years at a rate of 
about one millimeter per year. In late Spring-early Summer 1984, both 
sites again moved relatively rapidly, slipping about seven millimeters 
in a right-lateral sense in a few months. The rate again slowed to 
about a millimeter per year for about the next three years, beginning in 
late August 1984. Between late November 1987 and late February 1988, 
the Concord fault moved about eight millimeters right-laterally. Since 
then the rate has again- slowed down. Therefore, it appears that 
characteristic movement on the Concord fault since at least 1979 is 
relatively rapid displacement over a period of a few months alternating 
with relatively slow diaplacement over a few years. Overall, the 
average rate of movement since late 1979 is 4.1 millimeters per year of 
right-lateral slip at Site 3 and 3.3 millimeters per year at Site 5.

Other faults - The Seal Cove fault (Site 7) and the San Gregorio fault 
(Site 8) have shown very little net slip since November 1979 and May 
1982 respectively. However, both sites often show large variations in 
the amounts and directions of movement from one measurement day to 
another.

Much subsidence and mass movement creep appear to be occurring both 
inside and outside the Antioch fault zone and it is probable that these 
nontectonic movements are obscuring any tectonic slip that may be 
occurring. Our Site 9A has shown about 1.6 millimeters per year of
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11.2

right-lateral slip since November 1982 and Site 11 has shown less than a 
millimeter per year o-f le-ft-1 ateral slip since May 1980.

Seasonal and/or gravity-controlled mass movement e-f-fects are also 
present at our Sites 16 and 21 on the Rodgers Creek -fault. Both sites 
show large variations -from one measurement day to another. Site 16 had 
to be abandoned in early 1986 because our line o-f sight became obscured. 
Net movement had been virtually nil -for the previous 5.4 years. Our 
replacement site on the Rodgers Creek -fault (Site 21) has shown 
virtually no net movement since September 1986.

Our Site 15 on the West Napa -fault also shows large variations, but 
virtually no net movement has occurred since we began measurements in 
July 1980.

Since we established Site 20 on the Green Ualley -fault in June 
1984, measurements show right-lateral slip at a rate o-f 5.5 millimeters 
per year. Large variations also tend to occur here between measurement 
days. Preliminary results suggest that the Green Ualley -fault may 
behave similarly to the Concord -fault to the southeast, i.e., relatively 
rapid movement in a short period o-f time (months) alternating with 
relatively slow movement -for a longer period o-f time (years). Continued 
monitoring o-f the Green Valley -fault will help con-firm its movement 
characteristics and rate and help determine i-f the Green Ualley -fault is 
actually the northwestward continuation o-f the Concord -fault.

1988 Publication

Galehouse, J.S., 1988, Present-day rates o-f movement on San 
Francisco Bay region -faults, in Earthquake Prognostics. 
Hazard Assessment. Risk Evaluation, and Damage 
Prevent ion; Uogel, A. and Brandes, K., editors, Friedr. 
Mieweg and Sohn, Brauschweig/Wiesbaden, pp. 17-28.

1988 Abstract Published

Galehouse, J.S., 1988, Faults o-f the San Francisco Bay region and
the causes o-f earthquakes, Program o-f the Earthquake Resistant
Structures Seminar Series, San Francisco, Cali-fornia.
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DEEP BOREHOLE PLANE STRAIN MONITORING
14-08-0001-G1376

Michael T Gladwin,

Department of Physics
University of Queensland

Stiucia, 4067
AUSTRALIA.

ACTIVITIES

1. Processing of the data from the five borehole tensor strainmeters installed in 
California (San Juan and Pinon Flat in 1983, and DonnaLee, Eades and Frolich in 
1986) has continued.

2. An analysis package to unpack, examine, archive and process data from the 
instruments has been developed for the real time study of the Parkfield area. Process 
ing of this data includes inversion of the observed instrument deformations to obtain 
tensor components of the surrounding strain field, by taking effects of the instrument 
inclusion into account.

3. Analysis of the data from the three Parkfield sites to obtain tensor strain com 
ponents e« ,tyy and e,y is carried out on a near real-time basis. Results of this 
analysis have now been provided to the Parkfield monthly review meetings since the 
start of 1988. The reports take the form of a series of plots for the most recent four 
month's data and commentary on any anomalous signals, including comparison with 
other data sets where justified.

4. A procedure for in situ calibration of the sensors is in development. Com 
parison with laboratory calibration will be performed.

RESULTS

1. Sites instrumented in California are shown in figure 1. The 1983 installations 
are SJT at San Juan Bautista in the north and PFT (Pinon Flat) in the south. The 1986 
installations "DLT", "FLT" , and "EDT" are clustered at the southern end of Middle 
Mountain in the Parkfield region. There are DTM Sack's-Evertson dilatometers in 
close proximity at each site.

2. Hydrostatic and shear components of data from Pinon Flat from installation are 
shown in Figure 2. There have been no events of significance since the North Palm 
Springs earthquake of July 8, 1986 when the shear strain gradient changed by 0.5 
microstrain per year following a coseismic step of approximately 10 nanostrain.

3. There have been no especially significant data from the Parkfield sites. Data 
for 1988 reduced to e« , e^ and e^ components (where x corresponds to East and y 
to North) with a linear trend removed are shown in Figures 3, 4 and 5 for these instru 
ments. The step in data at Eades in March was the result of readjustment during a field 
visit. The deviation in data at DonnaLee during May appears to be of local site origin, 
and may relate to water table effects. Maximum shear strain for each of these sites is 
shown in Figure 6. Strain rates at these sites are now such that it is now feasible to 
resolve steps of approximately 10-20 nanostrain and changes in strain rate of
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approximately 100 nanostrain per year
4. Hydrostatic and shear components of the San Juan data since 1985 are shown 

in Figure 7 with a linear trend removed from the shear data. An uphole electronics 
board failure led to some down time during the latter part of 1987.

PUBLICATIONS

Gladwin, M. T., High Precision multi component borehole deformation monitoring. 
Rev.SciJnstrum., 55, 2011-2016, 1984.

Gladwin, M.T., Gwyther, R., Hart, R., Francis, M., and Johnston, M.J.S., Borehole 
Tensor Strain Measurements in California. J. Geophys. Res. 92. B8 pp7981- 
7988, 1987.

Gladwin, M. T. and Hart, R. Design Parameters for Borehole Strain Instrumentation. 
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Gladwin, M. T., Hart, R., and Gwyther, R. L. Tidal Calibration of Borehole Vector 
Strain Instruments.E0S, (Trans. Am. G. Un.) 66, 1057, 1985.
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Measurements Related to the North Palm Springs Earthquake of July 8, 
1986.E0S, (Trans. Am. G. Un.) in press.

Gladwin, M. T. and Johnston, M.J.S. Strain Episodes on the San Andreas Fault follow 
ing the April 24 Morgan Hill, California Earthquake. EOS,(Trans. Am.G.Un.), 
65, 852, 1984.

Gladwin, M.T., and Johnston, M.J.S. Coseismic moment and total moment of the April 
24, 1984, Morgan Hill and the January 26, 1986, Quiensabe earthquakes. 
EOS,(TransAm.G.Un.), 67, R 308,1986.

Gladwin, M. T. and Wolfe, J. Linearity of Capacitance Displacement Transducers. 
JScJnstr. 46, 1099-1100, 1975.

Johnston, M.J.S., Gladwin, M.T., and Linde, A.T. Preseismic Failure and Moderate 
Earthquakes. IAS.P.EJ. , Tokyo, August 19-30, S7-65, 35 , 1985.

Johnston, M. J. S., Linde, A.T., Gladwin, M.T., and Borcherdt, R.D. Fault Failure 
with Moderate Earthquakes. Tectonophysics. 144, 189-206, 1987.

Johnston, M.J.S., Borcherdt, R.D., Glassmoyer, G., Gladwin, M.T., and Linde, A.T.
Static and Dynamic Strain during and following January 26, 1986, Quiensabe,
California, Earthquake. EOS,(Trans., Am. G. Un.), 67, 16, 308, 1986. 

Johnston, M.J.S., Borcherdt, R.D., Gladwin, M.T., Glassmoyer, G., and Linde, A.T.
Static and Dynamic Strain during the ML 5.9 Banning, California Earthquake on
July 8, 1986. EOS,(Trans. Am.G.Union),68,
44, 1244 (1987).

Myren, G.D., Johnston, M.J.S., Linde, A.T., Gladwin, M.T. and Borcherdt, R.D. 
Borehole Strain Array near Parkfield, California. EOS (Trans. Am.G.Union), 68, 
44, 1358 (1987).

310



11.2

FRAI

, .
\ ̂ML»6.5 (4/24/84)

VML «5.5 (1/26/86) 
SJT\ 

\ 
\DLT

BOREHOLE TENSOR STRAIN ARRAY

1. Borehole tensor strain sites in California. Sites DLT, EDT and FLT 
have downhole seismic instrumentation from other programs in 
boreholes within 50 meters. Earthquakes which have produced 
significant signals are shown by the stars.

1984

Pinon Flat Areal Strain
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Pinon Flat Shear Strains

<ell-e22)/2 (Gamma1)
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2. Areal and shear strains for the Pinon Flat site since 1983. The 
only significant change of shear strain gradient over the five years 
of data occurred at the July 8 1986 Palm Springs earthquake.



11.2
500

-

0

19 

500

<'-1 :
00
c 
^ 19

500

0

19

*

e!2 (Ganuna2)

1 1 | 1 1 | 1 
38 feb mar apr may jun jul aug

(ell-e22)/2 (Gammal)

1 1 | 1 1 | 1 
38 feb mar apr may jun jul aug

Frolich Areal Strain

1 1 1 | 1 1 | 1 
88 feb mar apr may jun jul aug

\. Strains T\ , F2 and areal strain for the site FLT since installation.
Note that x = East and y = North and that a linear detrend has 
been removed from the data of Figures 3, 4, 5 and 6.
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7. Areal and shear strains for the site SJT in Northern California, with 
a linear trend removed from the shear data.
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San Andreas Earthquake 

9380-03074

Robert Jachens and Carter Roberts
U.S. Geological Survey MS98

345 Middlefield Rd., Menlo Park CA 94025
(415) 329-5300

Investigations

1) Repeat precision gravity survey was conducted in May 1988 and 
covered

a) the southern California high-precision gravity base network
b) a 100 km-long profile perpendicular to the San Andreas fault and 

passing through Cajon Pass
c) the two-color laser site at Holcomb Ridge

2) Gravity and areal strain time series were examined to identify 
correlated signals.

Results

1) Examination of gravity and areal strain changes at three sites along 
the San Andreas fault over the period 1976-1982 revealed that the two 
time series were moderately well correlated and that they also 
correlated with changes in elevation detected by leveling.

Changes in survey design and stations occupied during strain 
observations starting in 1982 prevent a simple extension of the 
earlier correlation between temporal variations in gravity and areal 
strain but the later data sets can be treated independently. Combined 
temporal gravity and strain variations from Tejon Pass, Holcomb Ridge, 
and Cajon Pass are well correlated over the period 1982-present due in 
part to a much larger data set than had been used in the earlier 
analysis. Areal compression accompanies decreasing gravity and 
increasing elevation as had been seen earlier. In addition, gravity 
change and elevation change continue to be related by the Bouguer 
gradient of about 2 microgal/cm but the ratio of gravity change/areal 
strain change is about twice as large as seen in the earlier analysis.
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TILT, STRAIN, AND MAGNETIC FIELD
MEASUREMENTS

9960-2114
M. J. S. Johnston, R. J. Mueller, G. D. Myren 

Branch of Tectonophysics
U. S. Geological Survey

Menlo Park, California 94025
415/323-8111, ext. 2132

Investigations

[l] To investigate the mechanics of failure of crustal materials using data from 
both deep borehole tensor and dilational strainmeters and near surface 
strainmeters, tiltmeters, and arrays of absolute magnetometers.

[2] To develop physical models of incipient failure of the earth's crust by 
analysis of real-time records from these instruments and other available data.

Results

[1] REVIEW OF MAGNETIC AND ELECTRIC FIELD EFFECTS NEAR 
ACTIVE FAULTS AND VOLCANOES IN THE U.S.A.
Synchronized measurements of geomagnetic field have been recorded along 

800 km of the San Andreas fault and in the Long Valley Caldera since 1974, and 
during eruptions on Mount St. Helens since 1980. For shorter periods of time, con 
tinuous measurements of geoelectric field measurements have been made on Mount 
St. Helens and near the San Andreas fault where moderate seismicity and fault 
slip frequently occurs. Significant tectonic and volcanic events for which nearby 
magnetic and electric field data has been obtained include: 1) two moderate earth 
quakes (M/, > 5.8) for which magnetometers were close enough to expect observ 
able signals (« 3 source lengths), 2) one moderate earthquake (MS 7.3) for which 
magnetometers were installed as massive fluid outflow occurred during the post- 
seismic phase, 3) Numerous fault creep events and moderate seismicity, 4) a major 
explosive volcanic eruption and numerous minor extrusive eruptions, and 5) an 
episode of aseismic uplift. For one of the two earthquakes with ML >5.8, 
seismomagnetic effects of -1.3 and -0.3 nT were observed. For this event, magne 
tometers were optimally located near the epicenter and the observations obtained 
are consistent with simple seismomagnetic models of the event. Similar models 
for the other event indicate that the expected seismomagnetic effects are below the 
signal resolution of the nearest magnetometer. Precursive tectonomagnetic effects 
were recorded on two independent instruments at distances of 30 and 50 km from 
a ML 5.2 earthquake. Longer term changes were recorded in one region in southern 
California where a moderate ML 5.9 earthquake has since occurred. Surface obser 
vations of fault creep events have no associated magnetic or electrical signature 
above the present measurement precision (0.25 nT and 0.01%, respectively) and 
are consistent with near-surface fault failure models of these events. Longer term 
creep is sometimes associated with corresponding longer term magnetic field per 
turbations. Correlated changes in gravity, magnetic field, areal strain, and uplift 
occurred during episodes of aseismic deformation in southern California primarily 
between 1979 and 1983. Because the relationships between these parameters 
agrees with those calculated from simple deformation and tectonomagnetic
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models, the preferred explanation appeals to short-term strain episodes indepen 
dently detected in each data set. An unknown source of meteorologically gen 
erated noise in the strain, gravity, and uplift data and an unknown, but corre 
lated, disturbance in the absolute magnetic data might also explain the data. No 
clear observations of seismoelectric or tectonoelectric effects have yet been 
reported. The eruption of Mount St. Helens generated large oscillatory fields and 
a 9±2 nT offset on the only surviving magnetometer. A large-scale traveling mag 
netic disturbance passed through the San Andreas array from one to two hours 
after the eruption. Subsequent extrusive eruptions generated small precursory 
magnetic changes in some cases. These data are consistent with a simple vol- 
canomagnetic model, magneto-gas dynamic effects, and a blast excited traveling 
ionospheric disturbance. Traveling ionospheric disturbances (TID's), also gen 
erated by earthquake related atmospheric pressure waves, may explain many elec 
tromagnetic disturbances apparently associated with earthquakes. Local near- 
fault magnetic field transients rarely exceed a few nT at periods of a few minutes 
and longer.
[2] A SATELLITE-BASED DIGITAL DATA SYSTEM FOR LOW- 

FREQUENCY GEOPHYSICAL DATA
A reliable method for collection, display, and analysis of low-frequency geo 

physical data from isolated sites which can be throughout North and South Amer 
ica, and the Pacific Rim, has been developed for use with the Geostationary 
Operational Environmental Satellite (GOES) system. Geophysical data primarily 
intended for earthquake hazard and crustal deformation monitoring are digitized 
with either 12-bit or 16-bit resolution and transmitted every 10 minutes through a 
satellite link to a bank of UNIX based computers in Menlo Park, California. 
There the data are available for analysis and display within a few seconds of their 
transmit time. This system provides real-time monitoring of crustal deformation 
parameters such as tilt, strain, fault displacement, local magnetic field, crustal 
geochemistry, and water levels, as well as meteorological and other parameters, 
along faults in California and Alaska, and in volcanic regions in the western U.S., 
Rabaul and other locations in the New Britain region of the South Pacific. Vari 
ous mathematical, statistical, and graphical algorithms process the incoming data 
to detect changes in crustal deformation and fault slip that may indicate the first 
stages of catastrophic fault failure. Alert trigger levels based on physical models, 
signal resolution, and previous history have been defined for particular instrument 
types. Computer driven remote paging and mail systems are used to notify 
appropriate personnel when alarm status is reached. The system supports con 
tinuous historical records of low-frequency geophysical data, software for extensive 
analysis of these data, programs for modeling fault rupture with and without 
seismic radiation, as well as providing an environment for real-time attempts at 
earthquake prediction.
[3] LARGE-SCALE MAGNETIC FIELD PERTURBATION ARISING FROM 

THE MAY 18, 1980, ERUPTION FROM MOUNT ST. HELENS, WASH 
INGTON.
A traveling magnetic field disturbance generated by the May 18, 1980 erup 

tion from Mount St. Helens at 1532 UT was detected on an 800-km linear array 
of recording magnetometers installed along the San Andreas fault system in Cali 
fornia, from San Francisco to the Salton Sea. The arrival times of the disturbance 
field from the most northern of these 24 magnetometers (996 km south of the vol 
cano) to the most southern (1493 km S23E) is consistent with the generation of a 
traveling ionospheric disturbance stimulated by the blast pressure wave in the 
atmosphere. The first arrival at the north and the south ends of the array 
occurred at 26 minutes and 48 minutes, respectively, after the initial eruption.
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Apparent average wave velocity through the array is 309±14 m/s but may 
approach 600 m/s closer to the mountain. A horizontal phase and group velocity 
of « 300 m/s at periods of 70-80 minutes and the poor attenuation with distance, 
strongly suggest the magnetic field perturbations at distances of 1000 km to 1500 
km are caused by gravity mode acoustic-gravity waves propagating at F region 
heights in the ionosphere.
[4] EARTHQUAKE STRAIN STEPS, SEISMIC MOMENT AND TOTAL 

EARTHQUAKE MOMENT
The static strain field generated by an earthquake provides a simpler diag 

nostic of the seismic source parameters than that derived from spectra of the radi 
ated seismic waves. Co-seismic strain offsets have been recorded for 17 earth 
quakes since 1982 on clusters of Sacks-Evertson deep borehole strainmeters 
installed along the San Andreas fault. These strain offsets, which occur only dur 
ing nearby moderate to large magnitude earthquakes, agree well with, or perhaps 
slightly exceed, the static strain field steps calculated from simple elastic half- 
space dislocation models of these earthquakes, scaled by their seismic moment. 
Since the strain steps result from total fault slip (i.e. the slip contributing to 
dynamic seismic radiation and any aseismic fault slip), the moment contributing 
to the step is known as the total seismic moment. Total seismic moment determi 
nations are therefore simply and routinely made from step observations recorded 
with the present limited strainmeter arrays and earthquake location and focal 
mechanism data. At particular locations, where the strainmeter clusters are more 
comprehensive or optimally placed, constraints on other seismic source parameters 
can be made.
[5] ANELASTIC MODEL FOR FREE-SURFACE REFLECTION OF P AND 

S-I WAVES AS DETECTED BY VOLUMETRIC STRAIN METERS AND 
SEISMOMETERS
Solutions for displacement, velocity and strain at the Earth's free-surface 

have been obtained for inhomogeneous waves travelling in an anelastic half-space. 
Examples of simultaneous volumetric strain and seismometer measurements have 
been used with these solutions to obtain single station estimates of incidence 
angle, degree of inhomogeneity, seismic velocity, and attenuation.
[6] BOREHOLE STRAIN ARRAY IN CALIFORNIA.

A network of 13 borehole dilatometers and 4 borehole tensor strainmeters 
along the San Andreas fault zone and in the Long Valley Caldera has been 
installed and is being routinely monitored (Figure 1). All instrument are installed 
at depths between 117-m and 324-m and all are between 1-km and 5-km from the 
surface trace of the fault. High frequency dilatometer data in the frequency range 
0.005 Hz to 100 Hz are recorded on 16-bit GEOS digital recorders with least count 
noise of less than 10~u . Lowfrequency data from zero frequency to 0.002 Hz are 
transmitted using a 16-bit digital telemetry system through the GOES satellite to 
Menlo Park, California where they are displayed in "almost real time" and con 
tinuously monitored with detection algorithms for unusual behavior. Least-count 
noise on the satellite telemetry system is about 2*10~u on the high gain channels 
and about 1.2*10~9 on the low gain channels. Earth strain tides, strain transients 
of which some are related to subsequent surface observations of fault creep, and 
numerous strain seismograms from local and teleseismic earthquakes with magni 
tudes between -1 and 6 have been recorded on these instruments. Strain seismo 
grams are used to calculate the dynamic earthquake moments. Static moments 
and total earthquake moments are determined from the co-seismic strains and 
total strain changes observed with larger events.
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[7] DIFFERENTIAL MAGNETOMETER ARRAY IN CALIFORNIA
Continued investigations of total field magnetic intensity measurements and 

relationships to seismicity and crustal strain along active faults in the Parkfield 
region and in southern California. The network consists of 9 stations of which all 
are sampled synchronously every 10 minutes and transmitted with 16-bit digital 
telemetry to Menlo Park, California, through the GEOS satellite. Data are moni 
tored daily with particular attention to the seven stations operating in the 
Parkfield region of central California.
[8] STRAIN AND MAGNETIC FIELD CHANGES ON THE RED RIVER 

FAULT SYSTEM IN YUNNA, AND NEAR BEIJING, CHINA.
The program of measurement involving arrays of differential magnetometers 

and intermediate-baseline geodetic nets has been continued along faults near Beij- 
ing, China, and in Yunnan Province, China. These arrays were installed in 1980 
and have been surveyed once or twice a year since then. On the basis of seismic 
recurrence and other evidence, a moderate to large earthquake is expected within 
the next few years at both the northern end of the Red River fault in Yunnan 
Province and on the Baboshan fault near Beijing.
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Earthquake and Seismicity Research Using SCARLET and CEDAR

Grant No. U-08-0001-G135A

Hiroo Kanamori, Clarence R. Alien, Robert W. Clayton
Seismological Laboratory, California Institute of Technology

Pasadena, California 91125 (818-356-6914)

Invest igations

1. Seismicity in the Los Angeles Basin.

2. Comparison of the Whittier Narrows earthquake with other events in 
California.

Results

1. Seismicity in the Los Angeles Basin

Seismicity cross sections made from the CIT-USGS catalog (Figures 1 and 2) 
reveal many interesting features that could be related to the structures 
inferred by Davis and Hayden (1987) (e.g. deep blind thrusts associated with 
folds seen at the surface and inferred from well data). A few clustered events 
are seen; some of them are associated with surface faulting, but others are 
not. Some notable features include a deep linear trend beneath the Santa 
Monica-Raymond and Sierra Madre faults (cross section 1), deep activity beneath 
the Newport-Inglewood fault (cross section 2), and deep events beneath the Oak 
Ridge fault (cross section 5).

Although the location quality of the catalog events is not good enough to 
associate these clusters with deep structures, some of the features depicted 
in Figures 1 and 2 are intriguing enough to warrant further investigations.

We are currently relocating these earthquakes using three-dimensional 
structures and the methods developed by Roecker [1981, 1982] and his 
co-workers.

2. Comparison of the Whittier Narrows earthquake with other events in 
California.

We used strong-motion seismograms recorded at short distances (within 30 
km) to determine the local magnitude M^ using the method of Kanamori and 
Jennings (1978). Because M^ values for large earthquakes are usually 
determined from standard Wood-Anderson seismograms recorded at large distances 
(commonly a few hundred km), they are subject to large uncertainties primarily 
due to regional variations in attenuation characteristics. In contrast, M^ 
values determined from strong-motion records are much more stable because 
records are obtained at short distances. Even if the absolute value of M^ is 
not particularly meaningful, relative comparisons between different earthquakes 
are very useful. We compared the Whittier Narrows earthquake with the 1986 
North Palm Springs earthquake. For both events a large number of strong motion 
records are available. These two events have essentially the same M^ 
determined from strong motion records (ML = 6.1+-0.2 for the Whittier Narrows,
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ML = 6.1+-0.2 for the North Palm Springs earthquake). In contrast, the
fault dimension of the North Palm Springs earthquake (L=15 km) is clearly
larger than that of the Whittier Narrows earthquake (L=5 km).

The Whittier Narrows earthquake is a rather unusual event for the 
following reasons. (1) Almost all aftershocks are between 10 and 18 km, and 
are unusually deep for crustal earthquakes in southern California (Hauksson et 
al. 1988). (2) The level of aftershock activity is lower than that for other 
events with comparable magnitudes (Salyards and Kanamori, 1987). (3) The size 
of the aftershock area is very small compared with other earthquakes with the 
same magnitude, as shown in Figure 3. Kanamori and Alien (1986) found that, 
for a given fault length, earthquakes with long repeat times have larger 
magnitudes. Figure 3 shows that the Whittier Narrows earthquake is comparable 
to those with very long repeat times. (A) The local magnitude of the Whittier 
Narrows earthquake is somewhat larger than that of events with the same 
surface-wave or moment magnitude, as shown in Figure A.
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Seismicity in Los Angeles Basin 1977 to Present

so   «o' ">

Fig. 1.
Seismicity of the Los Angeles basin. The main fault systems ( S.A.: San 

Andreas fault, G.: Garlock fault, S.M.: Sierra Madre fault, N.I.: Newport- 
Inglewood fault, S.M.: Santa Monica-Raymond fault, O.R.: Oakridge fault) are 
shown. The boxed areas indicate the cross sections shown in Figure 2.
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Fig. 2.
Seismicity cross sections shown in Figure 1. The locationrof major faults 

(SAF: San Andreas fault; N-I: Newport-Inglewood fault; S.M.: Santa Monica 
fault; O.R.: Oak Ridge fault) are shown. The horizontal lineament at a depth of 
6 km is an artifact of the location procedure.
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GEODETIC STRAIN MONITORING

9960-02156

John Langbein 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4853

Investigations

Two-color geodimeters are used to survey, repeatedly, geodetic networks within 
selected regions of California that are tectonically active. This distance measuring 
instrument has a precision of 0.1 to 0.2 ppm of the baseline length. Currently, the crustal 
deformation is being monitored within the south moat of the Long Valley caldera in eastern 
California, near Pearblossom, California on a section of the San Andreas fault that is 
within its Big Bend section and on Middle Mountain near Parkfield, California. Periodic 
comparisons with the prototype, two-color geodimeter are also conducted near Parkfield, 
California. These intercomparison measurements serve as a calibration experiment to 
monitor the relative stabilities of the portable and prototype geodimeters.

Results

1. Instrumental Problems

In early July, 1988, the electro-optic modulator failed in the portable two-color 
geodimeter. We are currently working on its repair and hopefully the instrument will be 
operational in the fall, 1988. This particular instrument has been in use since mid-1983.

In the interim, we have started using the other portable, two-color geodimeter. This 
particular instrument has had a.history of systematic errors, which were noted in resurveys 
of the Pearblossom network during mid-1982. Laboratory observations have isolated some 
potential problems, but the instrument has never been retested in the field. Thus, failure 
of the first instrument (#21) presented an opportunity to field test the second

In testing instrument #11, two issues need to be examined. The first is the 
repeatibility of the measurements and the second is the measurement of the instrument 
scale of #11 relative to #21, so that the data between the instruments are consistent.

The results of the repeatibility study are shown in Figure 1 where we show the observed 
length changes for seven baselines in the Long Valley caldera that use permanent retro- 
reflectors. The data before July 1, 1988 was measured using #21 and after, instrument 
#11 was used. Qualitatively, the scatter of the data from the two instruments is about
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the same. As expected, the longer baselines have proportionally more scatter or variance 
than the shorter lines. The systematically high scatter in late June is due to the failure 
of the modulator, and the high scatter in late August is due to a noisy blue laser in 
instrument #11. Most importantly, we have not observed any of the systematic, 0.6 ppm 
areal dilatation, that we observed 6 years ago in Pearblossom. At that time, we would 
observe nearly all baselines that were measured during one session extended by 0.3 ppm 
relative to their previous measurements. The data suggested a bimodal distribution.

The data plotted in Figure 1 has been adjusted with regard to the offset in instrument 
lengths of the two geodimeters. We now have three different methods to estimate the 
adjustment in length scale. The first method involves fitting a linear trend and an offset 
on July 1, 1988 to each baseline in the Long Valley caldera. Each baseline is assumed to be 
extending at a constant rate between April 1, 1988 and September 7, 1988. The inferred 
offsets or tears for the 20 baselines from Long Valley are shown in Figure 2. To first-order, 
the change in length scale from #11 to #21 is proportional to the distance. A linear 
trend could be fit to the inferred offsets. The second scheme simultaneously computes the 
secular rate for each baseline and computes the coefficients to an offset function, aL + b. 
The thin line plotted in Figure 2 is the result of the least squares adjustment to the 
data. Finally, we fortunately have a third independent means to compute the instrument 
offset. Since mid-1984, we have periodically measured the length scale of instrument #21 
relative to the prototype, two-color geodimeter located in Parkfield. We have discussed 
these stability measurements in previous summaries and in Langbein (1988). Basically, 
the relative stability of the two instruments is 0.45 mm. We now have measurements of 
the Parkfield calibration network using instrument #11. Plotted in Figure 2 is predicted 
offset equation based upon the calibration experiment. Implicit is the assumption that 
the prototype geodimeter remained stable between the calibrations in May and July 1988. 
Although the calibration experiment yields significantly different coefficients to the offset 
equation, it appears to fit the offsets computed from method 1. The apparent discrepancy 
is probably a result of a larger than predicted offset on the 6.8 km baseline.

Finally, the data plotted in Figure 1 has been adjusted on the basis of method 3. 
Visual inspection of Figure 1 does not reveal any significant errors in length changes due 
to incorrect calibration.

2. Long Valley Network

Annual measurement of the complete Long Valley network (Langbein, 1988) during 
the summer, 1988, indicate that the extension rates established for mid-1984 to mid-1987 
is consistant with the 1988 data. On a number of baselines within the caldera, we are still 
observing 1.0 ppm/yr extension. Thus, the conclusion presented by Langbein (1988) on 
the data through mid-1987 appear to be applicable to the most recent measurements. We 
expect that releveling the caldera will yield an uplift rate of 13 mm/yr during the period 
from mid-1984 through mid-1988.
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3. Parkfield

We have attempted to construct a model using fault slip and uniform strain to match 
the observed length changes from the Parkfield two-color network at Car Hill. One of 
the chief problems is to assess the stability of the monuments used for the reflectors. 
A number of baselines appear to have seasonal fluctuations, which may be due to local 
instability or to tectonic strain. We have used three methods to attempt to identify which 
baselines are most severely contaminated by local site instabilities. These methods include 
assessing the deflection of the pier upon which the retro-reflector sits, correlation of the 
length changes on each baseline with the cumulative rainfall, and principal mode analysis 
to determine which baselines that are not temporally coherent with adjacent baselines. 
Using these methods, we have established that three baselines, MIDE, TODD, and PITT, 
and possibly a fourth, POMO, are contaminated with local site stability problems (see 
Burford and Slater, this volume for map and data).

With the remaining 15 or 14 baselines, we now have established a model of slip along 
the San Andreas fault and uniform strain accumulation. Specifically, the modeled slip 
on the San Andreas is partitioned into 3 horizontal segments; one segment that is 4 km 
long and centered on Car Hill, and the two other segments that are to the northwest and 
southeast of the segment. Initially, for computational simplicity, we have assumed that the 
computed slip on each segment is uniform to depth. Thus, the inferred shear strain will 
reflect whether there is a surplus or deficit of slip at depth relative to the assumed vertical 
uniform slip with depth. In examining the results from the spatial principal modes, we 
found that two other factors remain. The first involves the displacement of the central 
monument, CAR, perpendicular to the strike of the San Andreas fault. The second is 
based upon the validity of data to POMO. Examination of the secular rates of MID and 
POMO implies that slip on the San Andreas fault is not confined to a simple trace between 
MID and MIDE, rather, slip may be spread over a 1 km wide zone between MIDE-MID 
and MID-POMO. Consequently, we have computed three sets of models: Model I, using 
the data to POMO and including slip between stations MID and POMO; Model II, not 
using POMO but including slip between stations MID and POMO, and Model III, not 
using POMO and confining slip between MID and MIDE. For computational simplicity, 
we have assumed that the model parameters are linear in time, results are shown in the 
Table.
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Table

Slip-North mm/yr 
Central mm/yr 
South mm/yr

Strain-Normal ppm/yr 
Parallel ppm/yr 
Shear ppm/yr

Displacement-Normal mm/yr

RMS ratio

Model I

19.6 ± 0.2 
10.5 ± 0.1 
2.5 ± 0.2

0.38 ± 0.04 
+0.02 ± 0.04 

0.26 ± 0.04

-0.74 ± 0.05

2.15

Model II

16.8 ± 0.3 
10.9 ±0.1 
2.2 ±0.2

0.30 ± 0.04 
-0.02 ± 0.04 
0.032 ± 0.04

-0.63 ± 0.05

2.12

Model III

9.0 ±0.1 
11.4 ±0.1 
1.1 ±0.2

0.32 ± 0.04 
-0.09 ± 0.04 
0.50 ± 0.04

-0.33 ± 0.05

2.21

The most significant difference in these three models is the amount of slip inferred for the 
segment northwest of Car, on Middle Mountain. If we assume that slip is only confined to 
the fault trace between MID and MIDE, (Model III), then the slip rate of the northwest 
segment is less than inferred for the central segment. Correspondingly, the fault shear 
strain for Model III is larger than the other two models reflecting the lower average for 
slip computed at depth on the northwest segment. The smaller amount of slip inferred 
for the Middle Mountain segment is in conflict with the notion that slip decreases as we 
move to the southeast. If the assumption in Model III of slip confined between MID and 
MIDE is closest to the truth and we accept that the northern slip rate exceeds the rate 
on the central segment, then we must conclude that the data to MID is also erroneous. 
The results from Models I and II show slightly smaller residuals than Model III. When the 
modeling is done using resolution of monthly intervals instead of 3.9 years, the RMS ratio 
of the residuals to the a priori data error is reduced to less than 1.10 for Model I, which 
is a satisfactory fit.

Reports

Langbein, J., The deformation of the Long Valley caldera, eastern California, from mid- 
1983 to mid-1987; measurements using a two-color geodimeter, submitted to Jour. 
Geophys. Res., 1988.
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Figure 1. Line length changes observed for seven frequently measured baselines in Long Valley 
covering the interval when instrument #21 failed and was replaced with instrument 
#11. Data from instrument #11 commenced on July 1, 1988. The error bars represent 
one standard deviation. The data from both instruments have been adjusted on the 
basis of calibration results using the prototype two-color geodimeter.

Figure 2. Results from computing the offset in length scale of instrument #11 relative to #21. 
The data plotted with error bars are results of computing the offset on July 1, 1988 
for each baseline in Long Valley. It is assumed that each baseline is extending at 
a constant rate during the interval April 1 to September 1, 1988. The light line is 
a result of computing the instrument offset assuming that the offset is proportional 
to line-length. Finally, the heavy line is the result from the Parkfield Calibration 
Experiment.
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Microearthquake Data Analysis 

9930-01173

W.H.K. Lee 
U.S. Geological Survey
Branch of Seismology

345 Middlefield Rd., MS 977
Menlo Park, CA 94025

(415) 329-4781

Investigations

The primary focus of this project is the development of 
state-of-the-art computation methods for analysis of data from 
microearthquake networks. For the past six months I have been 
involved in:

(1) A project called "Investigation of signal characteristics of 
quarry blasts, nuclear explosions, and shallow earthquakes for 
regional discrimination purposes" for the Defense Advanced 
Research Projects Agency. The objective is to collect high- 
frequency seismic data generated by quarry blasts, controlled 
explosions, and shallow earthquakes, to study their signal 
characteristics, and to develop a method to discriminate between 
these three different sources. A telemetered network of 6 
stations (5 3-components and 1 vertical component) was installed 
at the Permanente Quarry. A PC-based seismic data acquisition 
and processing system was developed to digitize and display the 
15 incoming seismic signals and 1 time signal at 100 samples per 
second and to detect seismic events. If an event occurred, the 
system automatically picks first P-arrival times, locates the 
event, and saves the digital waveform data. This realtime system 
has been operating since April, 1988.

Two holes were drilled at the Kaiser Permanente Quarry (one 
to 750 feet, and the other to 300 feet). A downhole 3-component 
seismometer was installed in late June, 1988, and was recorded on 
a GEOS together with a 3-component seismometer at the surface. A 
few GEOS were also installed at the Permanente Quarry in order to 
collect high-dynamic range and broad-band data.

(2) . A collaborative project with Kei Aki and others on coda Q 
study in California. the objective is to use seismic coda waves 
recorded by Calnet for investigating the spatial and temporal 
variations of seismic attenuation. During the last few months, 
we have been systematically processing the CUSP archive tapes 
at the IBM Palo Alto Scientific Center to a form that we can use 
the data in any computers, especially the VAX Computers under VMS 
and PC under DOS. So far, about 20,000 earthquakes in 1984 and 
1985 have been processed.
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Report 3

Lee, W. H. K., Tottingham, D. M. , and Ellis, J. O., 1988. A 
low-cost PC-based seismic data acquisition and processing system 
(Abstract), submitted to AGU Fall Meeting.

Aviles, C. A., and Lee, W. H. K., 1988. Amplitude decay with 
distance for northern California quarry blasts and earthquakes 
(Abstract), submitted to AGU Fall Meeting.
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Parkfield Prediction Experiment 

9930-02098

Allan Lindh & John Estrem
Branch of Seismology

Office of Earthquakes, Volcanoes and Engineering
345 Middlefield Road, Mail Stop 977

Menlo Park, California 94025
(415) 329-4778
(FTS) 459-4778

Investigations
Coordination of activities in the Parkfield prediction 

experiment. Analysis of USGS coda-duration measurements for 
magnitude determination.

Results
A Real-time earthquake prediction experiment is underway at 

Parkfield.

Reports
The Working Group on California Earthquake Probabilities (1988). 

Probabilities of Large Earthquakes Occurring in California 
on the San Andreas Fault, U.S. Geological Survey Open-File 
Report 88-398, 62 pp.

Hirshorn, B., Lindh, A. G., and Alien, R. V., (1988). Shape of 
the Earthquake Coda: Implications for Coda-Magnitude 
Relations, Seismological Research Letters, v. 59, p. 38.

Attachments: Following are the synopsis from each of the monthly 
Parkfield Data Review meetings held during the 
reporting period.
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A. APRIL 1988 PARKFIELP DATA REVIEW - MEETING HELD MAY 9. 1988

Seismic activity at Parkfield was quiet during April. 
There were a total of 9 events, all less than HI.4 and all 
less than 9 km in depth. 3 of the 9 occurred in the Middle 
Mt box. Two of the events this month occurred south of 
Middle Mountain, near Parkfield and Gold Hill.

A 1.4^ ffifln ri^rht lateral creep event occurred on 4/17 QI> 
XMD1 (Middle RIdael. This event was coincident with a 6+ cm 
drop i.n water level at the, WlIUBa fleeo veil. Each of these 
changes triggered a D-level alert but, due to the routine 
occurrence of these dual events, the two D alerts were no-fr 
added to make a C alert. There was also a 0.57 mm right 
lateral creep event on 4/24 on X461 (Highway 46 South) , the 
largest event here since installation in August 1986. 
Overall, creep in Parkfield is at the lowest level since 
just after the Coalinga earthquake.

One D-level alert occurred on 4/1 due to short-term 
line lenorth changes on the 2-color laser. This alert was 
part of the extended C-level alert which began at the end 
of March and was documented in last month's report.

A strain transient occurred at Red Hill on 4/12-13. 
However, since this was not seen simultaneously at Jack Cyn 
it did not generate an alert.

There were no magnetometer or radon anomalies in April.

Six seismic events were recorded within the Parkfield 
box on the GEOS network. The largest event, Ml.4, was 
recorded at four stations. Four other events from outside 
Parkfield were recorded during April, with the two largest 
centered in Coalinga (M3.6 & N3.5).

337



II.2

A. MAY 1988 PARKFIELD DATA REVIEW - MEETING HELD JUNE 13, 1988

There were 13 earthquakes at Parkfield in May. Three 
of these events were magnitude 1.5; none was greater than 
1.5.
Four events occurred at Middle Mt, one of which was a 
magnitude 1.5 event at 11 km depth on Mav 23 that 
constituted a D-level seismic alert.

There were no unusual signals in the Parkfield creep, 
tiltmeter, or magnetometer data for May. There was one 0.6 
mm (right lateral) creep event at XMM1 on May 9.

The latest alert from changes in 2-color data occurred 
in April 1988. Application of the long-term alert criteria 
has returned relatively high index values for most of April 
and the first 10 days of May. However, results since May 10 
indicate a return to steady deformation at a rate very 
close to the long-term average. Operationally, the red 
laser plasma tube has experienced some problems and will 
have to be replaced. However, the laser problem has not 
affected data quality.

There were no anomalous strain transients during May 
with the exception of a relatively large excursion on the 
Donna Lee tensor strain meter. The deviation appears to be 
of local site origin, and may relate to water table effects.

Six seismic events were recorded within the Parkfield 
box on the GEOS network. The largest event, a M«1.8, was 
recorded at 5 stations. No other events from outside the 
Parkfield box were recorded during May.

There were no water level, radon, or hydrogen anomalies 
during May.
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JUNE 1988 PARKFIELD DATA REVIEW MEETING - HELD JULY 11, 1988

There were 22 earthquakes at Parkfield in June. Five 
of these occurred at Middle Mt. The largest event was M-2.3 
and the rest were M-1.9 and smaller. One of the events at 
Middle Mountain was 9 JOB deep and therefore in the MM3 zone, 
but since it was only M-0.3 it did not constitute an alert.

There were 7 creep events during June, all in all a 
typical summer month 1 * activity. There was one D-level 
alert issued due to a 1.18 mm RL creep event at XMD1 on June 
30. The event was coincident with a water level drop of 3.4 
cm in the Middle Mt. deep well (Wnma)7

There were no alerts from the 2-color laser during 
June. Bob Burford noted, however, that right lateral fault, 
slip at XVA1 (fault trace) and block movements between 
stations POMO and BARE, 3.5 km apart on opposite sides of 
the main fault and in the north end of the network, have 
been very similar since early March 1988. Both data sources 
indicate RL movement of about 50 mm/yr since May 21.

There were no dilatometer alerts in June. However, 
there was another aseismic strain event at the Red Hills 
instrument. The reason for this signal, which was not 
recorded at Jack Ranch, is unclear.

Six earthquakes from within the Parkfield box were 
recorded on the GEOS network. T*e largest, an M-2.5, was 
recorded at eight stations. Seven of the eight recording 
stations triggered on the vertical component only. Three 
events from outside Parkfield were also recorded. The 
largest, the M-5.0 Alum Rock earthquake, triggered on three 
stations.

There were 2 "sub-alerts" due to water well 
fluctuations during June. The first, on June 11, was 
followed by a 0.04 mm RL creep event at XMM1. The second 
was simultaneous with a creep event on June 30 (see creep 
summary).

There were no magnetometer, tiltmeter, radon or 
hydrogen anomalies during June.
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JULY 1988 PARKFTELD DATA REVIEW MEETING - AUGUST 8. 1988

There were 13 earthquakes at Parkfield in July. Three of these occurred at 
Middle Mt. The largest event was M=1.96 and the rest were M=1.39 and smaller. 
One of the events at Middle Mt. was 11 km deep and therefore in the MM3 zone, 
but since it was only M=0.98 it did not constitute an alert.

There were no creep events during July. Of interest, however, was the fact 
that three creepmeters in the northern pan of the network (xmdl, xval, and 
xtal) all tracked very closely to each other and all exceeded the rate recorded 
at xscl (Slack Cyn) to the north.

There were no alerts from the 2-color laser during July. Rapid right-lateral 
block movement across the main fault in the NW pan of the network 
continued during July and seemed to correlate with the creepmeter data.

John Langbein submitted results from modeling of two years of tetrameter 
data across Middle Mt. As expected, the largest signal is the 14-15 mm/yr of 
slip on the San And re as. Of note, however, is the lack of shear strain. It was 
suggested that this was probably due to both a weakness in the geometry of the 
network in this area and partly an end effect (the northern end of the locked 
zone) where the maximum shear would not be parallel to the fault.

There no alerts or noted unusual activity in the tilt, magnetometer or 
strainmeter data.

Four earthquakes from within the Parkfield box were recorded on the GEOS 
network. The largest, an M=1.54, was recorded at four stations. Three other 
events from outside the Parkfield box were also recorded. The recent Bear 
Valley event was recorded at the Gold Hill and Frolich dilatometer sites «id at 
White Cyn. Changes in sensor configuration to achieve greater trigger 
sensitivity have been made on a trial basis at several sites. This change is 
expected to result in a much longer record of the main shock, more flexibility 
in choosing trigger ratios for the aftershock sequence, and provide better 
coverage for large, nearby regional events. High temperatures have caused 
some problems at a few sites.

There was one D level alert due to a drop of 5.5 cm in the Stockdale Mt. water 
well. However, the certainty of this change is still questionable because the 
change was not measured manually and several days later the transducer in 
the well failed.

Pressure data from the Varian deep hole have recovered satisfactorily 
following a bleeding of the excess pressure and a recalibration of the pressure 
transducer.

There were no radon or geochemical anomalies in July.

John Sims presented an update of his mapping efforts in Parkfield and 
discussed his recent plans to place 12-15 20m-200m quadrlaterals across the 
San Andreas and subsidiary faults for measurement of co-seismic slip.
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AUGUST 1988 PARKFIELD DATA SUMMARY

There were 18 earthquakes at Parkfield in August. 
Three of these occurred at Middle Mt., thirteen were 
northwest of Middle Mt., and two were southeast of Gold 
Hill. The largest event was M=2.36 NW of Middle Mt. on 
8/13.

Rapid right-lateral block movement across the main fault 
in the northwest part of the 2-color network, notable during 
July, continued through about 22 August, but no alert 
criteria were met.

There were no alerts or noted unusual activity in the 
creep, tilt, magnetometer or strainmeter data. There was 
one small creep event on 8/1 that registered at two sites: 
XMM1 (0.42mmRL) and XMD1 (0.36mmRL).

Six events from within the Parkfield box were recorded 
on the GEOS network between August 1-22. The largest event, 
an M=2.4, was recorded at four stations. Five other events 
from outside the Parkfield box were recorded during this 
period, including the Coalinga M=3.0 event.

There were no alerts or noted unusual activity in the 
water level data during August.

There were no radon or geochemical anomalies in

-J. Estrem
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SEPTEMBER 1988 PARKFIELD DATA SUMMARY

There were 19 located earthquakes at Parkfield in 
September. Two of these occurred at Middle Mt., fourteen 
Mere northwest of Middle Mt. There was one small event 
near Gold Hill, and another near Simmler. The largest 
event was a M2.31 NW of Middle Mt. on 9/6. There was a 
level D seismic alert Sept. 26-30 from a Ml. 6 in the deep 
Middle Mtn. box, MM3. It was extended to four days from 
the usual 72hr alert because of a MS. 0 event 10km west of 
Middle Mtn, off the San Andreas (Olson and Lindh). (For 
more information, see addendum to this report which 
describes the off-fault seismicity and the level C alert 
which occurred on 3 Oct. The same message is also on OMNET 
in the Parkfield BB. >

There was a D level alert for the period Sept. 4-8, 
based on two-color laser data. The alert was due to a 
small positive dilatation on several lines that persisted 
for about 2 wks, and peaked on 9/6 (Burford and Slater)-. 
There may be a few questionable data* points on that day 
(Langbein), but even if the observations on that day are 
removed, the alert is little affected.

There were no alerts or noted unusual activity in the 
water-well, creep, tilt, magnetometer, strainmeter, radon 
or geochemical data.

Four events from within the Parkfield box were 
recorded on the GEOS network between Sept 1-27. The 
largest event was the M2.3 on the 6th. No other events 
from outside the Parkfield box were recorded during this 
period. (Noce et al.>

-A. G. Lindh
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SUMMARY OF LEVEL C ALERT OF 3 OCT 88

There was another event off the San Andreas to the 
west at 2208GMT on 2 Oct 88. The location is essen 
tially identical to the one on 27 Sept. No formal
impact on alerts, but worrisome.
for last week follows:

DATE ORIGIN LAT 
88 926 437 22.49 35 56.71 
Triggered D level alert for 
88 926 822 44.90 36 5.10 
88 927 425 12.77 35 56.80 
Off Fault event extended D

24 hrs
881002 2 8 59.37 36- 1.04
881002 22 8 53.03 35-56.82 
Another off fault event
881003 10 6 20.40 36-10.52 
881003 1151 8.50 36- 0.83 
881003 2014 58.75 36- 1.57

List of earthquakes

LONG
120 29.66 
72 hrs 
120 38. 11 
120 38.56 

level alert

120-34.56 
120-38. 36

120-36.21 
120-33. 40 
120-32.41

DEPTH 
10.54

MAG 
1.64

4. 70 0.95
8. 96 2. 04
for another

7. 34
8.58

9.68
6.46
1.36

1. 18
1.81

0.95
1.04
0.76

There was a large creep event, starting at about 
0500OMT on 3 October (9pm Sunday evening) that exceeded 
the C level criterion (1.2 mm at XMD, 0.3mm at XMM, over 
17cm of drop in the Middle Mtn well). This may be a 
resumption of the periodic events at this site, since 
the last event was about 95 days ago.

In the last year we have exercised some discretion 
in downgrading creep events this size level to D alerts, 
 Ven tho the formal rules would dictate a C. (The 
rationale has been that multiple observations of a 
single creep event do not really count as "independent 
Observations".) In this case, however, the consensus 
was that we should leave it a C because:

1) The water well drop is the largest we have ever 
seen, even tho the surface creep is not as large as some 
previous cases.

2) The off-fault earthquakes are worrisome, even tho 
we have no idea if, or how, they relate to activity on 
the San Andreas.

If nothing further, happens, the C level alert will 
expire at 0500GMT on the 6th, that is 9pm Wed evening.

FIGURES
1) Map of seismicity, Sept 88
2) Focal mech of 27 Sept 88, off fault event 
3> Creep and H20 records from Middle Mtn for first 

week of October, 1988
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SEISMIC STUDIES AT PARKFIELD USING THE VARIAN A-l DEEP WELL

14-08-0001-G1602

T.V.McEviUy, R. Clymer, T. Daley
Seismographic Station

University of California
Berkeley, CA 94720

415/642-3977

Introduction
In November, 1987, a vertical array of geophones and accelerometers was installed in the 

reopened 'Varian A-l' wildcat well at Parkfield. The array, hereinafter termed the Varian 
Well Vertical Array (VWVA), extends to 1400-m depth at a site 2 km from the San Andreas 
fault (Figure 1), close to the nucleation zone of the expected magnitude 6 Parkfield earthquake. 
While tests done shortly after installation indicated that the entire array was functioning, failure 
of deep connecting cables soon eliminated sensors below 968m. There is no indication of 
further loss. The original Nov '87 tests provide a 'benchmark' VSP using the full string. The 
remaining instruments are adequate to proceed with all the proposed uses of the VWVA.

Several experiments are underway, each of which complements current studies using the 
ten-station, 30-component Parkfield high-resolution seismometer network (HRSN) to monitor 
fault zone properties and microearthquake activity.

Investigations
1) Recording of Vertical Seismic Profiles (VSP) with the UCB shear-wave vibrator to study 
details of the wave field and to monitor changes in S-wave anisotropy.
2) Incorporation of VWVA measurements into the ongoing HRSN controlled-source monitor 
ing program, adding the capability for more complete determination of the wavefield and more 
accurate localization of physical-properties changes within the nucleation zone in the vicinity of 
the well. Data are recorded on a Sercel 338 96-channel acquisition system leased from CCG 
American Services, Inc. This will be a "piggyback" experiment, wherein the signal from the 
operator at the HRSN recording site will trigger both recording systems and the vibrator, 
recording simultaneously up to 130 channels on the two recording systems.
3) Non-aliased microearthquake recordings, suitable for beamforming and f-k processing, will 
be used in conjunction with HRSN microearthquake data to study the failure process at depth 
with previously unattainable resolution.

Results
1) VSP studies. Three VSP experiments accomplished in November 1987 and in January and 
February 1988 were discussed in some detail in the last summary. The tests used the shear- 
wave vibrator to generate two polarizations of shear-waves (SV and SH) at offsets of 100 m, 
365 m and 2350 m (Figure 1).
Figure 2 shows traces from three levels in the well that have been rotated into a wavefront- 
based coordinate system of P (Radial), SH and SV orientations. The results show a clear 
difference in shear-wave travel time between first arrivals on the SV component from the SV 
source and on the SH component from the SH source. The P-waves generated by the S-wave 
vibrator do not show the same change in travel time (Figure 3), although the first arrivals do 
have a different character. The equal P-wave travel time from the two sources eliminates the 
possibility of near-source effects causing the variation in the S-wave travel times. About 10%

UCB Seismographic Stations 047 SEPT88
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shallow shear-wave anisotropy is indicated, with those waves polarized roughly perpendicular 
to the fault trace (SV in this case) being slower. The results are compatible with the model 
shown in Figure 4. Similar observations of anisotropy using controlled-polarization shear-wave 
VSP's have been observed in other areas (Majer et a/., 1987, Daley et al, 1988).
The lower diagrams in Figure 2 show particle-motions of the two polarizations of S-waves at 
two levels. The time window used for the SH source polarization is earlier than the SV 
arrival, hence quite pure SH motion is shown. A later window was used for the diagrams 
under the SV component, when there is a mix of SV and SH arrivals, leading to the ellipticity 
of particle motion in the SV-SH plane.
Figure 5 shows that the anisotropy and the recorded waveforms were stable over the short 
time-span of the three surveys.
2) Monitoring studies with VWVA and HRSN. Attempts to begin the joint monitoring program 
in June and July 1988 were unsuccessful due to failures of the recording system. The system 
now appears to function, not perfectly but adequately. The July field trip exhausted FY88 
funds, and the next attempt will be made in October. FY89 funding reductions jeopardize this 
program, in that non-temporally-aliased monthly monitoring will be possible only until some 
time in the spring.
3) Earthquake data. Recording and subsequent dissemination of the microearthquake data at 
Varian are the responsibility of the USGS. Recording began in April, 1988.
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VflRIRN WELL VSP 
365M OFFSET

S.V COMPONENT 
SV SOURCE

NOV 87

0.000

0. SOO

l.SOO

SH COMPONENT 
SH SOURCE
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)

SV SOURCE: SH SOURCE:
PflRTICUC MOTION RT LEVEL IS PRUIICtE MOTION FIT LEVEL 18

MOTiex FIT LEVEL is
LE toriON HT UOEL 19

Figure 2. Top: Traces from three levels in the Varian well, from the November, 
1987 VSP. Rotated SV and SH receiver components are shown for the corresponding 
S-wave source polarizations. The time-shift of the S-wave first-arrival indicates 
roughly '\0% anisotropy. Bottom: Particle motions of the shear-wave first arrivals 
at two levels for the two source polarizations.
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VRRIflN NELL VSP 
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Figure 3. Rotated radial receiver components at three levels in the well for 
both source polarizations.
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FAULT ZONE 'FABRIC' MODEL

SAN ANDREAS 
FAULT

SHEAR-SOURCE 
POLARIZATION

S45

FABRIC OF 
SHEAR ZONE

EXPECTED OBSERVATIONS

/ \
sv

sv

SH S45
SV - SLOW, LINEAR POLARIZATION 
SH - FAST, LINEAR POLARIZATION 
S45 - SPLIT INTO FAST AND SLOW POLARIZATIONS

Figure 4. Fault-zone model compatible with the Parkfield anisotropy observations
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VRRIflN NELL VSP 
365M OFFSET

SH COMPONENT 
SH SOURCE

NOV

JAN

FEB

SV COMPONENT 
SV SOURCE

NOV

JAN

FEB

TIME (SEC) 1.0 2.0

Figure 5. Rotated receiver components at three levels in the well with matching 
source polarizations for the three VSPs, showing the stability of the waveforms,
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EXPERIMENTAL TILT AND STRAIN INSTRUMENTATION

9960-01801

C.E. Mortensen 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4856

Investigations

1. There are currently 123 Data Collection Platforms (DCP's) that transmit a variety of 
data through the GOES-6 spacecraft to the Direct Readout Ground Station (DRGS) 
in Menlo Park. Forty-six of these DCPs transmit data at 10-minute intervals on an 
exclusively assigned random channel, which is being utilized under a special agreement 
with NESDIS. The remainder of the DCPs report at standard 3 or 4-hour intervals as 
assigned by NESDIS. This system transmits data from all types of low-frequency 
instruments including dilatometers, creepmeters, strainmeters, water-level meters, 
magnetometers, tiltmeters, and related measurements.

The decrepit digital telemetry system that was based on telephone lines and radio links 
has finally been replaced by the satellite system. A system to backup the satellite 
telemetry system with non-volatile, solid-state memory and dialup or dedicated 
telephonic communications path has been developed. Included in this system will 
be the capability to lock the DCP timing to a radio time standard. This feature 
will enable more efficient utilization of the assigned satellite bandwidth. A contract 
has been executed with Cutler Digital Design to manufacture the first five production 
models of this system, which will be known as the Companion because of its interfacing 
with the satellite DCPs.

2. A system to affect emergency communications and routine operational message 
traffic in the Parkfield area has been implemented. Seven wide-band, digitally- 
synthesized radios have been delivered and installed - six in field-service vehicles 
and one at the Car Hill laser observatory. These radios can communicate over the 
USGS repeater frequency, on commerical mobile radio-telephone frequencies, on the 
California Emergency Services Radio System, and through the USGS microwave link 
to the telephone system at Menlo Park. Additional capabilities are available with 
certain units including access to a large number of local emergency and operational 
radio nets. It is also planned to establish a capability to link directly to the telephone 
system locally by installing a phone-patch (already procured) at Car Hill. Equipment 
to establish a second radio network, with a separate repeater, in the Parkfield area is
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on order. The purpose of the second network will be to segregate the communications 
in order to avert saturation of the circuits in the event of heavy operational activity 
in the area.

3. Networks of tiltmeters, creepmeters and shallow strainmeters have been maintained in 
various regions of interest in California. A network of 14 tiltmeters located at seven 
sites monitor crustal deformation within the Long Valley caldera. Recently Roger 
Bilham of the University of Colorado and John Beavan of Lamont-Doherty installed 
a very long baseline tiltmeter in Long Valley. This project is providing three DCP's 
to collect the data and return it to Menlo Park via GOES satellite. We also monitor 
the data received to keep track of deformation within the caldera, comparing results 
frequently with the USGS tiltmeter array. Other tiltmeters are located in the San Juan 
Bautista and Parkfield regions. Creepmeters located along the Hayward, Calaveras 
and San Andreas faults between Berkeley and the Parkfield area are maintained in 
cooperation with the Fault Zone Tectonics project. A shallow strainmeter is located 
near Parkfield, while observatory type tiltmeters and strainmeters are sited at the 
Presidio Vault in San Francisco, and a tiltmeter is installed in the Byerly Seismographic 
Vault at Berkeley. Data from these instruments are telemetered to Menlo Park via the 
GOES satellite.

4. A short-haul telemetry system has been assembled from commerically available 
modules to acquire data from the tiltmeter that monitors rotational changes in the 
MIDE reflector pier of the two-color laser system at Parkfield. Components for 
additional pier tilt monitor sites are on hand and will be assembled and deployed 
in the coming months.

5. A system for remotely rezeroing and clamping a tiltmeter installed in a deep borehole 
is being developed, and two deep-borehole tiltmeters are being assembled.
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Helium Monitoring for Earthquake Prediction
9570-01376 

G. M. Reimer
U.S. Geological Survey, MS 963

Denver Federal Center
Denver, CO 80225
(303) 236-7886

INVESTIGATIONS

The concentration of helium in soil-gas Is being observed to see if a 
link can be established between the variation in concentration and 
seismic activity. Several sample collecting stations have been 
established in central California along the San Andreas Fault and are 
being monitored to establish a data base. Some stations had been in 
place for 7 years along a traverse from San Benito to Hoi lister and-an 
interesting correlation between helium decreases and seismic activity 
was observed. Several of those stations have been moved to near 
Parkfield and now are the main focus of this monitoring program. A few 
stations are still in service along the previous traverse but will not 
be maintained; as they become inoperative or vandalized, they will be 
withdrawn from the network.

EESULIS

The initial observations from the Parkfield stations indicate a pattern 
similar to the San Benito - Hoi lister network. The seasonal cycle of 
the soil-gas concentrations is evident (Figure 1). The average 
concentration of helium remains higher at Parkfield by about 40 parts 
per billion compared to the Hoi lister - San Benito stations. This is 
not unusual and is probably due to differences in soil type and the 
affinity to retain moisture. Alternatively, It could be evidence of 
greater permeability as would be the case if the stations are within 
fault breccias. A device to measure relative in-situ permeability has 
been constructed and the question of whether soil moisture or 
permeability is the dominant factor controlling the higher helium 
concentrations will be answered during the next site visit. Figure 1 
shows the actual helium soil-gas concentrations; they have not been 
averaged as have the data in previous reports for the San Benito - 
Hoi lister stations. As more data are collected, an averaging technique 
will be utilized and the same method of forecasting seismic activity 
that had been developed for the northern section of the network will be 
used for the Parkfield data. That method required an average helium 
decrease of at least 5 ppb be observed for a minimum of 2 consecutive 
weeks. The comparison of the data base from the two areas will provide 
an excellent test of the validity of the forecasting model. Samples 
were not collected for about 2 months (June and July, 1988). The lowest 
values observed to date at this site were recorded in early August.

EfiEQEIS

None in this semi-annual period.
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MECHANICS OF FAULTING AND FRACTURING

9960-02112

Paul Segall 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4861

Investigations

1. Analysis of deformation and slip on the San Andreas Fault near Parkfield," California 
(with Mark V. Matthews).

2. Development of generalized inverse methods for estimating fault slip from surface 
deformation measurements (with Yijun Du and Laurie Erickson).

3. Analysis of the deformation of Kilauea volcanoe and the 1975 M 7.2 Kalapana 
Earthquake (with Paul T. Delaney, HVO).

Results

1. We are studying the spatial and temporal distribution of slip on the San Andreas Fault 
near Parkfield, California throughout the complete cycle of M 6 earthquakes. Previously, 
Ruth Harris and I used geodimeter measurements collected between 1960 and 1984 to 
constrain slip during the 1966 earthquake as well as the distribution of aseismic slip- 
rate between 1966 and 1984. Since then we have focused on measurements made with 
the two-wavelength geodimeter, which has been jointly operated in the Parkfield area 
by the U.S.G.S and C.I.R.E.S. Data collected with this instrument may yield unique 
information about temporally varying slip at depth on the fault. However, the data appear 
to contain rainfall related seasonal signals and local benchmark motions in addition to 
random measurement errors. At present, our ability to detect arid interpret transient fault 
slip is limited more by these contaminating noise sources than by the intrinsic instrumental 
sensitivity.

In order to quantitatively interpret these data we have adopted a Bayesian model that 
incorporates seasonal components, local benchmark motion, and random measurement 
errors. The tectonic signal is assumed a priori to be smooth, that is distributed like a 
Gaussian process that solves a stochastic difference equation. Local benchmark motions 
a.re assumed to behave like a Gaussian random walk (Brownian motion) and to be spatially 
uncorrelated. Measurement errors are assumed independent and Gaussian. The seasonal 
components may be described either by sinusoids or by periodic stochastic processes. The 
unknown scale parameters in this framework are estimated by maximizing the marginal

358



II.2

likelihood function given the data. Since all the components of the model are Gaussian, it 
is possible to choose a convienient state space representation and to evaluate the likelihood 
recursively via the Kalman filter. Once the scale parameters are estimated, the Kalman 
filter may be used to obtain nonparametric smooth estimates of the tectonic signal, and 
as a predictive filter to search for significant departures from past behavior, that is as an 
"alarm detector".

In the last report we discussed a simpler model in which the tectonic signal was 
constrained to be a linear function of time. We showed that despite this restrictive 
assumption that we were able to obtain reasonable estimates of the random measurement 
errors. As expected, the measurement errors have a variance that depends on the baseline 
length (1 part in 107 ), and is independent of the locality in which the instrument is 
operated.

We have conducted tests on simulated time series data allowing for arbitrary time 
varying signals. We found that the method outlined above is capable of detecting transient 
signals in the presence of complex noise as long as the signal to noise ratio is sufficiently 
large. We represent the data y(tt ) by y(tt ) = «(*,-) 4- &(*,-) +  t where «(*,-) is the unknown 
signal, b(tt) is the Brownian benchmark motion, and  t are random measunnent errors. 
For example, in Figure 1 we show a sinusoidal signal contaminated with white noise 
with variance a2 = 0.500, and Brownian motion with scale parameter r 2 = 0.100. The 
maximum likelihood estimates computed from the data are a 2   0.525 and r 2 = 0.060. 
The estimated signal s(t) and ±la confidence intervals, based on the estimated scale 
parameters are also shown in the figure. The sinusoidal character of the signal is apparent 
in the estimate. In fact the ±lcr envelope contains the true signal except for the short 
interval between t = 40 and t = 90. 
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We have also estimated the signal in a series of Geodolite measurements from Loma 
to Eagle Rock (Savage, Prescott, and Lisowski, 1987, J.G.R. p.4785-4797). There are 97 
data points (Figure 2). The estimated standard deviation of the measurement errors is 
o = 6.3mm, while the estimated Brownian motion variance is r2 = 10.6mm2 /year. By 
comparison Savage and Prescott (1973) predict a measurement uncertainty for a baseline 
of this length of 6.9mm. The signal shows an apparent change in trend in 1983, followed 
by extension at a constant rate between 1983 and 1988. The possible significance of the 
trend change was discussed by (Savage, Prescott, and Lisowski, 1987).

100

50

80 61 62 83 84 65 66 67 68 69

2. We are generalizing our inverse programs to allow for alternate data types (trilateration, 
triangulation, leveling, tilt, point dilatation, etc.) and source geometries (dipping faults, 
dip slip and strike slip, opening dislocations). We are currently using the DIS3D program 
to calculate the Green's functions, and a singular value decomposition (SVD) for the actual 
inversion. Smoothing, using the Laplacian of the displacement as a roughness measure, 
may be included. To test the method and to study the resolving power of repeated leveling
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data for fault slip, we examined elevation changes caused by the Ma 7.3 1983 Borah Peak, 
Idaho earthquake on the Lost River fault. This data has been inverted for slip at depth 
by a number of investigators. We sought solutions that minimize the squared norm of 
the residuals while minimizing the roughness of the slip distribution. Trade-off between 
goodness of fit to the data and roughness of the slip distribution suggested that a reasonable 
model could be obtained with 5 or 6 singular vectors. The best fitting fault dip is near 50°, 
and the net moment is 2.6 x 10 19 N-m, as suggested by earlier workers. The slipped zone 
is shallow along the northwest segment of the fault and deepens to the southeast. The 
maximum slip of ~ 3.1 meters occurred roughly 12 km downdip along the southeast part 
of the fault. The long wavelength features in the estimated slip distribution are similar 
to those obtained by Ward and Barrientos (1986), who minimized the two-norm of the 
residuals using an iterative procedure with a positivity constraint on the slip. Shorter 
wavelength features differ between the two solutions. Examination of the resolving kernels 
shows that the resolution half-length is of the order of 6 to 7 km in the zone of maximum 
slip, and 4 to 5 km at shallower depth immediately below the leveling line.

3. The largest deformation event to occur on the island of Hawaii since the installation of 
an extensive trilateration network in 1970 resulted from the M 7.2 Kalapana earthquake 
of November 29, 1975. We have computed horizontal displacements for the 1970-74 
preseismic, 1974-76 coseismic, and 1976-82 postseismic epochs. Network misclosures 
indicate measurement errors on a typical 10 km baseline of ~ 3 cm for the preseismic 
period, and ~ 5 cm for co- and postseismic periods. Some misclosure may result from 
rapid postseismic deformation during the 1976 survey. A minimum vector norm solution 
for the 1976-82 postseismic epoch, which holds the networks center of mass fixed, is shown 
in the Figure. Large displacement gradients at 155° and 155°20', isolate Kilauea's south 
flank, which has moved southeastward relative to the distal parts of Kilauea's rift zones. 
This region corresponds to the Kalapana aftershock zone and flanks the most active part of 
the rift system. The south flank extended 401 ± 30^strain normal to the rift zones during 
the 1974-76 coseismic epoch. The same area contracted at a rate of 8.3 ± 0.7'^strain/year 
following the earthquake (1976-82). Horizontal and vertical displacements determined by 
trilateration and repeated leveling place important constraints on the the mechanism of 
the earthquake, and associated postseismic phenomenon.

_ 1976-1982 DISPLACEMENTS
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Reports

McTigue, D. F. and P. Segall, Displacements and tilts from dip-slip faults and magma 
chambers beneath irregular surface topography: Geophysical Research Letters, v. 15, 
p. 601-604, 1988.

Segall, P. and Matthews, M. V., Displacement calculations from geodetic data and the 
testing of geophysical deformation models: Journal of Geophysical Research, in press, 
1988.

Segall, P. and Harris, R. H., Comment on: 'Geodetic evidence for seismic potential at 
Parkfield, California', by L.Y. Sung and D. D. Jackson Geophysical Research Letters, 
in press, 1988.

362



II.2

Low Frequency Data Network

Semi-Annual Report

S. Silverman, K. Breckenridge, J. Herriot
Branch of Tectonophysics

U. S. Geological Survey
Menlo Park, California 94025

415/829-4862 
September 12, 1988

9960-01189

Investigations

[l] Real-time monitoring, analysis, and interpretation of strain, creep, magnetic, tilt and other 
low frequency data within the San Andreas fault system and other areas for the purpose of 
understanding and anticipating crustal deformation and failure.

[2] Enhancements to satellite-based telemetry system for reliable real-time reporting and archiv 
ing of crustal deformation data.

[3] Development and implementation of backup capablities for low frequency data collection sys 
tems.

[4] Specialized monitoring, including automated alerts, and display of data relevant to the 
Parkfield region.

Results

[1] Data from low frequency instruments in Southern and Central California have been collected 
and archived using the Low Frequency Data System. In the six months over over eight mil 
lion measurements from over 100 satellite platforms have been received via satellite telemetry 
and subsequently archived by Low Frequency Network computers for analysis. The satellite 
telemetry system has been expanded in attempt to convert all instruments presently moni 
tored via telephone telemetry.

[2] The project has operated a configuration of an Integrated Solutions (ISI) V24S computer run 
ning under the UNIX operating system, with another ISI serving as data storgage backup. A 
PDF 11/44 and two AT&T PC 7300 computers also have copies of the telemetry data. The 
ISI has been operational with less than 1% down time. Data from the Network are available 
to investigators in real-time and software for data display and analysis is readily available. 
Tectonic events, such as creep along the fault, can be monitored while still in progress. Also, 
periodic reports are produced which display data collected from various groups of instrumen 
tation.

[3] The project continues to use a five meter satellite receiver dish installed in Menlo Park for 
retrieval of real-time surface deformation data from California and South Pacific islands. 
The GOES geostationary satellite together with transmit and receive stations make possible a 
reliable realtime telemetry system. Further expansion of the number of platforms monitored 
is anticipated. As representatives of the Survey's use of the GOES system, the project hosted 
a conference of the GOES Technical Working Group and GOES Direct Ground Readout
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Station User Group. The meetings, attended by representatives of federal and state agencies, 
as well as university researchers and agencies of foreign governments, was most useful in pro 
viding insight into the future of the GOES satellite system.

[4] Networking between ISI machines over local area ethernet has enabled creation of a reliable 
and easily accessed backup facility. Implementation of the Network File System (filesystem 
sharing software) on the ISI machines has provided means for accessing data transparently 
from other machines while avoiding the cost of duplication of files and time involved in copy 
ing and producing environments capable of using the files. Recent modification of the net 
working tables and work in fostering a high-speed data line to the NSF network has provided 
researchers access to world-wide electronic communications.

[5] The project continues to take an active part in the Parkfield Prediction activities. Software 
has been written to provide scientists with automated alerts for signals which may indicate 
anomolous tectonic activity. Kate Breckenridge is the associate monitor for Parkfield creep 
events, which includes contact via paging system during periods of increased activity. Stan 
Silverman is the alternate monitor for Parkfield strainmeter data, which also includes contact 
via paging system for alerts. Also, data collection and computer operations are automatically 
monitored for abnormal activity and project members are paged for in the event of problems 
with either.

[6] The project has continued to provide real-time monitoring of designated suites of instruments 
in particular geographical areas. Terminals are dedicated to real-time color graphics displays 
of seismic data plotted in map view or low frequency data plotted as a time series. During 
periods of high seismicity these displays are particularly helpful in watching seismic trends. 
The system is used in an ongoing basis to monitor seismicity and crustral deformation in 
Central California and in special areas of interest.
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Parkfield Area Tectonic Framework

9910-04101

John D. Sims 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5653

Investigations:

1. Field investigations of structural and stratigraphic relationships between late Cenozoic 
sedimentary units and underlying Franciscan and Late Cretaceous units in the Park- 
field-Cholame area.

2. Field investigations of late Holocene and historic slip rates in the Parkfield to Carrizo Plain 
segment of the San Andreas fault.

3. Field investigations of Pleistocene and Holocene slip rates on the San Andreas, Calaveras, 
and Paicines faults in the Hollister area.

Results:

1. The late Holocene slip rate of the Parkfield segment of the San Andreas fault (SAP) is
26.4 < 2.6 mm/yr; a rate ~6 mm/yr less than predicted by geological and geodetic studies. 
The Parkfield segment is associated with faults that lie to the NE and SW of it. The faults 
to the NE show no evidence of Holocene activity, whereas four faults to the SW do. The 
four faults lie within 10 km of the SAP and are named the Southwest fracture zone 
(SWFZ), White Canyon fault (WCF), Red Hills fault (RHF), and the Gillis Canyon fault 
(GCF). SWFZ and WCF are parallel to the SAP. SWFZ stretches -15 km from the N end 
of Cholame Valley to near Middle Mountain and had surface slip of 2 to 5 cm in the 1966 
earthquake. WCG stretches SE -17 km from -10 km NW of Cholame. The nature of 
intersection of WCF with SAP or SAFZ is unclear. Several other faults that lie to the west 
of SAP are possible extensions of WCF but do not clearly connect to it. The spatial 
relationship between SWFZ and WCF is analogous to the 1 -km right stepover between the 
main traces of SAF in Cholame Valley. Geomorphic features on WCF suggest that it 
experienced late Holocene right-lateral strike-slip; and movement on it probably accounts 
for a large fraction of the 6 mm/yr slip deficit on SAF. However, neither cultural features 
nor offset Holocene deposits have been found to measure offset on WCF. WCF is inter 
sected by RHF -8 km N of Cholame and GCF -2 km south of Cholame. Geomorphic and
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stratigraphic evidence from RHF and GCF suggest Holocene oblique strike-slip and 
normal or oblique strike-slip respectively, but less than on WCF. RHF is considered by 
many to be part of a larger fault zone-the Red Hills-San Juan-Chimineas fault. Holocene 
activity on this larger fault zone has not been assessed beyond RHF.

2. A series of quadrilaterals were installed and surveyed with the collaboration of John 
Estrem (see figure). Thirteen quadrilaterals are installed on the San Andreas fault, two on 
the Red Hills fault, two on the White Canyon fault, and two on the Gold Hill fault. The 
quadrilaterals are intended to facilitate the rapid measurement of post-seismic slip follow 
ing the predicted Parkfield earthquake.

3. The Calaveras fault splays northeastward from the San Andreas fault near Stone Canyon, 
30 km southeast of Hollister, California, and continues northwesterly for approximately 
150 km. At Winfield Ranch, about 10 km southeast of Hollister, the Calaveras fault 
displaces an alluvial terrace riser of the San Benito River 125+15 m in a right-lateral sense. 
Three radiocarbon dates yield a combined age estimate of 13,290+215 B.P. (14,425+215 
CAL B.P.) for the formation of the terrace riser. These data yield a late-Quaternary slip 
rate of about 9 mm/yr for the Calaveras fault southeast of Hollister. This 9 mm/yr slip rate 
for the Calaveras fault is similar to the 8 to 10 mm/yr northwestward decrease in slip rate 
along the San Andreas fault near Stone Canyon, which suggests that some slip is 
transferred from the San Andreas to the Calaveras. The Paicines fault merges with the 
Calaveras 5 km northwest of Hollister. Northwest of this junction the slip rate for the 
Calaveras is greater than 9 mm/yr, because additional slip is transferred to it from the 
Paicines. Geodetic measurement of slip on the Paicines fault suggests a rate between 6 and 
11 mm/yr. If nearly all the slip on the Paicines fault is transferred to the Calaveras fault, 
then northwest of Hollister the late-Quaternary slip rate for the Calaveras fault should be 
between 15 and 20 mm/yr, and probably closer to the higher value.

Reports:

Sims, J.D., Yarnold, J.A., and Hamilton, J.C., in press, Holocene fault activity west of the San 
Andreas fault in the Parkfield-Cholame area, central California: American Geophysical 
Union, EOS.

Perkins, J.A., and Sims, J.D., in press, Late Quaternary slip along the Calaveras fault near 
Hollister, California: American Geophysical Union, EOS.

Sims, J.D., ed,, 1988, Late Quaternary^climate, tectonism, and sedimentation in Clear Lake, 
northern California Coast Ranges: Geological Society of America Special Paper 214, 225
P-
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Dense Seismograph Array at Parkfield, California

9910-03974

Paul Spudich, Joe Fletcher, and Larry Baker 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5654, (415) 329-5628, or (415) 329-5608

Investigations

1. Design of the array (locations of array element).

2. Field deployment of the Parkfield Dense Array.

Results

1. During this period we chose a layout for the Parkfield dense array. The geometry of the 
array was designed using a heat-bath optimization to obtain an optimal beam pattern. 
Using a 10 HZ frequency for the calculations, we searched for a beam pattern having an 
elongated central lobe of about 0.08 s/km radius, and a minimal side lobes for slownesses 
less than 1.5 s/km. An objective function proportional to the integral of the cube of the 
beam pattern, excluding the central lobe, was chosen. From a set of 120 possible station 
sites, a set of 14 was chosen that minimized the objective function and also satisfied other 
field criteria. Although, the algorithm was very effective in finding deep minima, a true 
global minimum was probably not found because of computer limitations.

2. The first ten remote digitizing units arrived in late January 1988. We have set up a short 
network in the lab with all ten elements and so far have been impressed with the ARCnet 
local area network's functionality. It is straightforward to put together packets in a fortran 
program on a microVAX that change gains, set times and perform other functions on the 
remote digitizing units. There have been no resets on the ARCnet controllers in the lab 
which indicates a certain immunity to noise for the short line^iengths being used. We are 
presently trying to finalize the power system for the field units. We intend to run cable to 
each site from a central recording site so that the internal batteries will always be trickle 
charged unless the local power grid fails. A standby uninterruptable power supply will 
also be capable of providing power for up to four hours.
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The past quarter was largely spent in building the facilities (that will house the electronic 
equipment) at Work Ranch, Parkfield. A house that will eventually serve as the central 
recording facility was erected and is now serving as a shop and storage area. Fourteen 
concrete bunkers were poured that are approximately 3 ft. deep and have a base of 3.5 ft x 
4 ft. Inside these bunkers are metal utility boxes that are gasketed for waterproofing. The 
field digitizing units, senors and telemetry gear will be housed in the utility box. Although 
this means that several cables have to be routed into these boxes with the added risk of 
leaking, the installation is compact. The sensors are coupled to the ground through large 
bolts that are partly buried in the bunker's base. Three cables carry power, data, and 
timing synchronization pulses to every site serially. We have laid the cable to the first site 
and have tested the lines for transmission properties and noise immunity. We expect to 
finish the construction phase by the end of October and will deploy the electronics in 
November.

Reports

Fletcher, J.B., Spudich, P., MacDonald, T., Sembera, E., Miller, D., and Baker, L.M., 1988, The 
Parkfield, California, Dense Seismograph Array: EOS Transactions, Am. Geophys. Union, 
in press.

09/88
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1 September 1988 

Semi-Annual Technical Report XXVII

Modeling and Monitoring Crustal Deformation 
9960-01488

Ross S. Stein & Wayne Thatcher
Office of Earthquakes, Volcanoes, and Engineering

345 Middlefield Road, MS 977
Menlo Park, California 94025

415/329-4840

Investigations

1. Study of the 1 October 1987 Whittier Narrows Earthquake. Conducted releveling 
in the epicentral region of the ML =6.1 thrust event. The objectives of the geodetic 
measurements are to deduce the fault geometry and slip, deduce the relationship between 
the coseismic and long-term deformation, and to estimate the earthquake repeat time (Ross 
Stein and Jian Lin, Brown University).

2. Comparison among geologic, geodetic, and seismologic observations of fault slip, 
and implications for earthquake mechanics (Wayne Thatcher, Manuel Bonilla).

3. Investigation of the 1906 Earthquake slip on the San Andreas fault in Offshore 
northwestern California. No estimate of the 1906 slip north of Point Arena has been 
previously made. Coastal triangulation was used to estimate slip along the northernmost 
150 km of the rupture. Slip of 4-6 m extending to depths of about 10 km were deduced. 
(Wayne Thatcher, Michael Lisowski).

4. Synthesis and review of the earthquake potential of fold belts, focusing on the 
seismic and geodetic evidence for a coseismic origin of anticlines, using the 1980 El 
Asnam, Algeria, 1973 Pt. Mugu, 1983 Coalinga, 1984 Kettleman Hills, 1988 Whittier 
Narrows, California, earthquakes; and structural and geophysical evidence from seismic 
reflection profiles and oil well cores (Ross Stein and Robert Yeats, Oregon State 
University).

Results

1. 1987 M=6.0 Whittier Narrows, California, Earthquake. Static 
deformation associated with the 1 October 1987 Whittier Narrows, California, M=6.0 
earthquake was detected by geodetic elevation changes. The earthquake uplifted a 1.5-km- 
high Quaternary fold (Elysian Park antiform) by 50 mm, but caused no fault rupture at the 
ground surface. This suggests that folding and faulting of the Los Angeles basin sediments 
are coincident and continuing. After correction for surveying errors and non-tectonic 
subsidence, we model the 214 geodetic observations with a simple dislocation model in an 
elastic half-space. A thrust fault with reverse slip of 1.1±0.3 m, dipping 30±4° N and with 
upper edge at a depth of 12±1 km and lower edge at 17±1 km, fits the geodetic data best 
and is consistent with the main shock hypocenter, fault plane solution, and initial
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aftershock distribution. The geodetic moment is 1.0±0.2 x 1025 dyne-cm, in accord with 
seismic estimates, indicating that most of the slip took place during seismic rupture. If 
earthquakes of M<6 characterize the blind thrust fault on which the earthquake occurred, 
we estimate a 100-200 yr repeat time at Whittier Narrows, and a 3-9 yr rate of earthquake 
occurrence within a 100-km-long band in the northern Los Angeles basin and Santa Monica 
Bay to the west. The 25 yr rate of historical occurrence is substantially less than this 
prediction. The deficit in moment release implies that either vigorous aseismic slip or 
infrequent larger earthquakes occur here.

2. Fault slip from geologic, geodetic, and seismologic observations.
The spatial distribution of coseismic fault slip provides clues to the mechanics of 
earthquake strain release and sheds light on the nature and importance of fault segmentation 
in controlling the strain release pattern. Although the true distribution of slip is not 
accessible to direct observation, several methods can be applied to recover informative 
features of its spatial patterns. Earthquake slip distributions obtained by all three methods 
are typically highly irregular, with maximum slippage often localized in one or a few 
restricted regions that together comprise only a small portion of the entire rupture plane. 
The pattern, however, does contain some systematic elements, since rupture has a tendency 
to initiate towards the ends of the zones of seismic faulting and near or within regions of 
high coseismic slippage.

3 . The Earthquake Potential of Folds. Many crustal folds form by repeated 
sudden displacement on inclined faults that do not cut the earth's surface. The folds 
produced by these "blind thrust faults" have yet to be included in our inventory of seismic 
hazards.

During the past decade four earthquakes have struck which compel us to reassess our 
expectations for seismic risk and to revise our prescription for hazard reduction in regions 
of crustal compression. The first shock, the 1980 M=7.3 El Asnam, Algeria, earthquake 
killed 3500 people in 3 north African cities and dammed a major river. The second pair of 
earthquakes, the 1983 M=6.5 Coalinga and adjacent 1984 M=6.1 Kettleman Hills events, 
occurred in remote areas of California which, while they are sites of oil field pumping and 
toxic waste storage, caused modest damage and only one death. The most recent shock, 
however, struck within California's heavily populated Los Angeles Basin. Although only 
one-tenth the size of the Coalinga earthquake, the 1 October 1987 M=6.0 Whittier Narrows 
earthquake left ten times the damage $350 million and took eight lives.

None of the faults which ruptured during the three California earthquakes cuts the surface 
of the earth, and in Algeria, the fault slip at the ground surface was only a fraction of the 
amount it slipped at depth. At all four sites, the layered sediments of the upper crust are 
arched upward in a broad fold or warp called an "anticline." The presence of an anticline 
tells us that these sites are subject to intense crustal compression, much as a carpet wrinkles 
and folds if pushed across the floor. The folds are the geometrical consequence of faults 
on which the slip diminishes toward the earth's surface. Thus the folds are genetically 
related to the faults they conceal, enabling a new research path to open in which we use the 
folds to divine the movement history of the hidden or "blind" faults beneath. At each of the 
four earthquake sites, a fold perceptibly rose during the earthquake. From this observation 
we infer that anticlines most likely grow during repeated shocks at depth. We must thus 
consider the possibility that most, if not all, active folds mark the sites of large earthquakes. 
Therefore youthful folds, which gird much of the globe as broad mountain belts, must be 
added to the roster of potentially dangerous seismic sites.
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Reports (excluding abstracts)
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Nearfield Geodetic Investigations of Strain across Faults in Southern California

14-08-0001-G1081

Arthur G. Sylvester
Department of Geological Sciences, and

Marine Science Institute
University of California

Santa Barbara, California 93106
(805)961-3156

Objectives: We have three objectives during the current funding period: 1) convert many of our existing 
leveling arrays into leveled alignment arrays by means of resurveys with a total station distance meter; 2) 
establish new, leveled alignment arrays across the southern end of the San Andreas fault and the northern 
half of the San Jacinto fault; and 3) locate and resurvey fault crossing arrays established in the 1960's by 
the U.S. Coast & Geodetic Survey and the California Division of Water Resources.

The purpose of this investigation is to search for and monitor the spatial and temporal nature of nearfield 
displacement across active and potentially active faults. Thus, we document pre-, co- and post-seismic 
displacement and creep, if any, especially where seismographic, paleoseismic and geomorphic data 
indicate current or recent fault activity. The investigations are intermediate in scale between the 
infrequent, regional geodetic surveys traditionally done by the National Geodetic Survey, and point 
measurements by continually recording instruments such as creepmeters, tiltmeters, and strainmeters. 
All leveling is done according to First Order, Class II standards, horizontal surveys are done to First Order 
standards.

Results: During the first half of the funding period, 7 leveling arrays have been converted into leveled 
alignment arrays: Bat Caves, North Shore, Painted Canyon, Miracle Hill, Lewis Creek, Mustang Grade, 
and Wallace Creek.

New alignment arrays or small aperature quadrilaterals have been located over a trench site across the San 
Andreas fault at Wrightwood, and over a trench site across the San Jacinto fault at Hogg Lake near Anza. 
Six leveled alignment arrays have been located on the southern San Andreas fault between the Indio Hills 
and Durmid Hill.

Fault crossing arrays Quail, Hughes, and Wright were visited to recover old bench marks. In each array, 
only half of the original bench marks could be found, and some of those are on only one side of the fault, 
making the old arrays useless for reoccupation and resurvey. Several bench marks have been obliterated 
by subsequent suburbanization, others are badly mislocated relative to original descriptions. Fresh "No 
Trespassing" signs preclude reestablishment of missing or new bench marks at the original locations, 
therefore, we have established new fault crossing arrays at other, nearby locations.

We releveled four leveling arrays across the southern San Andreas fault in Coachella Valley in March 
1988 to determine if and how the 24 November 1987 earthquake may have perturbed the vertical strain 
field on the San Andreas fault. The 2200 m-long line array over Durmid Hill (45 km north of the 
epicenter) shows that half of Durmid Hill rose (or the Salton Sea subsided) 1 mm between Sep and Dec
1987. and then the other half of the hill rose another 1 mm between Dec 1987 and Mar 1988. This 
pattern of vertical strain is small but consistent with that expected at the end of the San Andreas fault at 
its extrapolated intersection with the Elmore Ranch fault. An 870 m-long line array at North Shore (65 
km NNW of the epicenter) tilted southwestward 2 urad in the first two weeks following the earthquake, 
and then about 1 (irad northeastward in the next 16 weeks. The Mecca Hills (90 km NNW of the 
epicenter) rose about 1.5 mm between Sep and Dec 1987, but returned to its pre-earthquake level by Mar
1988. Surveys in July 1987 and July 1988 show no changes in the 720 m-long line array across the San 
Andreas fault at Miracle Hill (115 km NW of the epicenter)
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Two N-S line arrays, 790 m and 1900 m-long across the Sierra Madre fault zone, are in the north half of 
the 1 Oct 1987 Whittier Narrow earthquake (M5.9) meisoseismal area, 13 km NNE and 16 km NNW of 
the earthquake epicenter. Both were releveled several times since 1984 and once each nine months after 
the earthquake. Neither offset at the fault nor N-S tilt across the fault were observed.

We obtained water well pumping records for several wells located along or near our leveling array across 
the Sierra Madre fault zone in Arroyo Seco, NW Pasadena. We determined that the height changes we 
have observed in the data during the last four years correlate with maximum and minimum pumping 
activities, leading us to conclude that the height changes are nontectonic.

The 10 June 1988 North Garlock fault earthquake (M5.3) caused no perceptible height changes in an 800 
m-long, N-S line array across the Pleito thrust, 13 km WSW of the epicenter, or in a 450 m-long, S- 
shaped array across the San Andreas fault, 20 km SW of the epicenter.

Tilt at a rate of 135 urad/yr and bedding plane thrust accompanies uplift due to removal of rock load in a 
quarry near Lompoc (Yerkes and others, 1983). Leveling of a rectangular array a few hours before the 24 
June 1988 earthquake (M 2.9), compared to a second survey done four weeks later, showed only 2 (irad 
reversal of tilt

We performed an initial survey of the Turkey Flat leveling array in the Parkfield area, and resurveyed the 
Car Hill and Gold Hill arrays. Observed height changes are small, but especially in the Gold Hill line, 
about 6 mm of uplift of the NE side of the San Andreas fault (or subsidence of the SW side) occurred 
between a USGS leveling early in 1987 and a UCSB leveling in August 1987 (Fig. 1).

Reports: We have compiled site location and survey data for all of our leveling arrays for the period 1970 
to 1987 into a single volume (Sylvester, 1988). Data include descriptions of each array, height 
differences among bench marks for the first best survey and for the latest survey, and graphs of height 
differences for selected surveys. Copies are available on request or eventually as a USGS Open-File 
Report.

References Cited:

Sylvester, A. G., 1988. Nearfield investigations of crustal movements, southern California. USGS 
Final Technical Report, Grant No. 14-08-0001-G1081, 318 p.

Yerkes, R. F., W. L. Ellsworth, and J. C. Tinsley, 1983. Triggered reverse fault and earthquake due to 
crustal unloading, northwest Transverse Ranges, California. Geology 11,287-291.

Figure 1: Changes of heights among bench marks, east half of Gold Hill line across the San Andreas 
fault at Cholame Ranch. Bench mark AGL13 is arbitrarily held fixed.
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Pinon Flat Observatory: Cooperative 
Studies with Outside Investigators

14-08-0001-G1197

Frank Wyatt, Duncan Carr Agnew, and
Hadley O. Johnson

Institute of Geophysics & Planetary Physics
Scripps Institution of Oceanography
University of California, San Diego

La Jolla, CA 92093
(619) 534-2411

This grant provides support for our collaborative work with investigators conducting 
research at Pinon Flat Observatory (PFO) under the auspices of the U.S. Geological Sur 
vey. We also provide some direct assistance in the form of (1) research coordination, (2) 
instrument operation and testing, (3) data logging, (4) preliminary data reduction, and as 
results become available, (5) data analysis. Part of this program is a cooperative effort 
(the Crustal Deformation Observatory Project) to evaluate instruments for measuring 
long-period vertical ground deformation. Most of the studies currently underway are con 
ducted independently, with investigators establishing their own associations to compare 
results.

In this report we discuss a comparison of borehole tilt measurements. One set was 
made by an Askania tiltmeter (KUA, installed at a depth of 22 m) operated by us in 
cooperation with Dr. Walter Ziirn of Karlsruhe University. Two other sets were made by 
tiltmeters installed by Dr. Judah Levine, of the University of Colorado Joint Institute for 
Laboratory Astrophysics. (These are BOA, in a cased hole 23.5 m deep, and BOB, in a 
nearby cased hole 35.6 m deep.) These instruments are all within 40 m of one another.

Comparison of long-term instrument stability was interrupted by a nearby lightning 
strike in late 1987 which destroyed electronics in both of these borehole systems. Repair 
of the Askania proved to be a time-consuming task, since the manufacturer no longer 
exists. We were however able to dismantle the instrument, replace the blown-up electron 
ics (individual transistors) and reassemble it. After being reinstalled, this tiltmeter shows 
higher short-period noise (several minutes period) on one channel, but unimpaired stabil- 
ity.

We have used this collection of tiltmeters to study the spatial variation of tidal tilts. 
In an earlier investigation (Wyatt et a/., 1982) we examined whether or not extended 
baselength and borehole tiltmeters produce the same tidal signals. Our answer then, 
based on only two pieces of evidence, was that they do; now, we are less certain. The 
importance of this to earthquake studies is twofold. First, if instruments are inconsistent 
for a common calibration signal (the tides) we are likely to have trouble interpreting their 
response to other signals. Second, it has been suggested that short-wavelength variations 
in tidal tilt reflect local structure, and could be used to map the rheology of fault zones; 
for this to be practical, it must be possible to get consistent results in an area of feature 
less geology such as PFO.

In addition to tidal measurements, we have also compared seismic signals (surface 
waves). At seismic frequencies the tilt is dominated by inertial effects (the change in the 
apparent vertical from horizontal accelerations), whereas at tidal frequencies the tilts are
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almost purely due to local deformation (though about half of the tidal signal is caused by 
direct attraction). Tidal tilts can thus be affected by strain-tilt coupling; seismic tilts 
should not be.

We expect response variations among the tiltmeters at the 2-3% level for a number 
of reasons. First, it is not easy to calibrate a borehole tiltmeter to within 1% at tidal sen 
sitivities and harder yet to align it to the same equivalent accuracy (0.5°). Also, our 
results are from analyses of a very short section of data, and so cannot be more accurate 
than about 1%. Because of the Askania's precise calibration, both in amplitude (Flach et 
a/., 1971) and orientation (found using an optical system developed at the AFGL), we 
have taken it as the reference instrument in the table below.

Table 1 

Askania and JELA Tiltmeter Response Estimates   1987-Installation

Component

KUAX

KUA Y

BOA 1

BOA 2

BOB 1

BOB 2

Azimuth
Gain

170.5°±0.5° t

260.5°±0.5° t

163° 0.98±2% 
0.98±2% 
1.02±3%

253° 0.89±2% 
0.90±2% 
0.92±2%

183° 0.98±2% 
0.96±2% 
0.97±2%

273° 0.89±2% 
0.91±2% 
0.91±2%

Tidal

Azimuth

(172.5°±0.5° a)

(262.5°±0.5° a)

d 146°±3° d 
h 145.5°±4° h 
1 146°±3° '

d 236°±3° d 
h 235.5°±4° h 
' 236°±3° '

dlj 167.5°±3° d>j 
h,k 167°±3° h ' k 
i - 1 168.5±3° i>!

d 'J 257.5°±3° d>j 
h - k 257.0°±3° h>k 
i>! 258.5°±3° '- 1

Seismic

Gain Azimuth

t t

t t

0.98±2% e 146°±3° e

0.98±3% e 236°±3° e

0.99±3% e 168.5°±3° e

0.99±3% e 258.5°±3° e

Loading 

Azimuth

t

t

125° K

215° *

163° *

253° K

t All estimates referenced to Askania. 
Tiltmeter axes taken to be perpendicular. 
Tidal gains and azimuths from time- 
domain fit (lines give similar results).

a Resurveyed 27-Aug-87
d 1986:356 - 1987:020
e At periods ~ 125 s
g 1986:235
h 1986:250 - 1987:030

i 1987:033 - 1987:086 
j With 30 minute delay 
k With 20 minute delay 
1 With 25 minute delay

Table 1 shows the results for the gains and azimuths gotten from tidal measure 
ments, seismic observations, and nearby ground loading due to water withdrawal. The 
seismic data (though affected by the lack of damping of the Askania pendulum) can be 
made to agree by assuming that the azimuths of the Boulder instruments are not as meas 
ured relative to the Askania. Because of the high precision of the optical alignment used 
with the Askania, we assume that the error lies in the particular alignment rods used in 
the Boulder instrument installations, an assessment arrived at independently by Dr. 
Levine. However, to within the errors of the measurements the gains all agree with the 
results from independent calibrations.

Figures 1 and 2 show the tidal results for the M2 tide plotted on phasor diagrams 
(amplitude and phase, with the latter relative to tidal potential at Pifion) both before and 
after some adjustments. The tilts have been resolved into components at 107.3° (the
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direction of the long-base tiltmeters) and 90° from this. For BOA we may make the tide 
nearly the same as for the Askania by allowing an instrument rotation of -17°, which is 
the amount given by the comparison of seismic data. If we also allow the gains and phase 
lags of the BOA sensor to be free parameters and seek a best fit of it to the Askania 
record at tidal frequencies, the agreement is better, but not by much. To get a reasonable 
agreement for BOB a simple change of azimuth is insufficient; we must do not only this 
but also delay the signals by 30 35 minutes and adjust the gains. (These adjustments 
apply to all the tidal constituents, not M2 alone, something that we have established by 
fitting the two Askania records to each of the other records in the time domain, after first 
filtering to preserve only tidal frequencies.) Thus, BOB, unlike BOA, has a different 
response to tides than to seismic waves, something that only this comparison could estab 
lish. Why this is so we can only speculate; our suspicion at the moment is that this delay 
(really a phase shift at tidal frequencies) is either an effect of BOB being 7 m below the 
water table, while BOA and KUA are above it, or else some kind of strain-tilt coupling. 
This coupling should be absent in an installation of this kind, but might be caused by 
imperfections in it, such as a weakness in the cement or rock outside the borehole casing.

The UCSD long-base tiltmeter (LFT in Figure 1) tidal phasor is close to, but 
significantly different from, the borehole tiltmeter results. The different phase is not 
unreasonable, since we have only a rough estimate of the phase shifts caused by liquid 
motion in the 535 m-long trough. For neither component do the data agree well with the 
theoretical tides (which include ocean loading); the reason for this is unknown, but may 
well reflect strain-tilt coupling over a broader scale. In any case, where we had hoped to 
learn more about the earth, it seems that (once again) we must first better understand the 
instruments and their installations. Apparently in most cases the sensor gain, alignment, 
or response is less understood than we had thought. Results from the 120-m-deep instal 
lation (casing installed in October 1988) should greatly clarify these issues and provide 
important evidence on the reduction of secular tilt noise with depth.

References

Flach, D. G. Jentzch, O. Rosenbach, and H. Wilhelm (1971). Ball-calibration of the 
Askania borehole tiltmeter (earth tide pendulum), Z. Geophys., 37, 1005-1011.

Wyatt, F., G. Cabaniss, and D. C. Agnew (1982). A comparison of tiltmeters at tidal fre 
quencies, Geophys. Res. Lett., 9, 743-746.
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Tilt - M 2 Tidal Phaser at 107.3°
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Tilt - M 2 Tidal Phasor at 17.3°
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Towards a Widely-Deployable Long-base Tiltmeter: 
Sensors and Anchors

14-08-0001-G1336

Frank K. Wyatt, Hadley O. Johnson,
Mark A. Zumberge, and Duncan Carr Agnew
Institute of Geophysics & Planetary Physics

University of California, San Diego
La Jolla, California 92093-0225

(619) 534-2411

This grant supports work on the design and development of new tiltmeter systems, 
and for the testing and monitoring of these new systems against existing ones at Piiion 
Flat Observatory, a site located in a tectonically active area of southern California. For 
long-base tiltmeters to be generally useful in measuring long-term crustal deformations, 
they must be exceptionally precise, well-coupled to the crustal rock, designed to operate 
without frequent attention, and widely-applicable installation procedures must be devised. 
The instrument we are constructing incorporates two important features intended to meet 
these needs: (1) a self-controlled, absolute water-height gauge, and (2) the use of optical 
fibers in vertical anchoring.

The first stage of our evaluation program included installing the new water-height 
gauge and anchors in a dedicated test vault at PFO so that we could experiment with 
different optical anchoring schemes in a field setting. This work was completed last year. 
Extending the fluid-conduit of the original long-fluid tiltmeter to the new vault has 
allowed us to compare the new and old systems. We correct for any displacements 
between the new vault (Upl) and the nearer vault of the original tiltmeter (Tau) by 
assuming uniform tilting. (The extension is only 116 m long and lies very close to the 
azimuth of the original tiltmeter.) We thus use the tiltmeter extension, plus measure 
ments from the old tiltmeter, to give a reference height against which to compare the 
combined new water-height gauge and vertical optical-fiber strainmeter. Details of the 
instrumentation, as well as the quality of the initial results from the water-height gauge 
and optical fibers were discussed in the previous summary report.

Funding for this year was provided for the design and construction of a field worthy 
instrument enclosure and for the installation there of optical fibers to a depth of 100 m. 
(The aim is to use this vault as the southern end of a NS long baselength tiltmeter, to 
provide complete monitoring of the deformation in the area, but funding is such that only 
the vault is to be installed this year.) Figure 1 (top) shows the structure we are building. 
At this time all the borehole work has been completed and the fibers are cemented into 
the ground. Measurements of vertical ground strain over the depth intervals 0 to 30 m, 
and 30 to 100 m should prove useful in understanding an important noise source in all 
observations of ground-surface tilt.

Figure 1 (bottom) also presents a sample of the data from the original long 
baselength tiltmeter, after its extension to 650 m. The upper trace shows the unedited 
data, while the lower trace presents the underlying signal after the predictable tides have 
been removed. These particular records have not been corrected for end-monument 
motion; the effect of applying those correction signals is to increase slightly the short-term 
noise (periods less than a day) and greatly improve the long-term noise. Records from 
this instrument show secular tilt rates of about 1.0 x 10" rad/yr, tilt down to the west, 
nearly the same value as the geodetically determined long-term strains across the site.
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ROCK MECHANICS 

9960-01179

James Byerlee
U.S. Geological Survey

Branch of Tectonophysics
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4841

Investigations

Laboratory experiments are being carried out to study the physical properties of rocks 
at elevated confining pressures, pore pressure and temperature. The goal is to obtain data 
that will help us to determine what causes earthquakes and whether we can predict or 
control them.

Results

Maps showing recently active breaks along the San Andreas fault from Point Arena to 
Cajon Pass were examined to compare the types and orientations of subsidiary structures 
in the creeping and locked sections. The creeping section extends from San Juan Bautista 
to Cholame in central California, and the rest of the examined fault trace is locked. The 
creeping and locked sections were subdivided into segments of uniform trend; the segments 
are 5 to 65 km long, and they are bounded by stepovers and(or) bends. The lengths and 
orientations of all subsidiary faults within a segment were measured, and the orientations 
compared to the trend of the segment. The creeping and locked sections display the 
following distinguishing characteristics: (l) 62-77% of the fault traces in segments of the 
creeping section are oriented within 5° of the average trends of these segments, whereas 
the proportion drops below 50% in adjoining segments of the locked sections. (2) The ratio 
of P-type to R(Riedel)-type echelon faults ranges from 1.1-1.7 in the creeping section and 
from 0.2-1.2 in the locked sections, with 90% of the segments in the locked sections having 
ratios of 0.9 or less. The first characteristic is consistent with our textural studies of the 
samples used in triaxial friction experiments, which show that the change from stick-slip to 
stable motion is accompanied by a decrease in the angle between echelon subsidiary faults 
and the overall fault trend. The low angles also suggest the presence of weak materials 
such as clays within the fault zone. The second characteristic was not predicted from 
our textural studies. Other workers have correlated the development of P-faults with 
such features as large amounts of displacement and the ability of a fault to show dilation. 
The nonuniform distribution of P- and R-faults along the San Andreas therefore requires 
further investigation.
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Seismologically determined fault-plane solutions, fold-axis orientations, and in situ 
stress data have recently been studied to determine magnitude and direction of the 
maximum principal stress along the San Andreas fault. These results indicate that 
the shear strength of the San Andreas fault is very low. Low-strength fault gouge at 
seismogenic depths have been widely suggested as a mechanism for explaining low ambient 
stress. Montmorillonite clay, the lowest strength material likely to be present in the 
San Andreas fault zone, forms stable mineral assemblages to mid-crustal depths, than 
at greater depth undergoes a phase change to illite. To determine the shear stress that 
montmorillonite gouge can support, we have performed frictional sliding experiments under 
drained conditions, in the absence of excessive pore pressure. Confining pressures of 30, 
150, and 300 MPa and pore pressures of 10, 50, and 100 MPa simulate lithostatic and 
hydrostatic conditions at 1, 5, and 10 km, respectively. For fault-gouge composition 
ranging from pure montmorillonite at 1 km, a mixture of montmorillonite and illite at 5 km, 
and pure illite at 10 km, results indicate an average crustal shear strength of about 60 MPa. 
Pure montmorillonite, throughout the same depth range, has an average shear strength of 
about 30 MPa. These data indicate that even anomalously weak montmorillonite gouge 
supports shear stresses much greater than the 10 MPa shear strength limit prescribed from 
heat-flow measurements across the San Andreas fault. We conclude that pore pressure 
greater than hydrostatic must be in effect to reduce shear strength to 10 MPa in San 
Andreas fault gouge.

Laboratory experiments have demonstrated that shear fractures can be induced during 
injection of fluid into rock under stress. In those experiments, fluid penetrated into the 
region surrounding the borehole and reduced the effective stress to such an extent that 
the rock failed in shear. In normal or thrust fault regimes, shear fractures induced in 
this way by dense drilling mud will intersect the vertical borehole at an angle and can be 
readily identified. In strike-slip regimes, however, an induced shear fracture will lie along 
the axis of the borehole and may be misidentified as a breakout. In this case, the region 
would be interpreted as having fault-normal compression when in reality the direction of 
maximum principal stress would be oriented about 30° to the plane of the fault. If fluid is 
later injected to hydrofracture rock, forming a fracture that can be clearly identified as a 
tension fracture oriented 90° to the preexisting breakout, then the standard interpretation 
would be correct. However, if the situation is more ambiguous, the newly induced fracture 
(assumed to be tensile) may simply be a fault conjugate to the shear fracture induced 
during drilling. These conjugate fractures would then be about 60° apart. This situation 
is complicated, however, by the perturbation of the stress field due to the presence of 
the borehole. The local stress field should have the effect of rotating the plane of the 
shear fracture away from the maximum principal stress direction. The degree of rotation 
will depend on the local conditions, including, for example, degree of fluid penetration, 
preexisting fractures, ambient stress state and rock strength. Thus a wide range of fault 
geometries at the borehole wall should be possible.

Reports

No reports this time.
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PERMEABILITY OF FAULT ZONES 

9960-02733

James Byerlee 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4841

Investigations

Laboratory studies of the permeability of rocks and gouge are carried out to provide 
information that will assist us in evaluating whether in a given region fluid can migrate 
to a sufficient depth during the lifetime of a reservoir to trigger a destructive earthquake. 
The results of the studies also have application in the solution of problems that arise in 
nuclear waste disposal.

Results

Permeability was measured in rock samples from the DOSECC Cajon Pass drill hole 
at 15 different depths from 270 to 2,100 m. (New samples, taken from greater depth, are 
currently being studied.) Samples 2.54 cm long and 2.54 cm in diameter were prepared in 
3 orthogonal directions at each depth to test for permeability anisotropy. Confining and 
pore pressures were set to the lithostat and hydrostat for each depth. Room temperature 
steady-state flow measurements using deionized water were made over a period of 24 hours 
to determine each permeability value.

The first 500 m encountered in the drill hole were composed of sandstones with 
typically high permeability values of about 10~ 17m2 . The crystalline rocks between 500 
and 2,100 m showed a systematic decrease in permeability with depth from 10~ 19 to 
10~ 21m2 , regardless of composition. These values are particularly low compared to the 
applied effective stresses (10-30 MPa) because of the small grain sizes and healed cracks. 
Permeability was relatively isotropic in spite of pronounced foliation in some samples. 
These results imply that high fluid pressures may occur in sections of rock that are not 
fractured leading to lower effective stresses acting at depth.

Reports

Morrow, C., and Byerlee, J., 1988, Permeability of rock samples from Cajon Pass, 
California, Geophys. Res. Lett, (in press).
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MECHANICS OF EARTHQUAKE FAULTING

9960-01182

James H. Dieterich
U.S. Geological Survey

Branch of Tectonophysics
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4867

Investigations

A study of earthquake occurrence, based on a model for the nucleation of earthquake 
slip was continued. The nucleation model uses a rate- and state-variable fault constitutive 
law from laboratory experiments. Emphasis was given to comparing predicted seismicity, 
following a stress step to earthquake data. When applied to aftershocks the model satisfies 
Omori's Law for aftershock decay and further predicts that aftershock duration is related to 
earthquake recurrence time. Some preliminary data were collected to test these predictions. 
With John Dvorak, of the Hawaiian Volcano Observatory, a study was initiated to apply 
this model to seismicity patterns following rapid intrusion events at Kilauea volcano, 
Hawaii.

Results

The model for the nucleation and occurrence of earthquakes assumes that stressing 
history and rate- and state-dependent fault constitutive properties govern the initiation of 
earthquake fault slip. In the absence of stressing perturbations, the background seismicity 
rate is constant. Aftershock duration is defined as the time at which the seismicity 
rate given by Omori's Law intersects the background seismicity. Based on the model, 
the following relationship between aftershock duration and earthquake recurrence time is 
proposed:

A tr
0 B ln(tr )

where, £ r , is the earthquake recurrence time (in seconds) and A and B are constitutive 
parameters (A/B has values in the range 0.5 to 1.0). Hence, earthquake stress drop and 
earthquake magnitude affect aftershock duration to the extent that those parameters affect 
recurrence time. Figure 1 plots the predicted relationship between recurrence time and 
aftershock duration assuming A/B = 0.8. Some preliminary determinations of aftershock 
duration for earthquakes with recurrence times from 10 years to 5000 or more years are 
plotted for comparison with the model. These preliminary results appear to support the
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model and suggest that aftershock duration could provide a rough, independent estimate 
of recurrence time.

Intrusion of dikes into the volcanic rift zones of Kilauea volcano, causes aftershock- 
like jumps of seismicity in the volcano flank, seaward of the dikes. The observed 
seismicity follows Omori's Law for aftershock decay. The similarity of the intrusion- 
induced earthquakes to aftershock sequences suggests that aftershocks are caused by 
the stress step at the time of the mainshock. A study is underway to estimate stress 
changes from the dike intrusion by fitting the earthquake data to the model. These results 
will be compared with stress changes independently calculated from modeling the elastic 
deformation due to the intrusion process.

Reports

Dieterich, J.H., 1987, Probability of Earthquake Recurrence with Nonuniform Stress Rates 
and Time-Dependent Failure, PAGEOPH, 126, 589-617.

Dieterich, J.H., 1988, Growth and Persistence of Hawaiian Volcanic Rift Zones, J. Geophys. 
Res., 93, 4249-4257.

Yang, X.-M., Davis, P.M., and Dieterich, J.H., 1988, Deformation of a Dipping Finite 
Prolate Ellipsoid in an Elastic Half-Space as a Model for Volcanic Stressing, J. 
Geophys. Res., 93, 4258-4270.
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THE PHYSICS AND MECHANICS OF THE BRITTLE-DUCTILE TRANSITION

14-08-0001-G1340 

BRIAN EVANS AND JOANNE FREDRICH

Dept. of Earth, Atmospheric, & Planetary Sciences 
Massachusetts Institute of Technology, Cambridge

14-08-0001-G1352 

TENG-FONG WONG

Dept. of Earth & Space Sciences 
State University of New York, Stony Brook

Objectives
The physical mechanisms of semi-brittle rock deformation in the earth are poorly understood and are 

important for understanding seismogenic faulting and aseismic fault creep. We are conducting an integrated 
laboratory and observational study of the deformation mechanisms operating during the brittle-ductile 
transition, the micromechanics of semi-brittle flow, the effect of variations in pressure and temperature on the 
strength of rocks deformed in the semi-brittle field, and the theoretical investigation of crack nucleation 
mechanisms in the semi-brittle regime.

Micromechanics of the Brittle to Plastic Transition in Carrara Marble
Samples of Carrara marble were deformed at room temperature to varying strains at confining pressures 

spanning the range in mechanical behavior from brittle to plastic. Volumetric strain was measured during the 
experiments and the stress-induced microstructure was characterized quantitatively using optical and 
transmission electron microscopy. The range of confining pressure over which transitional (semi-brittle) 
deformation occurs is 30-450 MPa. The macroscopic initial yield stress is constant for confining pressures 
greater than 85 MPa, whereas the differential stress at the onset of dilatancy increases with pressure up to 300 
MPa. The dilatancy coefficient decreases rapidly with increasing pressure up to 100 MPa, and then 
asymptotically approaches zero for pressures up to 300 MPa. The work hardening coefficient increases with 
pressure up to 450 MPa; the pressure sensitivity is greatest for pressures up to 100 MPa. Deformation 
mechanisms include microcracking, twinning, and dislocation glide. Cracks and voids frequently nucleate at sites 
of stress concentration at twin boundaries, terminations, and at the intersection of twin lamallae. Geometries 
suggestive of crack tip shielding by dislocations are also observed. Crack density and anisotropy in samples 
deformed to axial strains of 3-5% in the semi-brittle field at pressures of 120 MPa and less are comparable to 
those in the pre-failure brittle sample deformed to an axial strain of 1% at a pressure of 5 MPa, although we 
detect a qualitative difference in the characteristic length of the cracks. The mean dislocation density at constant 
differential stress increases significantly for samples deformed at pressures of 230 MPa and greater. Qualitative 
TEM observations, however, indicate that dislocation glide occurs, at least on a local scale, in some grains in 
samples deformed in the semi-brittle field at 50 MPa confining pressure. An analysis of the energetics of 
deformation suggests that the ratio of brittle energy dissipation to total energy dissipation in samples deformed 
in the semi-brittle regime is at least 60% lower than for a pre-failure sample deformed in the brittle field. Some 
of the observations are in qualitative agreement with the theoretical predictions of localization analyses. The 
details of this study are presented in a paper byFredrich, Evans, & Wong [1988].

Effect of Grain Size on the Brittle-Plastic Transition in Calcite Aggregates
Finer-grained calcite rocks are known to have a higher transition pressure than coarser-grained aggregates, 

and thus, grain size may be an important parameter in delineating the confining pressures under which brittle,
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semi-brittle, and fully plastic flow occur. We have initiated an experimental study to investigate the 
micromechanical basis for this phenomena. Triaxial experiments are performed at room temperature on four 
natural calcite rocks with grain sizes ranging over 3 orders of magnitude. Preliminary results indicate that both 
the plastic macroscopic yield stress and the fracture strength increase with decreasing grain size, and that the 
confining pressure at which the transition from work-softening behavior associated with macroscopic shear 
faulting to macroscopically stable, semi-brittle deformation occurs generally increases with decreasing grain 
size. Future work includes: experiments on synthetic marbles with different grain sizes and controlled porosity 
and impurity content; microstructural characterization of deformed samples; and comparison of experimental 
results with theoretical models.

Nucleation and propagation of cracks in the semi-brittle regime:
Two models, one for the Stroh crack problem, and a second which treats the generation of cracks around 

an inclusion containing a super-pressured fluid, are being prepared for publication. Please see the previous 
semi-annual report for a fuller discussion of these models.

Continuing Studies
During 1988-9, we will concentrate on high temperature testing of diabase, peridotite, and marbles, and on 

acoustic emission measurements at room temperature. Initial mechanical tests will be performed on Frederick, 
Maryland diabase at varying confining pressures (0-700 MPa) and temperatures (23-1000 °C) and with Carrara 
marble, Solnhofen limestone, and Oak Hall limestone at pressures to 600 MPa and temperatures to 700 °C. 
Microstructural studies will be conducted concurrently with the experiments. We are currently calibrating the 
pore fluid dilatometer against strain gauges at room temperature.

An acoustic emission system has been constructed and is now operating at Stony Brook. Acoustic emission 
rate and b-values will be determined using a band pass filtering technique during the deformation of two rocks 
of different grain sizes, Saillon and Carrara marbles, at room temperature. The acoustic emission results will be 
compared with observations of deformation-induced microcracking and twinning already completed.

Abstracts and Submitted Papers:
Fredrich, J., Evans, B., & Wong, T-f., The mechanics of semi-brittle deformation in Carrara marble (abstract), 

EOS, Trans. AM. Geophys. Un., 68,1464,1987.

Fredrich, J., Evans, B., & Wong, T-f., Micromechanics of the brittle to plastic transition in Carrara marble, 
submitted to/. Geophys. Res., 1988.

Fredrich, J., Evans, B., & Wong, T-f., Effect of grain size on the brittle-plastic transition in calcite aggregates 
(abstract), to be presented at the Fall 1988 meeting of the Amer. Geophys. Un.

Wanamaker, B. J., B. Evans, and T.-F. Wong, Fluid Inclusion Decrepitation (Cracking) in San Carlos Olivine, 
EOS, Trans. Amer. Geophys. Un., 68, 1527,1987.

Wanamaker, B. J., B. Evans, and T.-F. Wong, Decrepitation and crack healing of fluid inclusions in San Carlos 
olivine, submitted to Heard Memorial volume, 1989.

Wong, T.-F., Effect of pressure on propagation behavior of microcracks nucleated by Stroh's mechanism, EOS, 
Trans. Amer. Geophys. Un., 68, 404,1987.
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High Frequency Seismic and Intensity Data

9910-03973

Jack Evernden and Jean Thomson 
Branch of Engineering, Seismology, and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5627

Investigations:

1) Investigating via quantitative modeling of earthquake and explosion spectra the roles of 
elastic velocity structure, depth of focus and anelastic attenuation on the amplitude and 
spectral content of both compressional and shear phases (Pn , Pg , S n , and Sg-Lg , etc.) as a
function of distance.

2) Investigating via large data sets the P-wave spectral content of earthquakes and explo 
sions, the intent being to place in the literature a definitive analysis of this relationship.

Results:

1) In EUS-like terrains, the crustal velocity model must be such as to display a A"2 fall-off 
for Pn from 150 to -2000 km. Modeling has shown such a die-off rate, even at high Qa
values, requires a zone several kilometers thick just above the Moho in which velocity 
increases by -0.6 km/sec. There can be no appreciable zone with Pn > 7.2 above the
Moho (other than the gradient zone), such as a model leading to drastic misbehavior of 
predicted Pn amplitudes in the distance range 150-400 km. A similar but less well-deve 
loped velocity increase to that in the EUS-like area above the Moho is required in 
WUS-like terrain (even with the lower Qa values) to explain the A "3 '5 rate of die-off of 
P7 9 . Also, explanation of the zero-intercept curve requires a low velocity zone of a few
tenths of a km/sec at -10 km depth in the crust, the velocity increase below that zone 
being markedly constrained by the requirement to fit observed rates of die-off of P .

o

2) The work on 1) has taken much longer than expected, so progress on this phase of the 
work has been very slow.

3) As an aspect of our recent USGS Bulletin, we converted our intensity programs and data 
files for use on IBM-type desktop computers and have distributed the product to several 
groups throughout the USA, including the two groups now developing seismic risk maps 
for Los Angeles county.
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4) Work continues on 1) and 2). We have developed a velocity model for the USSR that 
agrees with observed spectral behavior of Pn between 250 and 650 kilometers, gives 
die-off rates of Pn as observed in EUS (presumably appropriate to the USSR) and has 
observed P,/?,, amplitude ratio.

Reports:

Paper nearly finished.

09/88
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Field Verification of the New Fracture Pressurization Method 
for In Situ Stress Determination in Earthquake Prediction Research

14-08-0001-G1517

Bezalel C. Haimson
Geological Engineering Program

University of Wisconsin
1509 University Avenue
Madison, Wisconsin 53706

(608) 262-2563

Objective: A new method of hydraulic fracturing interpretation has been 
recently proposed which offers distinct advantages over the conventional 
practice (Cornet and Valette, JGR, 1984). The new Fracture Pressurization 
Method (FPM)is not limited to isotropic rocks, vertical drillholes and 
vertical hydrofracs, and intact zones of testing; it also requires fewer test 
parameters to be determined. The objective of our program is to verify the 
applicability and reliability of FPM through a series of field tests in which 
FPM will be compared with the conventional approach to hydraulic fracturing 
interpretation.

Field Testing; During the summer months we carried out much of the planned 
field testing. An inclined 300 m hole and an adjacent 100 m near-vertical 
hole, both drilled into the Precambrian Waterloo quartzite 30 km east of 
Madison, were first logged with a borehole televiewer. Intact and pre- 
fractured intervals were selected, and hydraulic fracturing tests were 
conducted in an approximately equal number of intact and pre-fractured zones. 
A total of some 40 tests in the deeper hole and 20 tests in the other were 
carried out using the University of Wisconsin wireline hydrofracturing system. 
Both impression packer and borehole televiewer were employed to delineate the 
induced hydraulic fractures and to distinguish them from the pre-existing 
ones. We are now in the process of analyzing the vast amount of data col 
lected from these tests. Statistical digital data reduction is being utilized 
to objectively obtain unambiguous pressure and fracture orientation para 
meters. The multitude of tests should be instrumental in obtaining a well 
constrained solution when using the Fracture Pressurization Method of stress 
calculation. Wherever test conditions permit the conventional Hubbert and 
Willis (1957) technique will also be used to estimate the in situ stress 
field, and the results will be compared.
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Earthquakes and the Statistics of Crustal Heterogeneity

9930-03008 

Bru.ce R. Julian

Branch of Seismology
U.S. Geological Survey

345 Middlefield Road - MS77
Menlo Park, California 94025

(415) 329-4797

Investigations
Both the initiation and the stopping of earthquake ruptures are controlled by spatial 

heterogeneity of the mechanical properties and stress within the earth. Ruptures begin at 
points where the stress exceeds the strength of the rocks, and propagate until an extended 
region ("asperity") where the strength exceeds the pre-stress is able to stop rupture 
growth. The rupture termination process has the greater potential for earthquake 
prediction, because it controls earthquake size and because it involves a larger, and thus 
more easily studied, volume within the earth. Knowledge of the distribution of mechanical 
properties and the stress orientation and magnitude may enable one to anticipate conditions 
favoring extended rupture propagation. For instance, changes in the slope of the 
earthquake frequency-magnitude curve ("b-slope"), which have been suggested to be 
earthquake precursors and which often occur at the time of large earthquakes, are probably 
caused by an interaction between the stress field and the distribution of heterogeneities 
within the earth.

The purpose of this project is to develop techniques for determining the small-scale 
distributions of stress and mechanical properties in the earth. The distributions of elastic 
moduli and density are the easiest things to determine, using scattered seismic waves. 
Earthquake mechanisms can be used to infer stress orientation, but with a larger degree of 
non-uniqueness. Some important questions to be answered are:
** How strong are the heterogeneities as functions of length scale?

** How do the length scales vary with direction?
** What statistical correlations exist between heterogeneities of different parameters?
** How do the heterogeneities vary with depth and from region to region?
Scattered seismic waves provide the best data bearing on these questions. They can be 
used to determine the three-dimensional spatial power spectra and cross-spectra of 
heterogeneities in elastic moduli and density in regions from which scattering can be 
observed. The observations must, however, be made with seismometer arrays to enable 
propagation direction to be determined. Three-component observations would also be 
helpful for identifying and separating different wave types and modes of propagation.

The stress within the crust is more difficult to study. Direct observations require 
deep boreholes and are much too expensive to be practical for mapping small-scale 
variations. Earthquake mechanisms, on the other hand, are easily studied and reflect the 
stress orientation and, less directly, its magnitude, but are often not uniquely determined by
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available data.
This investigation uses earthquake mechanisms and the scattering of seismic waves 

as tools for studying crustal heterogeneity.

Results

Automatic Real-time Earthquake Monitoring
The real-time monitoring of central California seismicity using data from the Allen- 

Ellis Real-Time Processor (RTF) has continued routinely. The most significant new work 
involves preparing to adopt a commercial database management system (see below) that 
will make more elaborate processing feasible. In addition, minor changes have been 
incorporated to fix bugs that occasionally interfered with the computation of fault-plane 
solutions.

Work continues on a new method to detect unusual earthquake activity in real time. 
This new approach, suggested by Mark Matthews, is based on the non-parametric 
Wilcoxon rank-sum statistical test Computer programs have now been written to compute 
the Wilcoxon statistic for earthquake data and to evaluate the significance level of the 
statistic, using a new algorithm, based on the Eulerian theory of partitions of integers. 
During FY1989 these programs will be tested on real data and possibly incorporated into 
automatic RTF processing.

Seismological Database Management
At present, the earthquake catalog and other data generated in the real-time 

monitoring of central California earthquakes are stored in ordinary computer files. This 
scheme provides no safe way for more than one process to enter or modify data at a time, 
which makes manual editing of the data awkward and risky. Even worse, it makes 
impractical many desired improvements to the processing, such as merging data from 
multiple RTFs, automatically correcting mistakes made by the them, or re-computing and 
revising earthquake locations and magnitudes using regional earth models. Therefore, we 
are developing software to manage seismological databases using DBVISTA, a commercial 
database management system given to us by the Incorporated Research Institutions for 
Seismology (IRIS), who have needs similar to ours. We expect it to be at least a year 
before we will be ready to begin using the new software in on-line RTF processing.

Volcanic Tremor
Work conducted during the last six months has given us a much clearer 

understanding of our model of volcanic tremor in terms of nonlinear low-induced vibration. 
In the model considered previously, in which the only damping mechanism was viscous 
loss in the fluid, there are apparently only two kinds of steady-state behavior: steady flow 
without oscillations and strictly periodic limit-cycle oscillations. However, when damping 
of the motion of the channel walls is added, to model the effect of the radiation of elastic 
waves, then the behavior becomes much more complicated (and interesting). Increases in 
the pressure difference driving the fluid cause a transition from steady flow to limit cycles, 
followed by a period-doubling cascade leading to chaotic oscillations controlled by a 
strange attractor of Rossler type. Period-doubling cascades are characteristic of most 
nonlinear oscillators, and have been observed for deep tremor in Hawaii by Aki and 
Koyanagi. Moreover, many observed examples of volcanic tremor strongly resemble the 
chaotic oscillations exhibited by the model. This work was described in a talk presented at 
the Conference on Mathematical Geophysics in Blanes, Spain, in June, and a paper on the
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theory of tremor is now being revised to include the new developments.

Magnitudes of Historic Earthquakes from CALNET data
For several years, Caryl Michaelson has been working on a project to develop 

empirical methods to reduce statistical scatter in magnitude measurements caused by 
various sources of bias and experimental uncertainty in the catalog of central and northern 
California earthquakes recorded by the CALNET for the past two decades. Caryl left in 
August to attend graduate school, and we have been asked to evaluate the status of her 
project and recommend how it should be pursued, if at all. Currently, this project is 
halted, waiting for Caryl to fix bugs in her computer programs and send us revised 
versions.
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EXPERIMENTAL ROCK MECHANICS

9960-01180

Stephen H. Kirby 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4847

Investigations

The sliding resistance of sawcut simulated faults in an abite rock was investigated 
by Lisa Dell'Angelo at 500°C and confining pressures of 0.10-2.0 GPa, conditions that 
traverse the phase change albite  > jadeite + quartz.

A chapter was prepared for the Mineral Physics Report that will be the product of 
Mineral Physics Workshop to be held on September 28-30 in Lake Arrowhead, California. 
The topic of the chapter is the physics of deep subduction and deep earthquakes.

An extended abstract and lecture on aspects of rock constitutive behavior were 
prepared for a U.S. National Academy of Sciences - Soviet Academy of Sciences Workshop 
on earthquake modeling to be held in Leningrad 9-13 October 1988.

A comparative analysis was of completed of the compressive wave velocity measure 
ments at hole 735B of the Ocean Drilling Program Leg 118 in the layer 3 rocks near the 
intersection of the southwest Indian Ridge and the Atlantis II fracture zone. We used 
ultrasonic measurements on the core samples and VSP and sonic logging techniques on 
the holes.

Results

Anamolous sliding resistance of albite across a phase change:

The series of sawcut experiments at 500°C on a rock composed dominately of albite 
showed normal frictional behavior up to a normal stress of on is 1.8 GPa (P = 1.0 GPa, 
an = 1.6 GPa (mean stress)). Above the normal stress, sliding resistance is insensitive 
to increases in on up to the limit of our tests at on =2.8 GPa. The transition mean 
stress at am = 1.6 GPa corresponds to the pressure above which albite is expected to 
transform to jadeite + quartz. This result paralllels similar observations of reduction in 
sliding resistance of materials expected to undergo mineral reactions at the test conditions.

A new class of deformation apparatus is needed to explore the regime of deep 
earthquakes and deep subduction:
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The major recommendation in Kirby's report on Mineral Physics contributions to the 
Mineral Physics Workshop is that a new class of diamond anvil cell apparatus be designed 
and built to explore the pressure range of deep earthquakes and deep subduction (10- 
20 GPa). This deformation apparatus should have a volume scaled up by approximately 
100 over a conventional DAC and should have a spectroscopic method of measuring the 
deviatoric stress on the sample.

Rock rheology and earthquake modeling:

The aspects of rock rheology were reviewed for the Lenigrad Workshop: (l) The 
spectrum of thermally-activated processes that operate between the strictly brittle 
processes near the surface and the deep intracrystalline processes at depth. (2) An 
analysis of the extent to which elastic stress and strain accumulations are relaxed on 
interseismic time-scales using the non-linear Maxwell relaxation time predicted from lab- 
based Theological laws. (3) History or structure dependent (non-steady) flow behavior, 
especially ductile strain softening and strain localization in rocks. (4) The effects of changes 
in regional pore pressure on thermally-active flow. A major conclusion of this report is 
that history or structure dependent flow in the sub-seismogenic zone has potential for 
influencing the rates of loading the seismogenic zone.

Velocity anisotropy and ductile shear zones in the lower oceanic crust:

Three techniques were used to measure the compressional-wave velocities in hole 735B, 
each with a different dominant wavelength A: ultrasonic pulse transmission measurements 
on the recovered hole (A ~ 0.017 m), a sonic logging tool (A = .23   0.34 m) and a Vertical 
Seismic Profile (VSP) logging tool (A = 200 - 1400 m). In spite of the different scales 
of observation and wavelengths of compressional waves, these methods yielded essentially 
the same hole-averaged Vp , ~ 6.8 x 0.4 km s~ 1 . Although the gabbros in the core are 
approximately isotropic with Vp ~ 7.0 x 0.3, the metagabbros with a 20-30° dipping 
foliation (which represent about 20% of the hole), impart about a 3% lower velocity 
for vertical PV waves ,than for PH . Individual mylonitic metagabbros from inclined 
shear zones had Vp 2-11% faster in the shear direction than compared with the direction 
normal to foliation. These measurements are significant in that they show that the shear 
zones show enough Vp gradient and anisotropy to be candidates for the lominar reflections 
observed in lower crustal rocks in reflection surveys of the ocean basins and continents.
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Repeatability of Fault Rupture Segments and Earthquake Potential
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Peter L.K. Knuepfer, Julianne M. Turko, and Edward M. Baltzer
Department of Geological Sciences

State University of New York
Binghamton, NY 13901

(607) 777-2389

Objective: That most faults break in segments rather than in one complete 
rupture appears to be true not only for plate boundaries but also for intra- 
plate faults like those of the Basin-Range province. Our studies focus on 
two aspects of fault segmentation: characteristics of the end-points of 
segments from historical surface ruptures and field investigations of 
repeatability and independence of individual segments on a fault. We are 
continuing work on the geologic and geometric properties of the end-points 
of historical surface ruptures. In this study we are examining the geologic 
nature of rupture end-points as reflected in surface geology in order to 
assess the potential of predicting segmented behavior from surface observa 
tions. The field study area is the Lemhi fault in east-central Idaho, which 
is east of the Lost River fault that ruptured in 1983 and displays segmented 
behavior. Our field studies concentrate on recognizing the extent of indi 
vidual prehistoric rupture events and testing whether the 1983 Borah Peak 
rupture is "characteristic" of other faults in the region. We are using sys 
tematic mapping of fault scarps and estimating relative ages of scarps, 
coupled with selected trenching, to unravel the history of rupture segmenta 
tion. Ultimately we hope to compare our results with the work of other 
scientists on the Lost River fault.

Accomplishments During this Reporting Period: Our principal accomplishments 
during the last six months have involved summer field studies on the Lemhi 
fault in Idaho. Specific results follow.

1. Our v/ork this summer included completion of data-gathering for scarp mor 
phologic studies that we began in 1987. We have now obtained morphologic 
data from more than 50 sites, 35 of which preserve small-displacement scarps 
that likely record the most recent surface rupture. Using only these young 
est-event data, we have applied cluster analysis to recognize at least six, 
and perhaps eight, independent segments (Figure 1). Segments are differen 
tiated by relative fault-scarp age using modeling of scarp degradation after 
Nash (1986) and Andrews and Bucknam (1987). Means of "diffusion ages" (scarp 
age times degradation rate) from each of the segments are statistically 
distinct at better than the 95% confidence level, implying that each of the 
apparent segments represents a different faulting event. Thus the most 
recent seismic cycle along the Lemhi fault appears to involve at least six 
separate ruptures, probably within several thousand years of each other. 
Individual rupture events probably occurred during earthquakes of moment- 
magnitude 6.8 to 7.2, similar in size to the 1983 Borah Peak rupture.

2. We excavated trenches across the Lemhi fault at three sites to document 
in detail the number of events on scarps that appear to be single-event from 
their morphologies, and to obtain quantitative data on timing of recent
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ruptures along different sections of the fault. These sites Mere chosen to 
test whether segments inferred from scarp data really have different rupture 
histories and to maximize the likelihood of obtaining datable material. 
Thus each site is from a different possible segment (Figure 2). The trench 
ing at Falls Creek yields evidence for one rupture event in late Pinedale 
deposits. Our preliminary interpretation is that the event is younger than 
6900 yr B.P. , due to the lack of Mazama ash deposits ponded within a graben 
formed during the rupture. The trenching at Summerhouse Creek yielded some 
what ambiguous results. At least one event, with a possible displacement of 
3 m, is preserved in two trenches on a late Pinedale and somewhat younger 
(early Hblocene?) surface. However, colluvial-wedge stratigraphy may be 
consistent with two (rather than one) events in the Holocene that would have 
been closely spaced in time. The trenching at Warm Creek shows a different 
history. Two post-late Pinedale events are recorded on a late Pinedale 
alluvial fan surface, and the two events are relatively widely spaced in 
time. A latest Pinedale or earliest Holocene surface records only one rup 
ture, again supporting a significant time between the last two events.

3. Our review of historical faulting events has concentrated on examining 
end-points of ruptures irrespective of whether or not they acted as nuclea- 
tion points, and comparing the characteristics of end-points with features 
ruptured through by each of the events. Principal results under this task 
during the reporting period involve preparation of a paper of preliminary 
results submitted for publication in the Open-File report documenting pro 
ceedings of the U.S.G.S. conference on Fault Segmentation held in March 1988.
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40 km

FIGURE 1. Six-segment and eight-segment models for the youngest displace 
ments of the Lemhi fault, Idaho. Lemhi fault, shown schematically, is 
along the western margin of the Lemhi Range.
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FALLS CREEK

WARM CREEK

SUMMERHOUSE CREEK

0 40 km

FIGURE 2. Trench sites, Lemhi fault, Idaho. Falls Creek is located within 
segment 2 (six-segment model; segement 3 of the eight-segment model) as 
shown in Figure 1. Summerhouse Creek is within segment 3 west of the 
boundary to segment 4, whereas Warm Creek is immediately south of the 3/4 
boundary.
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Stressing, Seismicity and Rupture of Slip-Deficient Fault Zones
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Division of Applied Science and

Department of Earth and Planetary Sciences,
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1. Investigations

1.1 Constraints on total stress levels in subducting slabs are being established 
from earthquake cycle observations in strongly coupled subduction zones (Dmowska 
andLovison, 1988a).

1.2 The mechanics of subduction as inferred from earthquake cycle observations 
is being studied in several regions. One study is of the apparently gradual breaking of a 
gap in the New Britain - Solomon Islands area.

1.3 Another such study is a comparison of the maturity of the Arica and 
Antofagasta gaps in southern Peru/northern Chile, using the characterization of maturity 
in terms of seismicity proposed by Dmowska and Lovison (1988b).

1.4 The finite element procedure has been applied to strike-slip crustal 
deformation modeling for San Andreas Fault earthquake cycles, analyzing more 
accurately a loading scenario outlined by Li and Rice (1987), and constraints were 
established on model parameters from comparisons to geodetic data.

2. Results

2.1 As analyzed by Dmowska et al.(1988), the total stress field in a subducting 
slab can be regarded as the sum of a time-invariant mean stress and a pulsating stress 
associated with the earthquake'cycle. The latter is compressional in the first part of the 
cycle and tensional in the latter part. The magnitude of the pulsating stress at 
intermediate depths in the slab depends on slip in the main event, mechanics of slab 
subduction, relaxation in the adjoining mantle, and position along the slab. In a few 
cases (e.g. after Peru 1974, Chile I960, Rat Island 1965, New Britain-Solomon 
Islands 1971,Kermadec 1976, Valparaiso 1985 earthquakes) stresses caused by the 
main subduction earthquake, and migrating down-dip in the slab, are high enough to 
change the dominant (total) stress field in the slab to compressional for some part of the 
earthquake cycle before the usual pattern of extensional seismicity resumes. This occurs 
for at least 13 years after the Peru 1974 quake, 20 years after Chile 1960, at least 22 
years after Rat Island 1965, and 10 years after the New Britain-Solomon Islands 
doublet of 1971.Considering events large enough that they do not simply sample local 
heterogeneities of the mean stress field in the slab (e.g., stemming from unbending or 
thermal stress boundary layers), we can use our observations to place some constraints 
on the total stress level in the subducting slab.Our preliminary results suggest rather
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low stress levels, comparable with stress drops in large subduction earthquakes.

The work has been reported in abstract form by Dmowska and Lovison (1988a) and 
a text is in preparation.

2.2 To better understand the mechanics of subduction and the processes of breaking 
a mature seismic gap, we studied seismic activity along the New Britain subduction
segment (147°E-151°E,4°S -8°S) through earthquakes with mb > 5.0 in the outer-rise, 
the upper area of the subducting slab and at intermediate depths to 250 km, from 1964 
to July 1988. The segment last broke fully in large earthquakes of Dec.28,1945 (Ms = 
7.8 ) and May 6,1947 (Ms = 7.5) and recently in smaller quakes of Feb.8,1987 (Ms = 
7.4) and Oct.16,1987 (Ms = 7.4), leaving still unbroken areas (Fig.l). We observe 
from seismic mechanisms that the outer-rise along the whole segment was under 
pronounced compression from the late 60's to at least Oct. 1987 (with exception of the 
tensional quake of Dec. 11,1985), signifying the mature stage of earthquake cycle. 
Simultaneously the slab at intermediate depths below 50 km was under tension (but 
also with a few compressional events possibly related to the presence of a double 
Benioff zone) before the quake of Oct.16,1987. That event, with a smooth rupture 
lasting 32 sec., rupture velocity of 2.0 km/sec,extent of approximately 70 km and 
moment of 1.2 x 1027 dyne-cm, caused a change in subsequent seismicity consistent 
with the compression of slab at intermediate depths down-dip from the rupture zone. It 
seems that it did not fill in the gap completely and this segment is still capable of 
rupturing either in a mb " 6 quake which would fill in the gap between the 1987 and 
1971 quakes, or in a larger magnitude quake, compared to earthquakes observed in that 
segment in 1902, 1906,1945 and 1947.

An abstract by L.C.Lovison,R.Dmowska and JJ.Durek has been submitted for the 
AGU 1988 Fall Meeting.

2.3 We analyze the present maturity of two seismic gaps along the coasts of 
southern Peru and northern Chile (16°S-26°S), which broke on Aug. 13,1868 (Mt = 
9.0) and May 9.1877 (Mt = 9.0) (Fig.2).We use the techniques advanced by Dmowska 
and Lovison (1988b) to characterize the maturity of a gap. Seismicity is studied in the 
outer-rise, the area of large subduction events, and at intermediate depths down-dip, 
through earthquakes with mb ^ 5.0, so as to infer the present state of stress from the 
earthquake mechanisms. Both zones are known seismic gaps (Kelleher,1972, McCann 
et al.,1979,Nishenko,1985) with repeat times averaging 2ft) years based on historical 
records but with the possibility of much shorter (100+ years) repeat times depending on 
the assumed amount of aseismic slip. The zone of 1868 Arica quake shows tension in 
the outer-rise as well as down-dip (Fig.3 and 4), with rather infrequent occurrence of 
intermediate depth events, which we interpret in terms of that area being still in the 
middle of its cycle, with perhaps slight loading being added laterally to that area by 
recent events of April 12,1988 (mb=6.1) and April 13,1988 (mb=5.9),which occurred 
north of that area. The zone of the 1877 Antofagasta earthquake (Fig.3 and 4) shows 
much higher intermediate-depth tensional activity when compared to the 1968 area and 
its outer-rise shows a sign of compression (event of May 30,1980). Also, the recent 
thrust earthquakes of Feb.5,1988 (mb=6.2 and mb=6.0),which occurred south of the 
1877 aftershock zone, may possibly have added slight lateral loading to that area. We 
interpret our observations as suggesting that perhaps the 1877 earthquake segment is at 
present at a more mature stage than its 1868 neighbour and closer studies.e.g. of the 
state of stress in the outer-rise, are warranted.
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An abstract by R.Dmowska and L.C.Lovison has been submitted for the 1988 Fall 
Meeting.

2.4 We used the finite element method to model crustal deformation in strike-slip 
earthquake cycles along the SAP. Loading is assumed to be by steady shear flow in the 
mantle below, of rate and distribution that is compatible with the long term plate 
velocity V accomodated by the fault. The mantle flow transmits stress to a faulted 
elastic surface plate (thickness H) through an intervening linear Maxwell viscoelastic
layer (thickness W, relaxation time i) that may plausibly coincide with the lower crust 
along portions of the SAP. The fault zone in the plate is locked only over a depth L (< 
H) and slips there by VT at times of great earthquakes (T = recurrence interval). The 
fault walls are assumed to slip freely at greater depths; equivalently, they may be 
regarded as shearing at a constant resistive stress.

This scenario was analyzed by Li and Rice (1987; denoted by LR below) using an 
approximate model with Elsasser coupling procedures for representing the viscoelastic 
interaction with an underlying layer, fine-spring boundary conditions at the fault cut, 
and related procedures for extracting an estimate of surface deformation from what was 
then a one-dimensional model. The present study was intended in part to examine 
limits to the accuracy of their approximate model. We find:

(1) The LR model is most inaccurate in the early portions of the cycle, during 
which it substantially overpredicts the near-fault strain rate.

(2) Longer time response depends on T and W only in the form x/W as 
anticipated from LR.

(3) Related to (1), it is now concluded that no plausible single set of parameters 
will allow the time-dependent near-fault strain rate data, as from Thatcher (1983), for 
the 1857 and 1906 SAP rupture zones to be represented as samples of essentially 
similar processes, offset in origin time.

(4) Parameters L = 7-11km, H = 15-23km and i/W = 0.8-1.7yr/km, similar to 
those in LR, with V = 35mm/yr and VT = 5.5 m, adequately describe geodetic data 
from the 1857 zone (data as summarized in LR plus updated, privately communicated 
results from Lisowski, Savage and Prescott for the Palmdale area), but much shallower 
L (of order 5km) and H are required for the 1906 zone.

(5) Distinctly asymmetric strain rates relative to the SAP, reported in the No. San 
Francisco Bay region (Prescott and Yu, 1986), are compatible with the LR suggestion 
that the lower crust may be able to relax viscously (on the recurrence time scale) only 
on the NE side of the S AF there.

(6) The simpler single line dislocation model of Savage and Burford (JGR 73) 
may be employed to provide a best mean-square fit to the surface deformation rate 
predicted by the more elaborate model considered here over various distances from the 
fault trace, as in a recent study by Rice, Li and Lim (1988) based on LR.. It is found 
that the 'best-fits' for both the locked depth and deep aseismic slip rate are significantly 
greater than the actual values used to generate the simulated "data", and tend to become 
more so for sampling distances extending to increasing distances from the fault trace.

Items (1) to (5) above are the work of N. Fares and Rice to be reported at the Fall 
'88 AGU; item (6) is the work of them and J. Kurland, and will be reported
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subsequently.

In a collaborative study with W.D. Stuart of USGS, we are also working towards 
a finite element model of the earthquake cycle in coupled subduction zones. That work 
is intended to improve upon the similarly approximate one-dimensional modeling of 
Dmowska et al.(1988) for time-dependent stress redistribution and transfer in the 
subducting plate and adjacent thrust zone during the cycle.
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Investigations

Limiting conditions on a model for the formation of gouge and breccia in 
faults can be set by observations made underground in mines of the detailed 
characteristics of faults.

Results

The direct proportionality between fault displacement, d_9 and gouge-plus- 
breccia thickness, t, has been remarked by many geologists since 1892 (see 
Robertson, 1983), although seldom with actual measurements. Quantitative data 
of d and t_on 76 faults were obtained primarily underground in mines but 
include some surficial faults and laboratory measurements (Robertson, 1983, 
1987). A log-log plot of the data for a range of d_ from 1 mm to 1 km reveals 
a trend at a ratio of d/t_ of about 100/1. The continuing increase of t_ with 
increasing d^ requires additional abrasion from the rock walls with increments 
of fault movement. This autogenous grinding process is explained by a 
physical model of Moody and Hundley-Goff (1980; Robertson, 1982). Frictional 
stresses from the moving rock walls cause microfracturing at the boundaries of 
and within grains by asperity and grain-fragment indentation and ploughing, 
accompanied by more intense fracturing of grains, shearing through asperities, 
plucking of grains and fragments to form breccia, and comminution of fragments 
to form gouge.

The measurements of d_ and t_on 76 faults (Robertson, 1983, 1987) were 
sorted into five categories of wall rock types; the points were (taking 
centers where ranges of values are shown) plotted on log-log scales; and RMS 
regression lines were fitted, assuming the logarithms of the data to be 
normally distributed. Values of _t_ f rom the regression lines at d = 1 m are 
found to correlate inversely with the compressive strengths, S^, THandin, 
1966), respectively of the five rocks at 50 MPa confining pressure (about 1-2 
km depth), as shown in the table.

Rock Type No. points t (mm) Tr/tq S (MPa)

quartzite 29 10.2 1 700
quartz monzonite 21 16.5 1.7 450
sandstone 6 16.1 1.6 250
limestone 6 24.2 2.4 240
shale 14 42.4 4.2 160
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Comparison in the table of the thickness of breccia and gouge with the 
strength is made by normalizing to quartzite values and forming the ratios 
^p/tn and ^/Sj,, where r is rock type and q is quartzite. Apparently, the 
thickness of breccia and gouge produced by the natural fault grinding process 
is inversely proportional to the compressive strength of these rocks although 
the corresponding ratios are probably fortuitously close, as the sample 
populations of t_ are small and the Rvalues are merely typical. This 
conclusion that the amount of abrasTon of five different wall rocks is 
determined in large part by their rock strengths, at the same confining 
pressure, as shown by the close correlation for each rock, implies that the 
other important ambient conditions were also similar for these faults, 
including pore water pressure, strain rate, temperature, and history of 
deformation

Models have been suggested to characterize the friction in an earthquake 
fault which postulate on the simple mechanism of shearing through asperities, 
but it is clear that once an asperity is sheared, some such complex process as 
described above must be called on to replace it. The shearing of asperities 
to explain friction in rocks is only part of the process. The asperity model 
has been adapted from studies of friction on metal surfaces, which usually 
involve ductile behavior and adhesion, unlike friction on brittle rocks.

The observation that a strike-slip fault of very large displacement is 
confined to a crushed zone a few inches thick is almost certainly in error, 
and in fact the zone is only one split of the fault, which probably has many 
splits with thick crushed zones. As many splits as possible should be studied 
in determining the earthquake history of the fault.
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Obj ectives

Understanding the mechanism by which slip is transmitted from depth to 
the surface and along the strike of the fault from freely slipping to locked 
zones is of great importance for understanding the earthquake process and 
for possibly anticipating damaging events. A major impediment to more 
accurate and realistic analyses has been the difficulty of making 
calculations for three dimensional cracked bodies. We are doing three- 
dimensional analysis of slip zones (cracks) in an elastic half-space to 
determine stresses and surface deformations due to the advance of shear 
faults into locked, or more resistant portions, of the shallow crust. The 
goal of these studies is to understand three-dimensional geometric effects 
on the intensity of stressing near the edges of slip zones. Ultimately, we 
hope to develop theoretical models for the advance of slip zones into and 
around slip resistant portions of the fault, focussing particularly on the 
effects of nonuniformities in the advancing slip front.

Results

During this project period we have continued to develope and refine our 
computational procedures and have begun some applications to isolated slip 
zones near a free surface.

We are using the method of Lee et al. [1987], developed to
analyze cracks in bimaterials. The method uses the integral representation 
for a distribution of body force and the elasticity solution for a point 
force near a bimaterial interface (free surface in the present application). 
The problem is then reduced to the solution of an integral equation for the 
unknown crack surface displacements over the two dimensional surface of the 
crack. Because the method uses the exact asymptotic form of the 
displacement field near the edge of the crack in discretizing the kernel of 
the integral equation, the results are accurate.

During this project period, we have concentrated on developing a 
complementary program that uses the slip surface displacements to calculate 
displacements at the free surface since these are the quantities that are 
most easily observed. The method uses convolution of the displacments
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calculated for the slip surface with the Green's function for a unit point 
dislocation in a half space. The latter is calculated from Mindlin's 
solution for a point force in a half-space.

As a preliminary application of these programs, we calculated the 
stress intensity factors and surface displacements for an inclined circular 
shear crack near a free surface (Figure 1). The numerical values have been 
chosen to be consistent with the geometry inferred by Lin and Stein (1988) 
for the Whittier Narrows earthquake from geodetic elevation changes: dip- 

angle of 30 (a=60 ), H=13.5 km., and a=3.0 (chosen so that the circular 
slip zone has the same area as the rectangular zone assumed by Lin and 
Stein). For simplicity, the fault has been assumed to be loaded by a 
uniform up-dip shear stress. Figure 2 shows the vertical displacement of 
the free surface in non-dimensional form Gu«(x«-0)/Ara, where G is the shear

modulus and AT is the stress drop, on the x~ and x, axes. (Note that 

because the positive x~ axis points into the half-space, negative values of 

u« correspond to uplift.) For a value of the moment equal to that inferred

25 by Lin and Stein (M « 10 dyne-cm.) the maximum uplift is about the same as

they observed (50 mm.). Figure 3 shows the variation in Mode II (in-plane 
shear) and Mode III (anti-plane shear) stress intensity factors as a 
function of angle & measured from the direction perpendicular to the applied

shear stress with 5-90 corresponding to the down-dip direction. For this 
ratio of H/a=4.5, these values are essentially identical (within a few 
tenths of a per cent) from those for a crack in a full space. A calculation 
with H/a   2.0, but otherwise identical values, yields a maximum uplift 
about four times larger and values of the stress intensity factors about 2% 
larger than those for the full space.

The procedure of Lee and Keer [1986] has been formulated for interior 
crack problems or, in other words, isolated slip zones (though of arbitrary 
shape). We have continued efforts to develope a complementary procedure for 
exterior crack problems, as needed to treat problems of slip advancing 
toward a free surface or around an isolated asperity. This is being done 
using the solution for loading on the surface of an elastic quarter space. 
The solution for tangential loading of the surface of an quarter space can, 
by using symmetry, be used to construct the solutions for an isolated 
ligament (asperity or barrier) resisting slip on a fault plane in an elastic 
half-space.

A procedure has been developed to analyze the internal stress and 
displacement fields in an elastic quarter-space subjected to arbitrary 
surface loadings. The procedure involves direct solution of two coupled 
two-dimensional boundary integral equations over the surfaces of the 
quarter-space. An iterative method suggested by Hetenyi [1970] that we had 
been investigating proved to be unattractive. The current approach is also 
computationally advantageous compared with the Fourier domain method used by
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Keer et al. [1983], Determining the internal fields by their method 
required numerical inversions of Fourier transforms. Previously, the 
computer code was developed to analyze an incompressible quarter-space 
(Poisson's ratio of 1/2). Comparison of the results against those of 
Hetenyi [1970] and Keer et al. [1983] indicated they were quite accurate. 
Modifications have now been made to account for a logarithmic singularity in 
the integral equations when i/*l/2. The current results are again being 
tested against the benchmark results of Hetenyi [1970] and Keer et al. 
[1983]. A study of the related, but two-dimensional, problem of an elastic 
quarter plane by Hanson and Keer has been completed.
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Heat Flow and Tectonic Studies
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Investigations:

Downhole temperature measurements in the Cajon Pass well and measurement of 
thermal conductivity and radiogenic heat production from core and cuttings samples are 
continuing.

A design for a high-temperature high-pressure thermal conductivity apparatus is 
evolving. It will be used to obtain thermal conductivity data on water-saturated rock 
specimens from scientific drill holes at temperatures and pressures appropriate to the 
depth from which they were recovered.

The relations among extension, magmatism and elevation for continental lithosphere 
have been examined, and some rules of thumb enumerated.

The digital data-acquisition and data-management systems for both field and labora 
tory have become obsolete and unreliable. They are being redesigned and reconfigured to 
take advantage of the most recent personal-computer technology.

Results:

Cajon Pass. Extrapolation of the equilibrium temperature profile from Phase I (to 
2130 m) provides an estimate of 147°C for the temperature at total depth (3480 m). 
The most recent temperature profile to total depth has a bottom-hole temperature of 
141°C. The mean gradient between these two depths is 33.6°C/km as contrasted with 
37.5°C/km between 1830 and 2130 m. In the absence of any indication of increasing 
thermal conductivity from Phase II measurements, we may infer from the gradients that 
heat flow has decreased by 10% between depths of 2 and 3 km. This is consistent with our 
working hypotheses of high erosion rates during the past ~1 m.y. and an equilibrium heat 
flux of about 70 mWm~2 .

New Thermal-Conductivity Apparatus. The uncertainty of thermal conductivities 
measured at room temperature and corrected to in situ temperature using literature values 
for rocks of similar mineralogic composition, is sufficiently large that hypotheses sensitive 
to changes in conductivity of 10% or so cannot be tested with confidence. This has resulted 
in ambiguous interpretations of data from the Salton Sea, Valles Caldera, and Cajon Pass. 
Because they represent higher temperatures, Phase II Cajon Pass data are more sensitive
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to this uncertainty than those from Phase I. We have identified components for a measure 
ment system in the range 0-300°C and 0-0.75 to 1 kbar and are proceeding with prototype 
designs.

Lithospheric Processes: To investigate simplified relations between elevation and the 
extensional, magmatic, and thermal processes that influence lithosphere buoyancy, we 
assume that the lithosphere floats on an asthenosphere of uniform density and has no 
flexural strength. A simple graph relating elevation to lithosphere density and thickness 
provides an overview of expectable conditions around the earth and a simple test for 
consistency of continental and oceanic lithosphere models. The mass-balance relations 
yield simple general rules for estimating elevation changes caused by various tectonic, 
magmatic, and thermal processes without referring to detailed models. The rules are 
general because they depend principally on buoyancy, which under our assumptions is 
specified by elevation, a known quantity; they do not generally require a knowledge of 
lithosphere thickness and density.

The elevation of an extended terrain contains important information on its tectonic 
and magmatic history. In the Great Basin where Cenozoic extension is estimated to be 
100%, the present high mean elevation (~1.75 km) probably requires substantial low- 
density magmatic contributions to the extending lithosphere. The elevation cannot be 
reasonably explained solely as the buoyant residue of a very high initial terrane, or of a 
lithosphere that was initially very thick and subsequently delaminated and heated. Even 
models with a high initial elevation typically call for 10 km or so of accumulated magmatic 
material of near-crustal density. To understand the evolution of the Great Basin, it is im 
portant to determine whether such intruded material is present; some could replenish the 
stretching crust by underplating and crustal intrusion and some might reside in the upper 
mantle. The elevation maintained or approached by an intruded extending lithosphere 
depends on the ratio B of how fast magma is supplied from the asthenosphere (b km/Ma) 
to how fast the lithosphere spreads the magma out by extension (7 Ma" 1 ). For a surface 
maintained 2 % km below sea level (e.g., an ocean ridge) B is about 5 km; for continen 
tal extension the ratio may be much greater. The frequent association of volcanism with 
continental extension, the high elevation (and buoyancy) of some appreciably extended 
terrains, and the oceanic spreading analog all suggest that magmatism may play an im 
portant role in continental extension. Better estimates of total extension and elevation 
change in extended regions can help to identify that role.

Data-Acquisition and Management: A PC-based system will be used to replace the 
12-year old Tektronix system presently used for both lab and field (logging truck) data ac 
quisition and management components have been identified and procurement will proceed 
as soon as (and if) FY 89 funds become available.
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Objective: Current work concerns general multifractal properties of 
seismic activity as an approach to quantifying patterns of moment flux, with 
reference to tectonic earthquakes in California and volcano-tectonic 
earthquakes and tremor in Hawaii. This report explores possibilities of 
regional confluences of moment flux in California.

Results: We have reexamined patterns of seismicity in California, 
generally for magnitudes 5 and larger, following ideas proposed in Shaw (1987) 
and our previous reports to WEHRP. We plotted sequences of epicentral 
locations in time (loosely called recurrence trajectories) subdivided into 
various time intervals, depending on magnitude, that range from the total 
interval studied (1800-1983) for the highest magnitudes down to a few months 
over the years 1979-1983 when magnitudes between 4 and 5 are included in the 
catalogs used by Shaw (1987); the time interval was about 5 years at 
magnitudes 5 and greater for the post-1900 data but much longer for the 
pre-1900 data. Two conclusions from this work reinforce the conclusions of 
Shaw (1987): (1) There are preferred sequences, or location chronologies, of 
recurrence trajectories that imply long range correlations between seismic 
events in California and seismic activity associated with Plate Tectonic 
spreading centers (magmatic source regions) off the northern California coast, 
in northwestern Nevada, and in Baja California. (2) Composite plots of these 
trajectories, and of epicentral clustering, as functions of time prior to 
large characteristic earthquakes reveal cloud-like patterns of seismic energy 
release that tend to partially or completely surround the locations of such 
events. In our working terminology, we have called these cloud-like 
structures "seismic shadows" and the major characteristic earthquakes "climax 
events". This report is restricted to a qualitative explanation of the term 
"shadow" applied to volcanological and seismological phenomena.

In volcanological collaborations with R. L. Smith (e.g., Smith and Shaw, 
1975, 1978), the word "shadow" was used as a descriptive working term that 
implicitly had two meanings: (A) In the strict sense, a "shadow" referred to a 
"blank" area (As in Table 7 of Smith and Shaw, 1975) within a field of 
basaltic volcanism (dikes, cinder cones, flows, etc.) which, by this and other 
criteria, could reasonably be supposed to define in projection the plan area 
of a partially or fully developed silicic magma chamber at relatively high 
levels in the crust. (B_) In a broader sense, we often used the term "basaltic 
shadow" in working discussions to refer to a well-defined basaltic field that 
may or may not be associated with a known, incipient or evolved, silicic 
chamber. Our reasoning for this usage was that silicic shadows in the strict 
sense, even if not proven by the volcanic distribution, are potentially 
present within any general basaltic field of sufficient intensity (packing 
density of intrusive pulses) and longevity.
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This duality follows from the simultaneously positive and negative 
context of the word shadow as it is applied to optical photographic images. 
The silicic shadow is the image cast on the ground by the 'blocking' of 
basaltic pathways (analogous to light rays) to the surface, together with the 
implicit absorption of basaltic magmatic energy in high-level silicic magma 
generation (e.g., this is the direct analogy with an optical shadow as a dark 
area on a positive print or light area on a negative print). The basaltic 
shadow, then, would be analogous to a bright area of a positive print 
surrounding a dark positive shadow; our mapping convention, however, is 
usually analogous to a negative print. The latter convention is illustrated 
by the patterns of active and potentially active volcanism in the western 
U. S. delineated by Smith and Luedke (1984, Fig. 4.2); black areas of basaltic 
volcanism encompass white areas of silicic volcanism, conveying the general 
patterns of both types of shadows.

Putting this into the context of earthquake distributions, we assume that 
those areas of a map where there is cloud-like clustering of distributed 
seismicity are analogous to our definition of basaltic shadows. That is, they 
represent the image cast on the ground of the three-dimensional earthquake 
generating mechanisms at depth. In this context, the relatively rare and 
largest characteristic earthquakes, here called climax events, are analogous 
to culminating stages of silicic volcanism within the basaltic fields of Smith 
and Luedke (1984, Fig. 4.2); i.e., large earthquakes are like the blank 
(silicic) spots within the basaltic fields. In both instances, however, there 
is ambiguity about how big an event has to be to represent a climax event. In 
the volcanological context, all silicic volcanism is 'climactic* in the sense 
that it implies some minimal intensity of basaltic intrusion of the crust 
(e.g., Shaw, 1980, Fig. 19; Shaw, 1985). Within that spectrum, however, we
often speak of climactic events as synonymous with the stage of ash-flow 
volcanism associated with caldera collapse. Not all silicic systems reach 
that stage, and of those that do there is a wide range in eruptive magnitudes 
(Smith, 1979). By the present model, each of the silicic events is analogous 
to a characteristic earthquake, but neither all of the silicic events nor all 
of the characteristic earthquakes are climax events. Tentatively, we refer to 
the three largest historical events in California, and possibly a few other 
large events such as the 1952 Kern Co., California earthquake and the 1954 
Dixie Valley-Fain;iew Peak, Nevada earthquakes, as climax events.

We first coined the term "seismic shadow" as a working metaphor for 
diffuse regions in composite plots of recurrence trajectories prior to 1906 
that encompassed the climax events of 1857, 1872, and 1906. It was only then 
that we noticed we were using the same sort of terminology we had earlier 
applied to volcanic enclosure of climactic silicic centers within basaltic 
shadows. We now suggest that the concept of seismic shadows draws attention 
to important conceptual parallels between volcanological and seismological 
phenomena. Like silicic shadows, characteristic earthquakes evolve in time 
depending on the intensity and longevity of 'energy absorption' during 
development of the seismic shadow. For example, post-1906 seismic shadows do 
not encompass the locations of the 1857, 1872, and 1906 events. Instead, they 
migrate and expand to include events such as the 1952 Kern Co., California 
earthquake and the 1954 Dixie Valley-Fairview Peak, Nevada earthquakes.

The above patterns of seismic shadows delineate gap-like areas that are 
synonymous in some respects with the meaning of seismic gaps of the first and 
second kinds described by Mogi (1985, p. 80 ff.). These gaps are identified 
in a two-dimensional or three-dimensional context that does not depend
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explicitly on knowledge or assumptions concerning source faults, tectonic
lineaments, or Plate Tectonic models. Tectonic information enhances
interpretation, however, just as it does in the volcanological model of Smith
and Luedke (1984). Comparisons of seismological and volcanological lineaments
suggest that there may be a more pervasive coupling between magmatic
injections of the crust at deep and intermediate levels in the western U. S.
and the generation of earthquakes in near-surface seismogenic zones than has
been acknowledged in conventional models of the earthquake process.
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Objectives: Following an earthquake of magnitude 5.3 60 km south of the Aswan High Dam 
in November 1981, a telemetered network was installed to monitor seismicity near the 
reservoir. Five piezometer wells near the reservoir were instrumented with telemetered water 
level recorders to study the hydraulic properties of the Nubian sandstone and determine the 
influence of the reservoir on changing the local water table.

Data Acquisition and Analysis: During the recent African drought, the water level at Aswan 
has dropped by more than 20 m and the entire embayment where the 1981 earthquake occurred 
is now dry. During the fall flood of 1988, the water level is rising rapidly and will begin to 
again flood the embayment. As the water receded from the epicentral area, the seismicity has 
decreased. Low magnitude seismicity continues but at a level that is considerably below that in 
1982-86.

Early in the planning for the reservoir, it was realized that losses due to seepage and 
evaporation would be high. The volume of water lost to the combined effects of evaporation 
and seepage can be calculated from monthly measurements of inflow from the Nile, outflow 
through the Aswan High Dam and the change of storage in the reservoir. From 1968 to 1986, 
the average losses were approximately 10.6 km3/year, close to the value of 10 km3/year 
predicted in planning studies. The most significant departure from this average occurred in
1975 when the reservoir first flooded the large Kalabsha embayment to the west of the main 
Nile valley where the 1981 earthquake occurred. More than 20 km3 was lost July 1975 - July
1976 with a maximum monthly loss of 5.8 km3 during September 1975.

Prior to flooding, the water table in this embayment (an area of approximately 30 x 25 km) was 
measured to be more than 70 m below ground surface. The complete saturation of the Nubian 
sandstone above the original water table, creating a groundwater mound beneath Kalabsha, can 
account for the excess loss of 10 km3 above the annual average. While the reservoir itself was 
less than 10 m deep in the embayment, increased stress and pore pressure from the combined 
effect of the reservoir and the groundwater mound may have been sufficient to trigger the 
earthquake activity.

Since 1985, millimeter-precise measurements of water level have been made every 12 mins in 
four wells screened in the Nubia formation and located 6-20 km west of the Aswan Reservoir, 
Egypt. These data are analysed using the forcing function time series of (estimated) tidal-strain 
and (observed) barometric pressure and reservoir level to recover estimates of in-situ 
permeability. In the vicinity of the wells the Nubia formation is -350 m thick and overlies 
granitic basement. It is composed of clean, relatively unfractured quartz sandstone (porosity 
0.30) interspersed with clay lenses which become more common with depth. Some evidence 
suggests that between depths of 100-200 m, the lenses are sufficiently populous and 
intercalated as to constitute an effective aquaclude separating the Upper and Lower Nubia 
formations.
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Three of the wells are shallow, screened at a depth of -100 m in the Upper Nubia. Depth to 
water table varies between 40 and 95 m for different sites. Water level variations in these wells 
are due almost entirely to earth tide and barometric forcing. We use a least-squares multi 
channel filter to separate the tidal and barometric effects and then calculate the barometric 
admittance (BA) spectrum (i.e, frequency-dependent barometric efficiency) in the period band 
1/2 hr - 500 days. This spectrum is used to constrain a two-layer vertical diffusion model with 
drawdown effects near the screen. The free parameters are the coefficients of diffusivity for air 
in the unsaturated zone and water in the saturated zone, the fraction of air pressure transmitted 
across the capillary fringe and the diffusivity describing drawdown effects. An estimate of 
specific storage, S s , of 2.0 x 10~6 m~l derived from analysis of the BA spectrum in the 
confined-response band, was used to express diffusivities in terms of permeability. At periods 
less than a few hours all spectra show a roll-off indicative of mean near-screen permeabilities 
of several tenths of a darcy (1 darcy = 10~8 cm^). At intermediate periods, effects of partial 
confinement are evident and rather weakly constrain saturated zone vertical permeability to the 
range 0.5-2 darcys; although the presence of a clay layer can substantially lower this value. At 
periods longer than a month, the effects of downward diffusion of the air wave through the 
unsaturated zone are clear. Modeling suggests the permeability to air is significantly less than 
that to water, and that only 50-70% of the air pressure is transmitted to the saturated zone 
across the capillary fringe.

The deep well is screened immediately above basement in the Lower Nubia and is ~6 km from 
the reservoir edge. Its response is confined at all periods studied. Tidal and barometric forcing 
accounts for level fluctuations at periods shorter than 1 month whereas at longer periods the 
fluctuations are coherent with changes in reservoir level. The admittance spectrum between the 
well and the reservoir is well fit by a simple model of lateral diffusion of poro-elastically 
induced pressure changes occurring in the Lower Nubia beneath the reservoir in response to 
changing load. The model implies that the lateral permeability of the Nubian sandstone on a 
scale of ~6 km is 0.7 ±0.1 darcys and suggests the Lower Nubia is confined at periods at least 
as long as 500 days. The model also suggests that the uniaxial strain loading efficiency, g, of 
the sandstone is 0.35, a value in agreement with that derived from the barometric response at 
periods shorter then 1 month.
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FAULT PATTERNS AND STRAIN BUDGETS

9960-02178

Robert W. Simpson 
Branch of Tectonophysics

U.S. Geological Survey
345 Middlefield Road, MS/977
Menlo Park, California 94025

(415) 329-4865

Investigations

Prepared gravity, magnetic, and topographic maps for the region around Parkfield. 

Results

In collaboration with Carl Wentworth, John Sims, and Bob Jachens, efforts are 
continuing to compile and interpret the regional geophysical and geological data around 
Parkfield. Using the gravity and magnetic data sets, we have been able to contribute to 
investigations of the fault jog in Cholame Valley southeast of Parkfield.

An open-file report displaying and documenting the three basic data sets - topo 
graphic, gravimetric, and aeromagnetic - is almost finished, so that these data will be 
readily available to other investigators. Contour maps and color maps have been prepared 
of the basic data sets, and derivative maps have been plotted to enhance the density and 
magnetization contrasts that could indicate faults and other structures. We hope to write 
an article within the next few months describing the regional geologic complexities around 
the Parkfield locked patch and discuss how the broader deformation field in linked to slip 
on the San Andreas fault.
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EARTHQUAKE FORECAST MODELS

9960-03419

William D. Stuart 
Branch of Tectonophysics

U.S. Geological Survey
Pasadena, California 91106

(818) 405-7816

Investigations

Fault Interaction in the Imperial Valley, California

The main goal of this study is to identify locations in the Imperial Valley that are 
becoming either more or less prone to having moderate earthquakes in the near future. 
The strategy is to construct a plane stress model for interacting faults and then combine 
it with past seismicity data to calculate the evolving stress state and proximity to failure 
of different sections of the San Andreas, Imperial, and other faults. This work is in 
collaboration with D. Given.

Solution of the above problem will likely involve solution of three related problems:
(1) the variation along fault strike of rates of seismicity and sizes of the largest earthquake,
(2) the locations of fault slip triggered by the Borrego Mountain, Imperial Valley, 
Palm Springs, and Superstition Hills earthquakes, and (3) the relation between rates of 
microseismicity and average fault slip measured at a location on a fault trace.

Results

A numerical dislocation model has been constructed in which slip from past 
earthquakes is used to calculate stress changes on all faults in the model. Resolved shear 
and normal stress changes in combination indicate two things: If a section of a fault is 
currently locked, then the stress .increments indicate if the section is being loaded toward 
or away from failure. But if a fault section is not currently locked, the stress increments 
indicate if the fault will become locked, and thus necessarily the site of a future earthquake. 
To put it another way, the premise is that past earthquakes determine the locations of 
future earthquakes.

Calculations so far seem to be consistent with microseismicity rates and with the 
relative locations of the Imperial Valley, Westmoreland, and Superstition Hills earthquakes. 
We hope to refine the formula for representing earthquakes by fault slip, and also to 
clarify the physical relation between fault geometry, slip rate, and locations of the largest 
earthquakes.
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Reports

Given, D.D., and W.D. Stuart, A fault interaction model for triggering of the Superstition 
Hills earthquake of November 24, 1987 (abstract), Seismological Research Letters, 
59(1), 48, 1988.

Stuart, W.D., and D. Given, Fault interaction in southern California (abstract), Applied 
Mechanics and Engineering Sciences Conference, ASME and SES, June 20-22, 1988, 
Berkeley, Calif.
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Geometry and kinematics of brittle pseudotachylyte-bearing 
strike-slip fault structures

14-08-0001-G1395

Mark T. Swanson
Department of Geosciences
University of Southern Maine

Gorham, Maine, 04038
(207) 780-5350

Objectives: Pseudotachylyte is interpreted as a friction melt developed 
during earthquake faulting. A preliminary field study was designed to visit 
the "type locality" for the pseudotachylyte generation zone as described by 
Grocott (1981) for the Ikertoq brittle zones of western Greenland. These 
structures are similar to brittle zones currently under investigation in 
southern Maine. The objective of this phase of the field study was to 
examine all of the available exposures in the western Greenland locality 
for comparison with the exposures in southern Maine; conduct detailed 
mapping where appropriate; and to evaluate the exposures as a focus for 
further research.

Results: The tabular fault-bounded pseudotachylyte generation zones in 
these exposures occur predominantly as extensional stepover zones 
between long overlapping en echelon strike-slip fault segments. 
Pseudotachylyte is preserved fault-parallel veins, in dilatant zones along 
releasing bends and stepovers between segmented faults and as discordant 
veins orthogonal and oblique to the main layer-parallel fault surface. 
Tabular breccia zones with angular to rounded fragments welded in a 
pseudotachylyte matrix are developed within extensional stepovers where 
displacement and slab extension has been extreme.

A distinctive fault configuration in these outcrops , termed the sidewall 
ripout, occurs as an asymmetric, doubly-tapered, fault-bounded slab, up to 
15 m in length, with a single flat side adjacent to a dominant planar slip 
surface. The tapered ends of these splay fault structures consist of 
leading contractional P-shear ramps at a low-angle to the dominant planar 
slip surface and trailing extensional R- or X'-shear ramps at higher angles 
to the dominant surface. Pseudotachylyte veining and brecciation develops
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preferentially within the trailing tail structures. These ripouts are 
interpreted as large outcrop-scale examples of adhesive wear along the 
planar fault surfaces during stick-slip displacements. Adhesion across the 
fault surface is followed by rupture and ripout of a panel of the opposing 
wall rock with possible rerupturing of the adhesive bond. The asymmetry 
of these structures can be used as a kinematic indicator with the narrow 
tapered leading end pointing in the direction of movement of the ripout slab 
during adhesion to the opposing fault block wall.

Discussion: The Greenland fault exposures were found to have similar 
geometries and can be interpreted in terms of the same kinematic model as 
the fault structures currently under investigation in southern Maine 
(Swanson, 1988a,b,c). This kinematic model involves the transfer of 
displacement across stepover zones between long overlapping en echelon 
fault segments. Similar ripout structures are also found in a variety of 
fault exposures throughout the study area in southern Maine. The 
development of these structures appears to be a common kinematic pattern 
for strike-slip faulting in the upper crust that is related to stick-slip 
displacement. The upper size limit for the observed structures in western 
Greenland (15m in length) is controlled by the extent of exposures. Larger 
ripout structures may possibly be developed along major fault segments 
and should play a significant role in the rupturing and displacement 
associated with the earthquake generation process.
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An Experimental and TEM Study of Cataclastic Flow 
in Quartzo-Feldspathic Rocks

14-08-0001-G-1363

Jan Tullis and Richard Yund 
Department of Geological Sciences

Brown University
Providence RI 02912

(401) 863-1921

Objectives

1. Our previous investigations have shown that the nature and the conditions of the 
transitions from faulting to cataclastic flow to dislocation creep are very different in 
monomineralic aggregates of feldspar and of quartz. In order to determine how these dif 
ferent responses affect the failure and flow of 'granitic' rocks, we have begun investigations 
of these transitions in a fine-grained aplite consisting of -1/3 quartz and -2/3 feldspars.

2. Our preliminary TEM investigations of the gouge developed in rotary shear friction 
experiments on granite, quartzite, and calcite and dolomite marble revealed amorphous 
material in the granite and quartzite (both in artificial gouge as well as that developed from 
initially bare surfaces). We have conducted further TEM investigations and have made 
significant progress in understanding the generation of this amorphous material.

Results

Brittle-Ductile Transition for Aplite

In our previous work on fine-grained monomineralic aggregates of quartz and feldspar 
(A^ and An78) we found that feldspar exhibits a broad regime of distributed cataclastic 
flow, at pressures >~500 MPa and temperatures of 300-700°C (for a strain rate of 
10-5/sec); within this regime deformation occurs by distributed stable cracking and crush 
ing, with rotation and frictional sliding of the fragments, but no dislocation multiplication 
or motion. From 700-1000°C there is a broad transition from cataclastic flow to disloca 
tion creep. In contrast, quartzites undergo faulting to much higher temperatures (600°C) 
and they show no regime in which there is only distributed cracking. Instead there is a 
narrow temperature interval (700-850°C) between faulting and dislocation creep within 
which high densities of dislocations cause strong work hardening which leads to some 
cracking and crushing. This contrast in behavior makes it somewhat hard to predict the 
behavior of 'granitic' rocks which are a mixture of these two phases. Therefore we have 
undertaken a modest program of experiments on Enfield aplite, a fine-grained (-150 (Jim) 
granite consisting of roughly 30% quartz, 40% microcline, 27% oligoclase, and 3% biotite,
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magnetite etc. The quartz occurs as isolated grains within a stress-supporting framework of 
feldspars.

Preliminary results show that the aplite undergoes distributed cataclastic flow over essen 
tially the same temperature range as do monomineralic feldspar aggregates (~300-700°C), 
which is not too surprising, given that the rock contains a semi-continuous matrix of 
feldspar. Within this low temperature regime, where quartz is inherently stronger than 
feldspar, the isolated quartz grains remain almost undeformed, and the sample deforma 
tion is accommodated almost entirely by distributed cataclastic flow within the feldspars. 
Our preliminary observations show no significant difference in the behavior of the 
microcline and the oligoclase.

With increasing temperature there is a switch in the relative strengths of quartz and 
feldspar, because the onset of dislocation glide and climb in quartz occurs at much lower 
temperatures than that in feldspar. In the regime where quartz undergoes dislocation creep 
but feldspar is stronger and still semi-brittle, progressive strain produces a change in texture 
accompanied by strain weakening; feldspar grains undergo boudinage with relatively little 
internal strain, whereas quartz grains undergo homogeneous flattening. Thus quartz 
gradually becomes the interconnected phase and feldspar becomes the dispersed phase, 
even though volumetrically dominant.

Microstructures in Experimental Gouge

It is important to identify the micromechanical processes operative in experimental fault 
gouge, in order to understand the cause of the velocity dependence of friction, to obtain a 
physical meaning for the empirically determined state variables, and to allow for more 
accurate extrapolation of the constitutive laws to natural conditions. The extremely fine 
grain size of fault gouge makes optical observations of limited value. We have used trans 
mission electron microscopy (TEM) to characterize the micro structures of gouges produced 
in room temperature, rotary shear frictional sliding experiments performed by T. Tullis, J. 
Weeks, M. Blanpied, and E. Lorenzetti. The gouges were produced by sliding on ground 
surfaces of granite, quartzite, or marble except for one granite experiment with a 1 mm 
thick layer of artificial gouge. Water was added to the sliding surfaces in all cases, except 
for one granite experiment. The distance of sliding in these experiments ranged from 12 to 
347 mm; the thickness of the gouge layer generated from bare surfaces of quartzite and 
granite ranged from 20-80 |xm; and the shear strain ranged from 15 to 19,400.

It has been suggested that the velocity dependence of friction may imply crystal plasticity 
at asperities. However, we found no new dislocations in any gouge fragments in the granite 
or quartzite. We did observe an increase in the dislocation density in the marble gouge 
fragments, and dislocation creep may have allowed local flow at point contacts on sliding 
surfaces. However, the equant shape of the gouge fragments indicates that dislocation creep 
contributes very little to the overall strain.

The gouge generated by sliding of bare rock surfaces is extremely fine-grained; fragments 
several microns in diameter are observed, but almost all of the material is less than one 
micron in diameter, and there are substantial amounts of amorphous material (5-60%) in 
the granite and quartzite gouges. The amorphous material can be identified by its lack of 
an electron diffraction pattern, and distinguished from embedding epoxy, which is some-
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times present, by its composition using analytical TEM techniques (EDAX). The amount of 
amorphous material can be determined quite accurately using dark-field TEM imaging, 
because the crystalline fragments stand out as bright or dark, and the amorphous material 
is a flat, uniform grey. There is little (< few percent) or no amorphous material in the 
marble gouges.

The amorphous material does not appear to be glass produced by melting. There are a 
number of lines of evidence supporting this conclusion: the amorphous material does not 
have sharp, smooth boundaries; it contains very small, angular crystalline fragments; it 
does not wet the crystalline particles or intrude into cracks or fractures or along their grain 
boundaries; and it is somewhat porous as indicated by penetration of embedding epoxy 
into it. It does not look like the glass we have observed in other experimental samples 
subjected to melting. Furthermore, if melting was involved, one would expect the amount 
of glass to be greater in the wet sample than in the 'dry' sample, for approximately equal 
sliding velocities; however, the opposite is observed. Overall, there appears to be a con 
tinuum between the smallest fragments in the gouge and the amorphous material. We 
conclude that in these samples the amorphous material was formed by extreme comminu 
tion under locally high shear stresses, producing loss of crystallinity.

Previous studies of experimental fault gouge have suggested a different origin for amor 
phous material, namely melting produced by frictional heating. We believe that the descrip 
tion of the amorphous material in these previous studies is consistent with a non-molten 
origin. In any event, the presence of amorphous material should not be used as evidence of 
melting. There is good evidence for glass produced by frictional heating in the gouge from 
some natural fault zones, but even there we suggest that some amorphous material may 
result from destruction of long range crystalline structure produced by extreme comminu 
tion. One problem in documenting this in the case of natural fault gouge is the highly 
reactive nature of extremely fine-grained and amorphous material; it would rapidly alter to 
clays and silica (amorphous, cryptocrystalline, or well crystallized varieties). As one indica 
tion of this reactivity, we observed that tiny NaCl crystals (-0.3 [Jim diameter) grew on the 
non-carbon coated surface of the TEM foils, after just a few months of sitting in a drawer 
in the laboratory, apparently from Na in the gouge and Cl in the epoxy.

Examination of the gouge from experimental granite samples shows that almost all of the 
remaining crystalline fragments tend to be quartz, despite the fact that this mineral makes 
up only -30% of the rock, indicating that feldspars are more easily comminuted and 
produce most of the amorphous material. This is consistent with our demonstration of a 
much more extensive regime of cataclastic flow shown by feldspar aggregates as compared 
to quartz aggregates, and is not surprising given the two excellent cleavages of feldspars. 
However, the quartzite sample subjected to rotary sliding did develop amorphous material.

The amount of amorphous material in the granite experiments apparently does not sig 
nificantly affect the coefficient of friction or the constitutive laws. The granite experiment 
with the least amount of amorphous material (-5-10%) has similar values of the coefficient 
of friction jx and constitutive law parameter L as the sample with more (-35%) amorphous 
material. Amorphous material was observed in samples slid stably at low velocities, as well 
as in samples which slid unstabley at high velocities. Although the influence of this amor 
phous material on the constitutive behavior is unclear, it may have important implications 
for physical models of the frictional sliding process. For example, it is possible that amor-
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phous material might allow the effective contact area to be a larger percentage of the total 
surface area.

The evolution of the fault gouge with increasing shear strain is a topic that has received 
much attention, and our TEM observations provide some new conclusions, namely that the 
gouge undergoes penetrative, intimate mixing throughout the sliding history. The principal 
evidence for this is the fact that the amount of amorphous material clearly increases with 
the average shear strain (total displacement divided by the final thickness of the gouge 
layer). In addition, the microstructure is nearly uniform throughout any granite gouge 
layer, with only a slight increase in the number of larger fragments near the margins of the 
gouge layer. Furthermore, the composition of the amorphous material is commonly inter 
mediate between that of the K-rich (orthoclase) and Na/Ca-rich (oligoclase) feldspars. As 
an interesting related observation, although the size of the largest crystalline fragments 
appears to decrease with increasing shear strain, we find no correlation of average grain 
size with gouge thickness or total displacement.

Previous studies of experimental fault gouge have concluded that most of the deformation 
is localized on Riedel shears (mainly R1 and Y surfaces), based on the prominance of these 
features in optical examinations. However, our TEM observations do not support this con 
clusion. We observe a nearly uniform size distribution of crystalline fragments throughout 
the gouge layer, with no significant change in the microstructure at or near the macroscopi- 
cally visible R 1 or Y surfaces. These observations, plus the fact that the amount of amor 
phous material increases with increasing shear strain, indicate that the gouge undergoes 
progressive and homogeneous comminution and production of amorphous material. This 
suggests that the R1 and Y slip surfaces are transitory and must migrate throughout the 
gouge layer; those observed at the end of an experiment simply mark their last location. 
This interpretation indicates that the production of fine fragments and/or amorphous 
material involves strain-hardening.
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INVESTIGATIONS:

1. We are engaged in a cooperative project with James Byerlee and James Dieterich to 
determine the systematic errors in friction measurements using three different experimental 
configurations in order to determine the reason for apparently different signs and 
magnitudes of the velocity dependence of frictional resistance found using these different 
methods.

2. We have started an investigation of the frictional properties of serpentine, an important 
material on certain sections of the San Andreas fault.

3. We have continued our investigations of the development of gouge textures with 
experiments on artificial gouge run to displacements of over 400 mm.

4. We have measured temperatures generated during frictional sliding in an effort to 
determine what frictional effects, if any, are caused by frictional heating.

RESULTS:

1. Three different experimental methods have been used to determine the constitutive 
behavior of rock friction. These are triaxial, double direct shear and rotary shear. The 
triaxial method has been used by Byerlee and co-workers at the USGS and several groups 
including Logan and co-workers at Texas A&M and Scholz and co-workers at Lamont. 
The double direct shear method has been used by Dieterich and co-workers at the USGS 
and rotary shear under confining pressure has been used in our laboratory. Results on the 
same rock, Westerly granite, have shown different results for the steady state velocity 
dependence of the frictional resistance using these three different methods. The triaxial 
method in Byerlee's lab has shown velocity strengthening in situations where the double 
direct shear results from Dieterich's lab have shown velocity weakening. Both of these 
results are for samples in which a 1 mm layer of synthetic gouge, prepared by crushing and 
sieving Westerly granite, was placed between granite blocks. Using rotary shear we have 
found velocity weakening when we begin with roughened bare granite surfaces and a 0.1 
mm thick layer of gouge is produced as a result of sliding. About a year ago Dieterich and 
Byerlee began a careful cooperative study to determine why they found different results and 
have found that, by making small corrections for several different sources of systematic 
error, their results are in agreement. As reported earlier, we have been trying to determine 
and reduce systematic errors in our measurement techniques. As part of this cooperative 
effort, James Byerlee spent a week in our laboratory in late July observing our procedures 
as we began a series of experiments intended to duplicate the experimental conditions in the 
comparison series already undertaken by Byerlee and Dieterich. We did a series of 
experiments with both rough (60 grit) and smooth (600 grit) rock surfaces separated by a 1 
mm thick layer of crushed Westerly artificial gouge provided by Byerlee. Our procedures
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for packing the gouge onto the surface duplicated the methods used by Byerlee and 
Dieterich as nearly as the differing sample geometries allowed. We conducted five 
experiments with both roughnesses in order to test for reproducibility. The normal stress 
was fixed at 25 MPa, a normal stress at which both Dieterich and Byerlee have done 
experiments, and we used the same simple velocity sequence they used. The velocity 
dependence of the frictional resistance from these experiments, prior to making any 
corrections for systematic errors, is similar to that found by both Byerlee and Dieterich after 
their small corrections for systematic errors. We are still in the process of trying to 
determine the best way to measure the systematic errors that exist in our experimental 
techniques. We have identified several possible sources of error, but do not yet have a 
quantitative measure of them. Some will tend to make the velocity dependence appear to be 
more positive than it actually is and others may make it appear to be more negative than it 
actually is. Once we have managed to measure the magnitude of the systematic errors, we 
hope to understand whether the apparent lack of a need for corrections is because the 
corrections are extremely small or because of a fortuitous cancellation of equal systematic 
errors of opposite sign at the particular conditions chosen for the comparison experiments.

2. Serpentine is an important mineral in many fault zones and knowledge of its frictional 
characteristics is necessary in order to understand earthquakes in these locations. It has 
been suggested that the presence of serpentine along certain sections of the San Ahdreas 
fault may explain why these sections display aseismic creep (Alien, 1968). This is 
supported by stable sliding in experiments on dunite and gabbro containing serpentine due 
to alteration (Byerlee and Brace, 1968). On the other hand, Moore et al. (1986) found that 
sliding on powdered serpentine was either stable or unstable depending on normal stress 
and temperature. We have undertaken a study of the frictional properties of serpentine to 
try to explain these varied observations. We measured the constitutive behavior of a 
serpentine rock in rotary direct shear at normal stresses of 25 and 75 MPa, at room tem 
perature and over a range of velocities from 10 |im s- 1 down to 10-3 |im s- 1 (31.5 mm 
yr-i). Sliding occurred on initially bare surfaces roughened with 24 grit A^Os abrasive.

During the initial few mm of sliding at rates from 0.1 to 10 |im s- 1 , the velocity depen 
dence evolved with displacement, becoming progressively more velocity weakening; by ~8 
mm of sliding the velocity weakening was sufficient to cause unstable sliding. Reducing 
the velocity to rates below about 10-2 |im s- 1 resulted in a transition to velocity 
strengthening. The velocity response was reversible: velocity strengthening and stable 
sliding occurred at slower rates and velocity weakening and unstable sliding occurred at 
faster rates. This behavior was seen at both normal stresses studied. Sliding at the average 
slip rate of the San Andreas fault is within the measured velocity strengthening regime and 
stable slip would be expected. However, a perturbation in stress or displacement could 
cause an increase in velocity into the velocity weakening regime, thereby causing an 
unstable response (an earthquake). By this mechanism, portions of the San Andreas where 
serpentine is abundant might show steady creep, with earthquakes triggered by failure of 
asperities or by seismic slip on branch faults or on neighboring regions of the fault. We are 
now doing experiments to determine how this behavior might change, if at all, at larger 
displacements, and, because Moore et al. found that high normal stress suppressed 
instability, we will do experiments at higher normal stress.

3. To investigate the formation of textures and the evolution of mechanical behavior of 
faults with slip, we have slid experimental "faults" in Westerly granite in rotary shear to 
displacements of up to 400 mm. The sample surfaces were prepared by grinding with #60, 
80 or 600 grit alumina. A 1 mm layer of crushed granite simulated gouge (grain size of 
either 90 - 120 |im, or <90 |im) was placed between the rock surfaces. Experiments were 
run at room temperature, with gas confining pressure but no pore pressure, at normal 
stresses of 25 to 75 MPa, and at slip rates of 0.001 |im s" 1 (31 mm/yr) to 10 |im s" 1 . In
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agreement with many previous studies, within the initial few mm of slip, deformation 
within the gouge is concentrated near one or both gouge-rock interfaces, as well as upon 
RI Riedel shears. With further slip, however, deformation transfers to the interior of the 
gouge layer: we observe extreme grain size reduction in a large volume of the gouge, and 
the formation of an anastamosing network of boundary-parallel shears. Gouges deformed 
between rough and smooth surfaces show similar textural development. Because shear 
migrates to the interior of the layer, differences in the initial grain size distributions of the 
two gouges studied are more important than surface roughness in determining the textural 
evolution. This also explains why the mechanical behavior depends somewhat on grain 
size distribution but not on surface roughness, following a "run-in" of several mm. We 
observe a significant, gradual decrease of frictional strength after 30 to 200 mm slip. In 
addition, the velocity dependence is neutral or slightly positive during slip in the interval 10 
to ~70 mm, then becomes increasingly velocity strengthening. Thus, at large 
displacements the gouge is simultaneously velocity strengthening and slip weakening. We 
infer from these mechanical and textural observations that two competing processes 
operate: one causes localization of slip onto surfaces; the other causes these surfaces to be 
short lived, so that strain migrates within the gouge layer rather than remaining on a single 
surface. In addition to these findings, we have continued our collaboration with Dick Yund 
on TEM examination of our samples. For further details, see the report by Jan Tullis and 
Dick Yund in this volume.

4. We are conducting sliding experiments on granite to investigate the role of frictional 
heating in the observed transition from velocity weakening at low velocities to velocity 
strengthening at higher velocities. In previous work on the frictional properties of Westerly 
granite, we reported that the velocity dependence of friction undergoes a change from 
negative to positive dependence with increasing velocity. This transition can limit the 
displacement and stress drop during stick-slip instabilities, and, if it exists on natural faults, 
the magnitude of earthquakes. Our data indicate that the transition is an inherent property 
of the granite, and not simply due to the high temperatures generated during slip at high 
rates; however, frictional heating may change the velocity at which the transition occurs or 
the magnitude of the effect. To investigate these possible temperature effects, we are 
conducting a series of experiments in which the velocity dependence is measured over a 
large range of slip rates, while the temperatures generated by frictional heating are 
monitored via thermistors embedded below the sliding surface. A finite element program 
for time-dependent heat flow is being used to evaluate the temperature measurements and to 
extrapolate the measurements to the actual sliding surface. The amount of frictional heating 
is proportional to stress, but the velocity dependence has been found to be relatively 
insensitive to normal stress. Thus by making measurements at more than one normal 
stress, we can separate those effects due to slip rate from those due to heating.

REFERENCES:

Alien, C. R., The tectonic environments of seismically active and inactive areas along the 
San Andreas fault system, in Proceedings of the Conference on Geologic Problems 
of the San Andreas Fault System, Stanford University Press, Palo Alto, CA 70-82, 
1973.

Byerlee, J. D. and W. F. Brace, Stick slip, stable sliding, and earthquakes- effect of rock 
type, pressure, strain rate, and stiffness, /. Geophys. Res., 73, 6031-6037, 1968.

Moore, D., R. Summers and J. D. Byerlee, The effects of sliding velocity on the frictional 
and physical properties of heated fault gouge, Pure App. Geophys., 124, 31-52, 
1986.
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Deep Hole Desalinization of the Dolores River 

9920-03464

William Spence
National Earthquake Information Center

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

This project relates to monitoring the seismicity of the region of the 
intersection of the Delores River and Paradox Valley, southwest Colorado. 
The project is a component of the Paradox Valley Unit of the Colorado River 
Basin Salinity Control Project and is being performed for the U.S. Bureau of 
Reclamation with support from the Induced Seismicity Program of the O.S. 
Geological Survey. In this desalinization project, it is proposed to pump 
approximately 30,000 barrels/day from brine-saturated rocks beneath the 
Dolores River through a now completed borehole to the Madison-Leadville 
limestone formation of Mississippian age, some 15,000 feet below the sur 
face. There is a possibility of seismicity being induced by this desalini 
zation procedure, especially in the long term. The project objectives are 
to establish a pre-pumping seismicity baseline and, during the pumping 
phase, to closely monitor the discharge zone for possible induced seismic 
ity. If induced seismicity does occur, it should be possible to relate it 
to formation characteristics and to the pumping pressure and discharge 
rates.

Results

A 10-station seismograph network is centered at the location of the proposed 
injection well. This high-gain network has a diameter of about 80 kilo 
meters, and has been in operation since September 1983. Seismic data are 
brought to Golden, Colorado, via microwave and phone line transmission. 
These data are fed through an A/D converter and then through an event 
detection algorithm. The network has operated at high quality, except for 
two periods when it was decommissioned by lighting strikes. Analysis 
procedures have been considerably complicated by a high rate of blasting 
activity in the region, but means have been developed to distinguish the 
occurrence of natural earthquakes to good reliability.

In the vicinity of the network, the earthquake catalog is complete to about 
magnitude 2.0, but very few earthquakes have occurred in the immediate 
vicinity of the proposed injection well. Most of the seismicity in the area 
of the network is in the shallow crust, and over half of these earthquakes 
were in five swarms. These swarms tend to occur in patches with little or 
no prior seismicity noted during our monitoring period, and the duration of 
a swarm ranges from about one week to several months. The shallow and 
deeper earthquakes follow a diffuse north-south trend, parallel to the
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eastern boundary of the Colorado Plateau (Figure 1). Of the 292 earthquakes 
located for the period January 1, 1984-June 30, 1988, 59 are in the depth 
range 10-20 km and 17 earthquakes are deeper than 20 km, with several events 
in the depth range 30-55 km. These results show that microearthquakes are 
distributed throughout the crust of the Colorado Plateau, with occasional 
events in the upper mantle. Recurrence plots for the shallow seismicity 
suggest that we could observe about one regional earthquake of magnitude 5.0 
per century. Notable regional earthquake activity are a swarm of shallow 
events (maximum magnitude 3.2) near Carbondale, Colorado, a similar swarm 
near Crested Butte, Colorado, a magnitude 3.4 shallow earthquake near Blue 
Mesa Reservoir, Colorado, and a magnitude 2.8 earthquake that was preceded 
by three events and followed by four events all located about 25 km SE of 
Grand Junction, Colorado. These results, combined with a known absence of 
historical seismicity at the zone of the Paradox Valley seismic network, 
indicate that any seismicity induced by deep-well injection near Paradox 
Valley should be identifiable as such.

Reports

Spence, W., and Chang, P-S., 1988, Seismic monitoring in the region of the 
Paradox Valley, Colorado Annual Report, July 1987-June 1988: U.S. 
Bureau of Reclamation, Deep Well Injection Site, Paradox Valley Unit, 
Colorado River Basin Salinity Control Project, 16 p.
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Figure 1. Hypocenters of earthquakes located using data of the Dolores 
River/Paradox Valley seisraographic network, January 1, 1984-June 30, 1988, 
There is a concentration of shallow earthquakes near the eastern boundary 
of the Colorado Plateau, whereas many earthquakes deeper than 20 km are 
within the Colorado Plateau. Seismograph locations are indicated by 
numbered triangles.
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Regional and National Seismic Hazard and Risk Assessment

9950-01207

8.T. Algermissen 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Denver Federal Center, MS 966

Denver, CO 80225
(303) 236-1611

Investigations

1. Investigations of thirteen historical earthquakes that caused damage-level intensities 
(MMI>VI) in the four Wasatch Front counties of Weber, Davis, Salt Lake, and Utah 
have been completed. For each earthquake there was available at least enough intensity 
information at locatable points for rough isoseismals to be contoured. Investigations of 
four large earthquakes in Sevier County, Utah, in 1901 and 1921 have also been completed 
and isoseismal maps constructed.

2. Loss calculations have been completed for the Salt Lake City area for several sce 
narios of large earthquake occurrence on the Wasatch Fault. A region-specific Modified 
Mercalli intensity attenuation was applied as determined from data reported in investiga 
tion 1 above.

3. In the Pacific Northwest, detailed accounts of earthquake-induced ground failures 
were found in unpublished intensity surveys for the two largest historical Puget Sound 
earthquakes.

4. Discrepencies were reconciled between two versions of segmentation of the Wasatch 
fault zone, Utah-the version derived from paleoseismologic studies and that derived from 
longer-term geological and geophysical data. A manuscript is in preparation for submittal 
to an outside journal.

5. Five members of the Hazards Evaluation Group attended a three day workshop in 
Albuquerque, NM. (Sept. 13-15) to present current work on earthquake hazard maps and 
products of interest to the insurance industry and to explore the future hazard-product 
needs of the industry.

6. Statistical research in a variety of aspects of probabilistic ground motion hazard 
estimation is continuing with particular emphasis this reporting period on distinguishing 
between various functional forms for an attenuation relationship when the data contain 
errors (i.e., errors in location of the earthquakes, in magnitude values and in measured 
accelerations).

Results

1. For the Sevier County earthuakes in the years 1901 and 1921, intensities assigned 
in this study were somewhat lower than those of some previous researchers, partly because 
of the transition from Rossi-Forell to Modified Mercalli intensities, and partly because 
of a seemingly high assignment of intensity with little supporting evidence. Previously 
assigned felt areas for three 1921 shocks are in general agreement with those found in this 
study. However, questions regarding the 1901 felt area cannot be resolved with intensity 
information presently available. The accounts of the 1901 earthquake's effects are similar
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to the accounts of the 1921 shocks. However, the 1901 earthquake was also reported felt 
in Salt Lake City, 220 km to the north. It is not clear whether Salt Lake City should be 
included as an integral part of the 1901 felt area or treated as an outlying felt report.

The highest historical intensity within any of the four Wasatch Front counties was 
found to be MMI VII. Davis, Salt Lake, and most of Weber counties were found to be in 
an area commonly reporting intensity VI. Historic intensities in Utah county have been 
below the damage level except for the Provo area to the northeast of Utah Lake and the 
Eureka mining district in the southwest corner of Utah county and adjoining Juab county. 
Higher intensities in the northern part of the four county-study area are the result of the 
1934 Hansel Valley earthquakes and large earthquakes in southern Idaho.

2. Both deterministic (scenario) and probabilistic loss studies were undertaken. Losses 
are estimated for scenario earthquakes on the Provo, Salt Lake City and Weber segments of 
the Wasatch Fault. Earthquakes of magnitude (Mt ) 7.5, 6.5, and (Mi) 5.5 were simulated 
on each of the above fault segments. Additionally, an earthquake of magnitude Me =7.5 
was simulated on the west side of the Oquirrh Mountains, approximately 30 km west of 
Salt Lake City. Probabilistic expected maximum losses in 50 years were calculated with 
a 10 percent probability of exceedance, using the probabilistic hazard model described in 
Open-File Report 82-1033, with the seismic source zone for the Wasatch Fault revised in 
light of the geological research regarding segmentation of the fault. Eight fault segments 
have been modeled, each having individual recurrence rates for large earthquakes that are 
based on the new paleoseismic data. The estimated losses to an inventory of buildings 
for all classes of construction range from $830 million for a ML   5.5 shock on the Provo 
segment to $5.5 billion for a Mt   7.5 quake on the Salt Lake segment.

3. Extensive data are available from past, unpublished intensity surveys that were 
conducted by the University of Washington immediately after the April 13, 1949 and 
April 29, 1965 earthquakes. The total ground-failure data base consists of 376 reports, 314 
of them with assigned ground failures, including 29 liquefaction, 46 slumping, 28 landslides 
and 211 settling reports. Liquefaction was found from 30 to 120 km from the 1949 epicenter 
and from 1 to 30 km from the 1965 epicenter and occurred at intensity levels as low as 
MMI VII. The lowest intensities producing slumping, settling and landslides were VI, V, 
and VI respectively. Investigations of the extensive data base are continuing.

4. Boundaries between segments of a normal fault are parts of the fault that are not 
completely broken by the main rupture zones of most large earthquakes. The amount of 
slip tapers to zero at each end of each rupture zone. A segment boundary that persists 
through many earthquakes accumulates a slip deficit compared to the accumulated slip 
along segment interiors. This slip deficit results in less structural relief across the fault at 
the boundary. The lesser relief is expressed as a transverse bedrock ridge, with or withour 
a footwall salient. Rupture-zone ends and bedrock ridges identify four persistent segment 
boundaries on large, historic, surface-breaking rupture zones of the Basin-Range, and at 
least four more persistent segment boundaries on the Wasatch fault zone.

5. Each of the participants at the workshop "Earthquake Risk: Information Needs of 
the Insurance Industry" sponsored jointly by the U.S. Geological Survey and the California 
Department of Insurance developed a working-paper for discussion. The papers will be 
published in the proceedings volume.

6. A computer program was written and debugged specifically for this statistical 
investigation. A large number of simulations are currently being run with the program for 
use in obtaining various statistics.

440



III.l
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Regional and Local Hazards Mapping in the Eastern Great Basin

9950-01738

R. Ernest Anderson 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal center

Denver, CO 80225
(303) 236-1584

Investigations

1. Began study of the structural control and hazards implications of small- 
volume Quaternary basaltic volcanism in the Basin Range-Colorado Plateau 
transition zone of southwestern Utah.

2. Completed field investigations of the structural control of drainage 
alinements in the vicinity of the 1966 Clover Mountains earthquake, 
Nevada-Utah border area.

3. Resumed investigation of a 25-km-long system of Quaternary folds in the 
hanging wall of the Sevier fault near Panguitch, Utah.

Results

1. Post-5-m.y.-old basaltic rocks form scattered exposures within a 60 x 140- 
km northeast-trending belt in southwestern Utah and a broad area of 
adjacent northwestern Arizona. Many flows are surmounted by cinder cones 
or mounds, and many of those show conspicuous alinement, suggesting that 
their locations are structurally controlled. Eight alinements of 
Quaternary basaltic vents are identified in the Cedar City 1° x 2° 
quadrangle in southwestern Utah. They include from 3 to 28 vents, range 
in length from 2.5 to 11.5 km, and trend either northeast or northwest. 
Petrogenetic evidence for magma derivation from lithospheric mantle and 
lack of evidence for magma residence in crustal chambers suggest 
channelways that extend through the crust. The alined vents do not lie 
along mapped faults of parallel trend despite the presence of such faults 
near some vents. A generally similar relationship has been noted for 
northwestern Arizona. Alined and unalined vents near major mapped faults 
show a preference for localization on the footwall block with lava 
commonly pouring across the fault scarp. The general avoidance of mapped 
faults as conduits suggests either that those faults (1) are unsuitable 
because their damage zones have physical properties that preclude magma 
transmissivity, (2) do not penetrate deeply enough to tap magmas, or (3) 
have normal stresses whose magnitudes preclude opening at ambient magmatic 
pressures. On the basis of direct and indirect field evidence, the 
alinements reflect control by steep joints. An absence of synvolcanic 
shear or permanent dilatation (generally no coeval dikes) indicates low 
strain or zero strain associated with the volcanic process. A paucity of 
evidence for synvolcanic mineralization along prevolcanic fractures or for 
solfataric activity at or near the eruptive centers indicates little or no 
superheating or violent discharge of ground water associated with the
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volcanic process. The volcanism appears to have been passive from the 
standpoint of surface faulting, seismicity, and explosive discharge of 
superheated fluids and is thus considered to represent a largely 
nonhazardous process.

2. Spectacular north-trending drainage alinements in eastern Lincoln County, 
Nev., and northwestern Washington County, Utah, are developed on late 
Tertiary basin-fill sediments that are unconformably underlain at shallow 
depths (locally only a few meters) by Miocene strata that are strongly 
tilted on northwest trends. The alinements apparently result from 
differential erosion of steeply bounded panels of sediments that have 
slight to moderate contrasts in cementation by ground-water-derived 
calcium carbonate. The contrasts in cementation appear to be controlled 
by a north-striking system of joints and fractures that represent low- 
strain deformation in a youthful stress field that differs appreciably in 
orientation from that in which the Miocene strata directly beneath the 
sediments were deformed. The stress orientation inferred from the young 
joints is incompatible with that inferred from the earthquake data.

3. A north-northwest-trending faulted anticline formed in Quaternary alluvium 
in northwestern Garfield County (Bucknam and Anderson, 1979) is now known 
to extend southward across the Sevier River into bedrock of Tertiary age, 
giving the feature a known strike length of 25 km. The fold axis is 
subparallel to and 4-8 km west of the trace of the down-to-the-west Sevier 
fault to which it is inferred to be genetically related. Subparallel 
folds of lesser strike length and supposed Quaternary age are found to the 
west of the anticline. In general, structural relief due to folding is 
opposite in sense to that of faulting which tends to displace strata down 
toward the fold axes. Excepting the Sevier fault, structural relief due 
to folding exceeds that due to faulting. Faults in the folds are inferred 
to have very limited depth penetration, thus greatly limiting their 
potential for seismicity at hazardous levels. The Sevier fault is 
considered to be the only structure in the area capable of generating 
large earthquakes, the return periods of which probably exceed 10 ka. 
Preliminary studies by D. Jourgensen (Colorado State University) of the 
area, where the 25-km-long anticline is crossed by the Sevier River 
indicate disequilibrium conditions of the river channel pattern matching 
that predictable for active uplift. If so, there are now three known 
reaches where the Sevier river crosses Quaternary structures and its 
channel pattern reveals anomalies consistent with active tectonic 
perturbation.

Reference: Bucknam, R.C., and Anderson, R.E., 1979, Estimation of fault- 
scarp ages from scarp-height, slope-angle relationships: Geology, v. 7, 
p. 11-14.

Reports

Anderson, R.E., 1988, Hazard implications of joint-controlled basaltic
volcanism in southwestern Utah: Geological Society of America Abstracts 
with Programs (in press).
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Depth to Bedrock in the greater Tacoma area, Washington

9950-04073

Jane M. Buchanan-Banks 
Branch of Geologic Risk Assessment

U.S. Geological Survey 
David A. Johnston Cascades Volcano Observatory

5400 MacArthur Boulevard 
Vancouver, Washington 98661 
(206) 696-7996 FTS 422-7996

Investigations

Compilation of computerized catalogues by counties of deep water and oil 
wells were finalized. Unpublished data on file at the Water Resources 
Division Office, Tacoma, for Kitsap, Mason, and part of King counties were 
examined and added to catalogue as appropriate. Report period includes six 
weeks of annual leave.

Results

Locations of selected water and oil wells were plotted on stable base 
map. Where consolidated bedrock is shallow, many wells penetrate the 
sediment/bedrock contact and isopachs showing depth to bedrock were drawn. 
However, for much of the map area, isopachs are proving more difficult to 
determine. The contact between loosely consolidated till locally underlain by 
poorly consolidated Tertiary sedimentary deposits shows no clear stratigraphic 
distinction in the well logs. In many areas, therefore, only a minimum 
thickness has thus far been determined.
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Site Response Investigations 

9950-03899

Charles G. Bufe
U.S. Geological Survey

Branch of Geologic Risk Assessment
Box 25046, MS 966, Denver Federal Center

Denver, CO 80225
(303) 236-1672

Investigations

Analysis of site response in the Los Angeles basin was begun using aftershock 
data from the magnitude 5.9 Whittier Narrows earthquake of October 1, 198?. 
Investigations currently underway include:

1. Comparison of relative site response determinations based on empirical
transfer functions using regional (NTS) sources and local events (Whittier 
Narrows aftershocks) with observed strong ground motion in the Whittier 
Narrows main shock.

2. Evaluation of effectiveness of predicted site response maps derived by 
Rogers, et al. (1985) from geological and geotechnical information in 
explaining the distribution of strong ground motion in the Whittier 
Narrows earthquake.

3. Investigation of anomalous (0.6 g) strong ground motion at the CDMG 
Tarzana site 40 km from the Whittier Narrows earthquake.

Results

1. Whittier Narrows aftershock data from portable digital event recorders
have been transferred from cassette tapes to a microVAX computer in Golden 
by E. Cranswick, J. Michael, and T. Bice, and are awaiting analysis. 
Strong-motion data have been received from CDMG and USGS and are being 
analyzed by K. Campbell and D. Hampson. Close correspondance has been 
observed at several sites between the site response estimates based on NTS 
and on Whittier Narrows weak ground-motion data.

2. Peak acceleration data in downtown Los Angeles from the Whittier Narrows 
main shock are generally positively correlated with the predicted site 
response, with a few notable exceptions. The correlation may improve when 
the data are analyzed in the three passbands used by Rogers, et al. 
(1985).

3. Data from the CDMG strong-motion station at Tarzana have been graciously 
provided by Tony Shakal and staff at CDMG and have undergone analysis by 
K. Campbell and C. Bufe. The anomalous 3 Hz resonant peak observed in the 
.6 g Tarzana recording of the Whittier Narrows main shock is also observed
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on the record triggered by a magnitude 5.3 aftershock, but is not so 
prominent. This difference may be explained by the disparate focal 
mechanisms for the two events. The 3 Hz peak is probably due in part to 
site amplification.

Reports

Bufe, C.G., Rogers, A.M., and Cranswick, E., 1988, Site response information 
from the Whittier Narrows earthquake and its aftershocks: EOS - 
[Transactions, American Geophysical Union], abstract, v. 69, p. 263.

Hauksson, E., Jones, L.M., Davis, T.L., Hutton, L.K., Brady, A.G., Reasenberg, 
P.A., Michael, A.J., Yerkes, R.F., Williams, P., Reagor, G., Stover, C.W., 
Bent, A.L., Shakal, A.K., Etheredge, E., Porcella, R.L., Bufe, C.G., 
Johnston, M.J.S., and Cranswick, E., 1988, The Whittier Narrows earthquake 
in the Los Angeles metropolitan area, California: Science, v. 239, 
p. 1M09-1M12.
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Holocene and Quaternary Geologic Studies 

9540-03787

Robert 0. Castle and Thomas D. Gilmore
Branch of Western Regional Geology

345 Middlefield Road MS 975
Menlo Park, CA 94025

(415) 329-4941

Investigations

1. Reevaluated the accuracy of differenced sea-level measurements over 
intervals ranging from one day to one year, following systematic data 
checks and discussions of this problem with members of the Tides and 
Currents Branch of the National Ocean Survey.

2. Continued investigations of maximum likely rod-error contamination.
associated with traditionally corrected geodetic data as contrasted with 
several latter-day hindcasting techniques.

3. Development of a new vertical data base, together with appropriate 
applications programs, was accelerated.

Results

1. Although differenced sea-level measurements provide a useful and 
definitive technique in identifying relative vertical displacements 
between nearby tide stations, our investigation to date   and certainly 
subject to modification   suggests that the equivocation factor rises 
rapidly with distance. That is, even where the minimum observation period 
is one month, the noise level attributable to various oceanographic and 
meteorologic phenomena, as well as historically inadequate observational 
procedures, probably preclude the resolution of signals to within ±50 mm, 
where the stations are separated by more than about 75-100 km.

2. A new vertical data base has been developed in house and is now fully 
operational. This data base was created to replace one originally 
generated by the National Geodetic Survey and installed on Multics, but 
which was subsequently found to be seriously contaminated and finally 
discarded as useless. The new data base, together with three sets of 
fairly complex adjunct programs, permits the development of uniquely 
defined heights based on actually observed or interpolated gravity, as 
opposed to theoretical or normal gravity values. Resultant heights can, 
at the users discretion, include or reject various and currently highly 
suspect hindcast "corrections". Positioning is based on geodetic 
coordinates believed to be accurate within about 10 m. The applications 
programs have been designed to compute and display vertical displacements 
on a line-by-line bases. While relatively little data has as yet been 
introduced into this new storage and retrieval system, it will now accept 
those machine-readable data that possess the necessary observational 
attributes.
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3. Service as acting chief of the branch of Western Regional Geology during 
the period July-August 1988 minimized technical accomplishments by the 
senior project participant.
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Network and Array Analysis of Puget Sound Earthquake 1962-1969

14-08-0001-G1521

W. Winston Chan
and

Robert K. Cessaro
Teledyne Geotech Alexandria Labs

314 Montgomery St, Alexandria, VA 22314
(703) 836-3882

Objective:
Seismic activity of the western Washington region in the 1960's, excluding Mt. 

St. Helens, appears to be greater than that recorded in 1970's and 1980's when dense 
local seismic networks were installed in the region. This study will use previously un 
utilized data from the Long-Range Seismic Monitoring (LRSM) network to study the 
rupture processes of the 1965 Puget Sound earthquake. The rupture extent of the 
mainshock will be delineated and the fault mechanisms will be studied. New informa 
tion will be provided about an earthquake that serves as a model for seismic hazard in 
the Puget Sound area. A similar analysis will be performed of other events in the 
Puget Sound area during the 1960's by studying this data set with other existing ones.

Data Acquisition and Analysis:
(1) The initial six months this project has been devoted to examining the significant 

events in the western Washington and northern Oregon coast range-Portland area 
recorded during the 1960's. The following events and their aftershocks are 
selected to be studied in relationship to the Juan de Fuca plate:

DATE TIME LOCATION mh

Nov 06, 1962
Dec 31, 1962
Jan 24, 1963

Mar 07, 1963
Dec 27, 1963
Oct 01, 1964
Jul 14, 1964

Apr 29, 1965

03:36:43.5
20:49:36.0
21:43:11.8
23:53:27.4
02:36:11.9
12:31:24.6
15:50:03.3
15:28:43.6

45.6N 122.7W
47.0N 122.0W
47.4N 122.1W
44.8N 123.4W
45.7N 123.3W
45.7N 122.8W
48.9N 122.5W
47.4N 122.3W

5.2
4.7
4.6
4.6
4.5
5.5
4.6
6.5

Film records have been scanned to identify each individual event and aftershocks 
at available LRSM stations. Figure 1 shows the relative locations between the 
seismic region of interest and the LRSM stations operating during the time 
periods of interest. Timing of arrivals has been made on the film records. All

450



111.1

phase arrivals have been collated and catalogued. We have not found any addi 
tional aftershocks or foreshocks associated with the above earthquakes.

(2) Four of the selected earthquakes have now been digitized from the analog tapes. 
Four earthquakes remain to be digitized and calibrated. Excellent quality data 
have been obtained from all high and low gain short- and long-period three- 
component channels digitized. Examples of some of the digitized waveforms on 
the short-period vertical component instruments are shown in Figure 2 with their 
corresponding station locations shown in Figure 1. Similar data quality is 
observed for the other components. The digital data for these events have been 
calibrated, quality assured, and archived. Sample spectra have been made to 
determine the available bandwidth.

(3) We have run phase arrival predictions on the above earthquakes for all available 
LRSM and WWSSN stations. We will use the predicted arrival times as a guide 
to examine all available film records archived at Lament Dougherty Geological 
Observatory for the presence of arrivals that may be associated with the above 
earthquakes. Should any arrivals be found, they will be included to improve or 
constrain our focal solutions.

(4) In preparation of the data for multi-channel deconvolution, recently developed 
software is used to obtain a high degree of accuracy in making phase alignments 
through the use of an interactive time-domain cross-correlation and filtering tech 
nique. The process is sequentially applied in a bootstrap fashion, aligning the 
phases recorded on nearby station pairs as the phase evolves over distance . We 
have begun multi-channel deconvolution on several of spatially related events, in 
order to estimate the path effects, using the method of Shumway and Der (1985). 
The results, though preliminary, are encouraging. Once the path effects are 
estimated, the earthquakes will be individually deconvolved. The events will be 
relocated with the revised depth information revealed by the deconvolved data. 
Moments and corner frequencies will be estimated from the broadband displace 
ment P and S waves. Focal mechanisms will be determined using the decon 
volved array and single station data.

(5) P and S spectral ratios of aftershocks of various size ranges will be examined for 
source scaling relationships of corner frequency and spectral fall-off with 
moment. The main shock and a subset of aftershocks will be examined for corre 
lation and study. Particular attention will be paid to the location of aftershocks 
and their potential use as Green's functions of small fault sections.
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Figure 1. Map indicating the locations of the LRSM stations in North America for 
earthquake records shown Figure 2.
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CF-WS

CP-CL

DR-CO

FM-UT

FS-AZ
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PT-OR

SE-MN

SJ-TX

SS-TX

TF-CL

WI-NV

WN-SD

60 sec

Figure 2. Examples of some of the calibrated vertical-component short-period 
LRSM p-phase data recorded on either high or low gain instruments for the Nov. 
6, 1962 5.2mb earthquake. The station locations are shown in Figure 1. Channel 
gain indicated by 'H' or 'L'. All traces are shown at same vertical scale.
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Engineering Behavior Study of Sites Affected by Past 
Seismic Activity in the Charleston, S.C. Area

14-08-001-G-1348 REV 2

G. W. dough
Department of Civil Engineering

Virginia Polytechnic Institute and State University
Blacksburg, VA 24061

(703)961-6637

During the past one and a half years, the principal investigator and his 
students have conducted an investigation concerning the seismicity of the 
Charleston, S.C. area. The first phase involved preparing for and undertaking 
a field study, and collecting reference materials from existing data files. 
Working under subcontract to the project, faculty and students at The Citadel 
in Charleston are assisting in the on-site work, and classification of the 
existing data files. The second phase concentrates on investigating new field 
sites, performing laboratory tests on returned soil samples, obtaining a large 
statistically valid data base from borings done by consulting firms, and 
conducting ground motion studies.

This research was triggered by findings of workers at the USGS and the 
University of South Carolina of numerous artifact liquefaction features from 
the 1886 and earlier earthquakes. These findings have introduced new insights 
into the seismic history of the Charleston area. The VPI investigations are 
designed to supplement the earlier work by conducting an engineering study 
which can assist in quantifying information in a form that will be useful in 
engineering design. The primary purposes of the research are: (1) Define the 
behavior of the Charleston sands relative to other standard materials and soil 
involved in earthquakes elsewhere; (2) Determine parameters for the subsoils 
which can be used for backcalculat ions and accelerations that should have 
caused the observed liquefaction features; (3) Perform analyses which can 
produce reasonable estimates of the accelerations that did occur at the sites 
of various liquefaction phenomena, and hence advance our knowledge of the 
seismic environment of the Charleston area; and (4) Use the information to 
extend our understanding of liquefaction phenomena in general.

Field testing involved performing both electric cone penetration and 
standard penetration tests. The field studies involved drilling over 100 
exploratory holes and electric cone penetrometer probes at sites within and 
outside of the meizoseismal zone of the 1886 earthquake. Finally, data are 
being collected on a large number of commercial borings from within the city 
limits of Charleston and up to as much as 100 miles away. Over 100 laboratory 
classification tests have been performed to this point on soil samples obtained 
from the field exploration.

The first phase of field testing and collection of existing data 
concentrated on sites within and very near the meizoseismal zone. This 
includes Charleston itself, which is about 20 km from what is believed be the 
energy center of the earthquake. The second phase of the work has focused on
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sites more distant from the energy center, up to 150 km from Charleston. Where 
documentation exists that liquefaction occurred at these sites, it suggests 
that the liquefaction was minimal. These conditions are particularly valuable 
in that they can be used to establish bounds on accelerations that likely 
existed at the sites, providing helpful data on the attenuation question.

Field testing in the first phase was mainly done with a light drill rig and 
a miniature electric cone. Supplemental Standard Penetration Testing was 
conducted through a subcontract with a commercial drilling firm. In the second 
phase, a full-sized drill rig was mobilized and adapted for standard size cone 
penetration testing. The standard size cone proved capable of penetrating all 
of the surfacial soil layers, and continuous cone records were obtained. In 
addition, Standard Penetration Testing was conducted using the drill rig at all 
sites to provide a check on the evaluations made using the cone. The drill rig 
was also used to obtain soil samples of the sands using driven samplers, and 
for the underlying clays using thin walled tubes.

The effort to collect data from the records of commercial firms in the 
second phase is still underway and is focused on sites located within and 
adjacent to the ancient beach ridges that parallel the present coast line. All 
evidence shows that if liquefaction occurred during past earthquakes in the 
areas outside the local alluvial deposits around the rivers, it should have 
done so in the ancient beach ridges. This finding has the fortuitous effect 
that the ancient beach ridges are the present routes for development outside 
the Charleston area, since the ridges are the main land areas in the low 
country which is not swampy. Thus, there is a good data base for commercial 
borings for the ancient beach ridges. Excellent cooperation has been received 
from the local soil consultants.

The data from the field tests performed during this investigation, as well 
as those from commercial sources, show that at almost all sites, at least some 
sand strata in the ancient beach ridges are very loose. In some cases, the 
very loose strata are over a meter thick, while in others they are very thin. 
In all cases, the strata are theoretically subject to liquefaction at 
relatively small levels of acceleration, although variations in the degree of 
liquefaction potential occur due to differing silt contents in the sands, and 
in the thickness of overlying nonliquefiable material. Laboratory cyclic load 
tests have been performed that show the clean sands to be in the range of 
material considered most susceptible to liquefaction.

One other finding of significance is that at all sites, a layer of very 
soft clay or silt has been found to underlie the sands. The consistency of 
this layer is such that it may have had a significant impact on the ground 
motions at the sites. This factor will be considered in upcoming analyses of 
site response.

To analyze the large mass of cone and Standard Penetration resistances that 
are being compiled, a personal computer program has been developed which allows 
a statistical approach to evaluation for liquefaction potential. The program 
uses data in combinations suggested by the user so that histograms are 
automatically plotted and compared to liquefaction susceptibility curves. 
Graphic presentations of the results are presented directly on the computer 
screen. The program has been applied to several sites in and near Charleston.
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It is particularly useful in sorting out trends in the large, and growing data 
base.

The final efforts in the project will be along the following lines:

1.) Organize and analyze the field data base for evidence of 
liquefaction susceptibility. Compare the susceptibilities to known 
histories of behavior.

2.) Complete laboratory tests on sands related to liquefaction 
potential. Complete laboratory tests on clays for site response analyses.

3.) Perform site response analyses considering soil conditions and a range of 
possible ground motions.

4.) Determine estimated ranges of accelerations that are consistent with the 
historical record of the presence or absence of liquefaction and the 
results of the field tests and site response analyses. Compare these 
findings with present thinking about seismic ground motions of the area.

5.) Consider the implications of known liquefaction behavior in terms of 
conventional knowledge of geotechnical engineering about liquefaction.

6.) Determine likelihood of liquefaction at sites under different levels of 
possible future seismic events.
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Seismotectonic Kinematics Inferred from Quaternary Paleolake Datums, 
Salt Lake City Seismopolitan Region, Utah

1 4-08-000 1-G 1536

Donald R. Currey
Limneotectonics Laboratory, Department of Geography

University of Utah, Salt Lake City, Utah 84112
(801) 581-7690

ions. The objectives of these investigations are to 
add temporal depth and control, spatial scope and control, and regional 
coherence to the reconstruction of Quaternary seismotectonic history in the 
Salt Lake City seismic-urban region   a multi-county seismopolis of 1.5 
million persons. Potential sources of destructive seismicity include the 
Wasatch, West Valley, East Great Salt Lake, and North Oquirrh Mountains 
fault zones. The current investigations are especially concerned with 
seismotectonic kinematics in areas where fault traces are obscured by young 
surficial materials, including arms and bays of Great Salt Lake.

These investigations employ the methods of limneotectonics   the use of 
Quaternary paleolake datums to evaluate the kinematics, and ultimately the 
kinetics, of isostatic and seismotectonic strain in a paleolake basin or 
set of paleolake basins. The x, y, and z geodetic coordinates of sets of 
points on selected paleolake datums are determined in selected areas, and 
those georeferenced paleolake datums are used as long-baseline tiltmeters 
at regional scales and as slipmeters at local scales. The coordinates are 
determined by surveying paleolake datums in outcrop with a geodetic total 
station and by logging paleolake datums in surveyed boreholes.

The concept of paleolake datum is central to these investigations. A 
paleolake datum is a regular or irregular surface that has a specific 
relation to a paleolake and a specific position in a system of spatial and 
temporal coordinates, i. e. , a paleolake datum is defined in terms of a 
unique set of paleolimnologic, morphometric, and chronometric properties. 
The initial morphometric properties of a paleolake datum can be altered 
locally and regionally by subsequent neotectonic history, but the initial 
paleolimnologic and chronometric properties remain unchanged. Altered 
morphometry of paleolake datums provides a basis for reconstructing local 
and regional neotectonic history. Effective use of a paleolake datum in 
the reconstruction of neotectonic history requires that (a) paleolimnologic 
properties of the datum are understood clearly, (b) chronometric properties 
of the datum are known to an acceptable standard of accuracy, and (c) 
morphometric properties of the datum are known to an acceptable standard of 
precision, both locally and regionally.

An isochronous paleolake datum has a single temporal coordinate everywhere 
within its field of spatial coordinates. The upper and lower bounding 
surfaces of a paleolake at an instant in time belong to two mutually 
exclusive classes of isochronous paleolake datum. (1) A paleo-lakelevel 
(PLL)   the upper bounding surface of a paleolake at a particular time   is 
an isochronous datum which (a) was initially geoidal, or parallel to a 
hypothetical sea level surface, (b) was recorded geomorphically along its 
perimeter, or shoreline, and (c) can be analyzed spatially if sufficient
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geomorphic evidence remains and is examined in sufficient detail. (2) A 
paleo-lakebed CPLB) the lower bounding surface of a paleolake at a 
particular time is an isochronous datum which (a) was initially not 
necessarily geoidal, (b> was recorded by a distinctive stratigraphic 
signal, such as a tephra event, over a significant area, and (c) can be 
analyzed spatially if sufficient stratigraphic evidence remains and is 
explored adequately. PLLs are useful both at regional scales as long- 
baseline tilt meters and at local scales as site-specific slipmeters; PLBs 
are useful as the latter and evaporite PLBs can be useful as the former.

A diachronous paleolake datum (DPD) has a range of temporal coordinates 
within its field of spatial coordinates. A conformable or unconformable 
stratigraphic contact which resulted from the migration of depositional 
environments during a paleolake transgression or regression is a 
diachronous paleolake datum. DPDs are useful only as site-specific 
slipmeters.

Results. Ongoing investigations are providing Increasingly reliable 
information about some of the paleolake datums which record neotectonic 
information In the Salt Lake seismopolis (table 1). Much of the signal in 
that neotectonic information is isostatic, which Is dominated by the hydro- 
isostatlc signal of Lake BonnevlHe, but which also seems to include local 
litho-isostatlc and far-field glacio-isostatlc signals; the near-field 
glacio-Isostatic signal is probably negligible. The Isostatic deflection 
(e.g., fig. 1) component of total neotectonic deformation is the regional 
background on which the seismotectonic displacement component is 
superimposed (fig. 2). Resolution of long-term non-linearities and 
fundamental time constants in seismotectonic kinematics, as well as in 
total neotectonic and isostatic kinematics, requires adequately sampled 
morphometry from multiple paleolake datums.

TABLE 1. Important late Quaternary paleolake datums In the 
Great Salt Lake region, Utah

Datum

Paleolake Datum

Bonnevllle highstand
Provo highstand
Stansbury caprock
Gilbert highstand
pre-Gllbert red beds
Holocene highstand
historic lake levels
salt horizon 1 (halite)
salt horizon 2a (mirabilite)
salt horizon 2b (mirabilite)
salt horizon 3 (mirabilite)
salt horizon 4 (halite)

Datum
Type

PLL
PLL
PLL
PLL
DPD
PLL

PLB
PLB
PLB
PLB
PLB

Altitudes
(ft a.

5210
4830
4470
4250
4250
4221
4202
4173
4130
4110
4050
3960

s.

±
±
±
±
±
±
±
±
±
+
±
±

1. )

120
90
40
50
70
10
10
5
20
40
10
>10

Datum
Extent
(ml2 )

>20, 000
> 15, 000
>10,000
>7,000
>7,000
>4, 000

800 - 2,500
< 1,000
< 1,000
<1,000

<100
< 1,000

Datum

15,
14.
20.
11.
12.
2.
0.
0.
8.

13.
20.

Age
(ka)

0 ±
4 ±
5 ±
1 ±
5 ±
8 ±
0
0
0 ±
0 ±
9 ±

120 ±

0.
0.
0.
0.
0.
0.

2.
1.
2.

3
3
3
8
5
8

0
0
0

20
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FIGURE 1. Isostatic deflection of selected isochronous paleolake datums 
(paleo-lakelevels) in northwestern Utah (adapted from Currey, 1982).
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FIGURE 2. Schematic longitudinal profiles showing regional and subregional 
deformation of isochronous, initially geoidal paleolake datum (paleo- 
lakelevel, PLU of known age. R-R' is regional trend of isostatically 
deflected datum. S-S' is subregional, fault-bounded segment of datum. 
A Total isostatic deflection (7TZ» in subregion comprises two morpho-

metric components, isostatic vertical deflection (IW?> and isostatic
rotational deflection (I/M». 

B, Total neotectonic deformation (TM?> in subregion comprises two
morphometric components, neotectonic vertical deformation (JVW?) and
neotectonic rotational deformation (AflM». 

C, Total seismotectonic displacement (.TSD) in subregion comprises two
morphometric components, seismotectonic vertical displacement (SW»
and seismotectonic rotational displacement <Sff£». SVD equals NVD
(fig. 2B> minus IVD (fig. ZX>\ SRD equals NRD (fig. 2B) minus IRD
(fig. 2A>
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Seismic Hazard Studies, Anchorage, Alaska 

9950-03643

A.F. Espinosa 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, Colorado 80225
(303) 236-1597

Investigationss

1. Field investigations were undertaken in the areas of the Anchorage B-7 SW, 
B-8 SE, B-8 NE, and A-8 NW quadrangles. Preparation of the surficial 
geologic map of the B-7 SW quad, is nearly complete, and preparation of 
the combined B-8 NE/SE quad, is in progress. Both maps include extensive 
introductory texts. Ongoing studies of gradients of lateral moraines, 
especially in the B-7 SW quad., aid in correlating geologic map units both 
within these areas and with type or reference deposits elsewhere in the 
region.

2. In cooperation with the Branch of Central Mineral Resources, Denver, 
results of previous field investigations of emergent tidal sediments and 
intercalated organic materials, from which paleoseismicity of the region 
may be interpreted, are being evaluated using about 34 radiocarbon dates 
received thus far. An additional suite of samples for radiocarbon 
analysis was collected this summer in order to clarify previous results. 
A paper intended for publication in the USGS Bulletin series is in ongoing 
preparation.

3. Twenty-five earthquakes recorded in the seismological field experiment 
conducted in Anchorage, Alaska, are being analyzed. This topic on "Ground 
amplification studies in areas damaged by the Alaskan earthquake" will be 
jointly used in the site-response study, obtained on different geologic 
environments, with the damage evaluation, along 15th and DeBarr Avenues.

4. Following field reconnaissance work this summer with personnel of the 
Water Resources Division, a surficial geologic map of the Eklutna Valley, 
Municipality of Anchorage, is being prepared from existing manuscript maps 
for inclusion in a WRD report on this new source of municipal water 
supply.

5. Focal-mechanism solutions and their distribution in Alaska and the 
Aleutian Islands for earthquakes which have occurred from 1927 through 
1985 are cataloged. A focal mechanism solution catalog is being prepared 
for publication.

6. Intensity attenuation relationships for different regions in Alaska are 
being determined from the Intensity-magnitude catalog released by 
scientists working in this project. Intensity-magnitude relationships for 
Alaska will also be determined with the above data base.
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7. A new concept is being applied to Alaska and the Aleutian Islands in order 
to delineate the "seismic zones" in a subduction region. The "Geometry of 
the Benioff zone and mode of subduction beneath southwestern Alaska and 
the Aleutian Islands" methodology is used to ascertain the seismogenic 
zones. The results from this effort will be used in the probabilistic 
seismic risk evaluation for Alaska and the Aleutian Islands.

Results

1. The surficial geologic map of the Anchorage B-7 SE quadrangle has been 
completed and released in the USGS open-file series.

2. The report describing geochemical and paleontological analyses of samples 
from the Tikishla Park drill hole (USGS A-84-1) in Anchorage was published 
in the annual USGS Geologic Studies in Alaska circular.

3. The report describing the probably source of the Sanford volcanic debris 
flow was published in the annual USGS Geologic Studies in Alaska circular.

4. A surficial geologic map of the Nabesna B-6 quadrangle has been prepared 
by reinterpretation of previously developed material and transmitted to 
the Branch of Central Mineral Resources for inclusion in the GQ-series map 
of the area.

Reports

Brockman, S.R., Espinosa, A.F., and Michael, J.A., 1988, Catalog of 
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Espinosa, A.F., and Herraiz, Miguel, 1988, A technique for seismic moment 
determination from strong ground-motion recordings: 28th International 
Geological Congress, Washington, D.C., July 1989. (Invited paper.)

Espinosa, A.F., Rukstales, K.S., Biswas, N. , and Udias, A., 1988, Focal
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Investigation of Seismic-Wave Propagation for 
Determination of Crustal Structure

9950-01896

Samuel T. Harding 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, Colorado 80225
(303) 236-1572

Investigations

1. Processing the 461 km of marine seismic-reflection data acquired from the 
study of Puget Sound and the Strait of Juan de Fuca, Washington.

2. Processing and display packages are being worked on for the Puget Sound 
data to enhance parts of the lines for easier interpretation.

Results

1. Rough processing of the marine seismic-reflection data acquired from Puget 
Sound and the Strait of Juan de Fuca has been completed. A number of 
possible faults (see fig. 1) that displace the sea bottom have been 
identified. These seismic-reflection lines trend east-west across Puget 
Sound in the vicinity of Seattle, Wash. The fault indicated on line 
labeled north of Blake Island on the east side at Elliott Bay is one of 
the faults reported by Harding and others, 1988. The fault indicated on 
both cross sections on the west end of the two lines is on the west side 
of Blake Island, and cuts the water bottom and lower reflectors.

Reports

None
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LOSS ESTIMATION METHODOLOGY: PROJECTING THE RISK FROM A 
TSUNAMI GENERATED BY A JUAN DE FUCA PLATE EARTHQUAKE

14-08-001-G1346

Gerald T. Hebenstreit
SAIC
1710 Goodridge Drive
McLean, VA 22102
703-827-4975

Jane Preuss
Urban Regional Research
1809 Seventh Ave
Seattle, WA 98101
206-624-1669

Year one of the research has projected the focus of tsunami 
energy and the estimated wave heights at the coast. The next 
step will be to project inundation patterns including runup, 
depth of flooding and flood velocities as modified (either 
increased or retarded) by land-based variables. These 
variables include major buildings, soil conditions, and other 
factors to be identified during the course of the research. 
Data on regional land use patterning was obtained from 
U.S.G.S. quad maps for generalized settlement patterns, then 
verified through field observations.

Flooding is to a significant degree dependent upon elevation. 
Thus, a critical variable in projecting inundation and risk 
is a determination of the areas prone to subsidence. These 
areas can reasonably be expected to be soft and highly 
saturated such as the alluvium in virtually the entire 
urbanized Hoquiam/Aberdeen areas (DNR 1987). Calculation of 
land use impacts necessitates estimate of inundation areas 
which to a large extent is a function of ground elevation. 
For land use planning purposes, it is assumed that since 
subsidence appears to have been experienced in the past, it 
will occur again. If it seems likely, that soft soils will 
fail, then all of the industrial areas, the majority of the 
commercial centers, and a significant component of the 
residential areas are at risk.

Soils in the flood plain are primarily alluvial silt and fine 
sand, locally mixed with organic material. Some areas are 
mantled by artificial fill. The dominant soil types of the 
flood plain area are approximately five to six feet deep and 
range from moderately well-drained to somewhat excessively 
well drained to excessively well-drained on the diked 
tidelands. This soil type formed in sandy and loamy river 
dredgings. The other type of soil found primarily in the 
flood plain of south Aberdeen is a silty clay loam. It is a 
deep artificially drained soil found on flood plains and 
deltas protected from tidal overflow. This soil type formed 
in clayey alluvium deposited in quiet water of coastal bays. 
Close to the fairly abrupt boundary between the flood plain 
and the adjacent uplands there are zones of coarse sand and
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grave. It appears that these zones are probably interbeaded 
with finer grained materials (U.S.D.A., Soil Conservation 
Service, 1984) .

Assuming that subsidence occurs, the elevations must be 
adjusted downward by two to three meters to reflect soil 
strength/failure susceptibility from ground motion effects 
and/or erosive effects of the flood waters. The vulnerable 
area has therefore been extended inland. The area of land 
use analysis encompasses all lands below the twenty foot 
contour. Slope in the area is 0 to 2 percent. This area of 
potential inundation encompasses all the industrial areas, 
the downtown Central Business District of both Aberdeen and 
Hoquiam, and residential areas in both communities.

Just as settlement patterns are inaccurate indications of 
population levels, they are also not reliable indicators of 
potential economic disruption. For example, the greater 
Aberdeen-Hoquiam Cosmopolis area has an estimated population 
of 30,695 (Washington State 1988), yet the port of Grays 
Harbor is the busiest port in the Northwest with respect to 
distribution of Northwest lumber. The lumber/forest products 
industry headquartered in the Seattle-Tacoma corridor is a 
main employment generator in the Northwest. Since primary 
implications of the impacts to all land uses are property 
loss and monetary damage, the magnitude of these impacts can 
only be calculated in terms of the multiplier effects for the 
industry as a whole rather than the more limited perspective 
of the industrial port in Grays Harbor. The industrial areas 
are also the potential source of secondary implications which 
should be calculated. These include fire, long term economic 
disruption, and environmental dangers, e.g. pollution of 
ground and surface water.

A complete network of State highways, county roads and city 
streets serve the coastal communities. Two principal State 
highways, State Route (SR) 12 and 101, serve the area from 
the east, north, and south. A four lane highway, SR 12, 
connects Aberdeen and Hoquiam with the north-south Interstate 
5 system corridor. Highway SR 101, which is basically a two 
lane highway, serves the Olympic Peninsula and southwest 
Washington. Two lane routes connect Ocean Shores and 
Westport and points north and south along the Pacific Ocean. 
The routes of the highways are characterized by soft soils. 
As such, there is a high probability that transportation will 
be interrupted, making response and rescue difficult, e.g. 
fire fighters to the port.

The next step in the research project is to quantify the 
risks. First, the inundation area, flood level, and velocity 
are being calculated numerically. Subsequently, the year 
round and seasonal populations at risk will be identified. 
An inventory of flammable and hazardous materials below the 
twenty foot contour is also being conducted. Numbers and
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types of industries as well as secondary hazards (fire and 
contamination potential) are being identified and the 
population at risk in the airborne and fire spread hazard 
area will be delineated.

REFERENCES
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SITE-RESPONSE AND LIQUEFACTION STUDIES INVOLVING THE CENTRIFUGE

Grant No. 14-08-0001-G1192

B. Hushmand and G. Martin
Earth Technology Corporation
3777 Long Beach Boulevard

Long Beach, CA 90807
213-595-6611

Ronald F. Scott
California Institute of Technology

Pasadena, CA 91125
818-256-6811

Investigations

A new laminar box apparatus was constructed for use in the 
centrifuge at the California Institute of Technology. The box was 
filled with dry and saturated sand samples, which were subjected to 
earthquake-like excitations while the centrifuge was in flight. 
Lateral accelerations and displacements, pore-water pressures, and 
settlements were recorded as a function of time. The two papers 
listed below describe the apparatus and test procedures in detail, 
and present some of the data and analyses.

A series of laboratory tests were also performed on the sand used 
in the centrifuge tests. Laboratory soil specimens were prepared at 
the same densities as in the dry and saturated test specimens used in 
the tests conducted in the laminar box aboard the centrifuge. Some 
of the tests were repeated several times to investigate the 
repeatability of the test results. The laboratory tests performed 
are listed below:

Grain size analysis 
Specific gravity 
Minimum and maximum density 
Permeability 
Direct shear

- Confined one-dimensional compression 
Resonant column
Stress controlled cyclic simple shear (saturated undrained 
samples) 
Strain controlled cyclic simple shear (dry samples)

The results of the above tests provide the required parameters for 
an effective-stress soil model which will be used in numerical 
modeling of the centrifuge tests.
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Future Research

Future research will be devoted to further analysis of the data 
collected during the tests and to developing and calibrating 
analytical models capable of predicting the experiment results.

Papers Prepared Under this Grant

Hushmand, B. , Grouse, C.B., and R.F. Scott, ".Centrifuge 
Liquefaction Tests in a Laminar Box," Geotechnioue, 38, No. 2., 
1988, pp. 253-262.

Hushmand, B., Grouse, C.B., Martin, G.R., and R.F. Scott, "Site 
Response and Liquefaction Studies Involving the Centrifuge," 
Proceedings, 3rd International Conference on Soil Dynamics and 
Earthquake Engineering, Princeton University, Princeton, New 
Jersey, June, 1987.
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Urban Hazards Seismic Field Investigations and the 
Study of the Effects of Site Geology on Ground Shaking

9950-01919

K. W. King and A. C. Tarr 
Branch of Geological Risk Assessment

U. S. Geological Survey 
Denver Federal Center, MS 966

Denver, CO 80225 
(303) 236-1591; (303) 236-1605

INVESTIGATIONS

The objectives of this project are: (1) to improve the understanding of 
how shallow underlying geology affects ground motion, (2) to develop 
integrated techniques and methodologies for efficiently and effectively 
processing large quantities of digital seismic response data, seismic 
reflection and refraction data, seismic and geological borehole data-, and 
building response data, and (3) to produce relative ground response maps for 
urban study areas. Specific goals for this reporting period were: (1) to 
conclude ground response data acquisition in the Olympia-Lacey urban area, (2) 
to complete borehole velocity studies in the Olympia area, (3) to complete the 
preliminary analysis of the Seattle-Olympia ground response data from the 
1987-88 field operations, (4) to finalize the White Sands seismic report, (5) 
to finalize the preliminary Wasatch down hole report, and (6) to begin the 
implementation of geographic information systems (CIS) technology for seismic 
hazards map production in the Pacific Northwest study area.

RESULTS

(1) Olympia-Lacey area

Seismic response data have been acquired from approximately 20 sites in 
the Olympia-Lacey, Washington area. The sites were selected in cooperation 
with the Division of Geology and Energy Resources, according to known or 
suspected subsurface geology, documented seismic intensities from the 19^9 and 
1965 earthquakes, and the USGS drilling program. The energy sources for the 
induced ground shaking were large open-pit coal mining blasts in the 
Centralia, Washington area.

(2) Olympia-Seattle Downhole Surveys

The downhole geophysical surveys in the Olympia-Seattle urban area were 
not completed due to the fact that the borehole drilling was not completed 
during the field operations. Three boreholes located in the Olympia area have 
been surveyed and are completed. The data are now being analyzed. The 
remaining three boreholes and the two boreholes in West Seattle will be logged 
on the next field effort.

(3) Puget Sound - Portland

Digital recordings of nuclear tests at the Nevada Test Site (NTS), open- 
pit coal mine explosions near Centralia, Washington, microearthquakes near
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Seattle, and microtremors (small-amplitude seismic motions from natural 
sources) were acquired in late 1986, 1987, and 1988 as the first-phase of 
studies related to assessment of seismic hazards in the Pacific Northwest. 
The recordings were made at sites in Seattle, Olympia, and Portland which were 
chosen to reflect a variety of geological and seismic ground response 
conditions. In addition, digital recordings were made to determine natural 
period and damping characteristics in low-rise and medium-rise structures in 
Seattle.

Geophysical data, in the form of seismic reflection and refraction 
profiles, were acquired at many of the ground response sites to determine 
shallow subsurface structural details. The profiles and geotechnical data 
from existing and planned boreholes are to be used in correlation of site 
geology with ground response.

Preliminary analysis of the data indicate that relative spectral ratios 
of ground response compare generally (although not totally) with observed MM 
intensities of the April 1965 Puget Sound earthquake; that is, higher spectral 
ratios are found near places of higher MM intensity. Spectral ratios derived 
from the several types of seismic sources are generally compatible, although 
reliable seismic response could not always be determined from coal mine 
explosions; thus far, microearthquakes seem to provide the best spectral ratio 
data to date.

Preliminary results of reflection and refraction line data from Seattle 
indicate the presence of a high-velocity bedrock unit (8500 ft/sec), 
presumably the same unit which is exposed at Seward Park, the location of the 
reference seismic response site. The velocity of the surficial soil layer was 
less than 1000 ft/sec and the velocity of the intermediate till layers ranged 
from 2400 ft/sec to 5100 ft/sec.

The low-rise building testing established the range of natural period and 
damping parameters in the West Seattle area. The predominant frequency of 
single-family dwellings ranged from 5.4 Hz to 14.8 Hz; the predominant 
frequency of the chimneys on the same dwellings ranged from 6.2 Hz to 13.7 
Hz. The damping of the dwellings ranged from 2.5/5 to 6% of critical damping. 
The analysis was presented at the 1988 Spring Urban Hazards workshop at 
Olympia, Washington. The written version of the presentation has been 
submitted for the workshop publication.

(4) White Sands National Monument

The purpose of the seismic study at White Sands National Monument was to 
determination of vibration engineering parameters for historic buildings and 
to study the vibration effects of local vehicular traffic and acoustic sources 
on the buildings. The field data have been collected and analyzed. The final 
report has been peer reviewed and is now in CTR review.

(5) Wasatch Front

The analysis of the borehole geophysical data is complete. A generally 
good correlation was found between borehole shear wave velocities and the 
ground response values. The report is now in peer review.
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(6) Geotechnical Data Base

Production of a relative ground response map for a large urban area 
requires the acquisition and analysis of many hundreds of pieces of seismic, 
geological, and geotechnical data. The rational organization and manipulation 
of so much data requires a data base management system (DBMS) and a data base 
structure which permits linking many types of data. Portability of the DBMS 
and data sets to several kinds of computers and ability to access the data 
base in the field suggested implementation on a microcomputer system.

Additional borehole logging and velocity logging data from the Wastch 
Front have been added to the data base. All new data acquisition of ground 
response and borehole studies uses the the same software and data structures.

(7) Geographic Information System (CIS)

Production of a seismic hazards map for an urban area requires 
integrating results of research (such as relative site response, landslide 
susceptibility, lifeline vulnerability) in a map format. CIS technology has 
shown promise in recent years as a powerful tool for spatial analysis and 
manipulation of data with geographical attributes. Because a seismic hazards 
map is multi-disciplinary, an interdivisional investigation was established to 
use CIS technology in production of preliminary seismic hazards maps; this 
project took the lead in the investigation. A GIS project was established to 
integrate expertise and data sets to produce seismic hazards maps expected 
from the Regional Earthquake Hazards Assessment of the Pacific Northwest urban 
hazards.

Acquisition of digital cartographic data sets continues. Magnetic tapes 
containing hydrography and transportation digital data for ten 1:100K 
quadrangles have been obtained. The data for the Tacoma 1:100K quadrangle 
have been converted into ARC/INFO compatible form. Several seismicity and 
geotechnical data sets have been transferred to the Urban Hazards Data Base.

Procurement of GIS hardware and software was complete at the end of the 
reporting period. New hardware includes a GIS workstation, graphics terminal, 
and ERDAS workstation; new software includes an ARC/INFO license for the 
workstation and ERDAS image processing software.

PUBLICATIONS

Tarr, Arthur C. and Crane, Michael P. (1988), Application of GIS Technology to 
Assessment of Seismic Hazards in the Pacific Northwest (abstract), GIS 
Symposium: Integrating Technology and Geoscience Applications, September 
26-30, 1988, Denver, CO.
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Earthquake-Resistant Design and Structure Vulnerability

9950-04181

Edgar V. Leyendecker 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Denver Federal Center, MS 966

Denver, CO 80225
(303) 236-1601

Investigations

1. Work is in progress to examine, evaluate, and improve the estimation of 
casualties and aggregate monetary losses associated with the occurrence of 
earthquakes in the United States.

2. Work is continuing on development of improved measures of vulnerability of 
structures to damage, including the refinement of our understanding of 
earthquake damage and the applicability of the existing data base on 
earthquake damage.

3. Investigations continue for development/identification of cost-effective 
techniques for determining inventory at risk.

4. Procedures for loss-estimation and damage survey that are under 
development were tested following the Whittier Narrows earthquake. 
Revised procedures will be tested in the Puget Sound urban region.

Results

1. Plans are being made for development of an improved and consistent loss- 
estimation methodology that can be applied in a uniform way on a regional 
basis for the estimation of losses throughout the United States. As part 
of this effort, a joint USGS/California Department of Insurance Workshop 
was held to determine the needs of the insurance industry in the area of 
earthquake losses.

Earthquake loss studies may be of the "deterministic" or "probabilistic" 
type. A scenario study might consider the consequences of one or more 
earthquakes; frequently this might be the largest likely earthquake. Such 
a study is very useful for purposes such as emergency planning. The 
probabilistic study considers both magnitude and frequency of occurrence 
and may be "more realistic" than the above "worst case" scenario. Both 
deterministic and probabilistic studies are being considered for the Puget 
Sound area, an area under current study in the Urban Hazards Program. 
Emphasis is being placed on developing the tools for use in loss studies 
rather than a complete assessment for the region. Accordingly, a limited 
area of Seattle has been selected for conducting a detailed study of 
losses. It includes West Seattle, an area with considerable damage in 
1965, and portions of downtown Seattle.
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2. Examination of current vulnerability relationships is underway with a
review of existing earthquake damage data bases including San Fernando and 
Coalinga. Plans for the collection of earthquake damage data following 
selected earthquakes have been made, including development of data 
collection techniques. Improvement of vulnerability relationships, 
including parameter variability, depends heavily on the collection of 
earthquake damage data.

The 1983 Insurance Services Office (ISO) classification system is being 
used for the inventory survey of buildings and vulnerability 
relationships. This classification uses a system of 5 major classes as 
shown below:

Class 1: Wood frame structures
Class 2: All-metal buildings
Class 3: Steel frame buildings
Class 4: Reinforced concrete buildings, combined reinforced

concrete and structural steel buildings 
Class 5: Concrete, brick, or block buildings

This system was selected for its relative simplicity and ease of use by a 
lay person with a limited amount of training.

This system was used for work on the Whittier Narrows earthquake and is 
planned for use in the Seattle area.

3. Development of inventory at risk is costly and is a major impediment to 
accurate loss estimates. A study of the critical elements of inventory 
needed for loss assessment in urban areas, including field inventory 
techniques is in progress. Plans for preparation of inventory training 
procedures are underway. Both the survey and training procedures are 
being evaluated following trial use in Whittier and are being revised for 
use in the Puget Sound area.

The data collection procedures are centered around (1) a simple system for 
classifying buildings, (2) the census tract as the basic area for data 
collection, and (3) machine read "mark-sense" sheets for compiling a 
computer data base. It should be noted that the procedures can be used 
for either inventory or damage surveys.

The census tract is being used as a data collection unit in order to 
simplify the inventory of buildings. Since census data provide a 
relatively accurate count of residential construction, this is one 
component of an inventory that does not have to be compiled in detail. 
The type of residential construction (type of frame, siding, etc.) can be 
determined by relatively simple statistical sampling. Other types of 
structures require additional inventory work. Additional extensive 
sampling will be required in order to develop suitable inventories for 
structures other than dwellings.

Data will be collected on "mark-sense" sheets which describe building 
class and various types of damage if it is a damage survey. The mark- 
sense sheets are preprinted forms with multiple choice responses that are
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filled out with a soft lead pencil. The "marks" by the soft lead pencil 
can be "sensed" by an optical scanning device and read into a computer 
data base.

A plan for an inventory in a limited portion of the Seattle urban area is 
being developed for using these techniques.

4. The methodologies under development were tested following the October 1, 
1987 Whittier Narrows Earthquake. The survey procedures worked relatively 
well. However, it was concluded that the specific data recorded on the 
mark-sense sheets, while adequate, should be simplified as much as 
possible for use in future studies. There were also indications that 
minor modifications were desirable in the building classification system 
but major changes are not anticipated in the near term.

5. Participated in USGS Workshop "Evaluation of Earthquake Hazards and Risk 
in the Puget Sound and Portland Areas."

Reports

Leyendecker, E.V., Highland, L.M., Hopper, M.G., Arnold, E.P., Thenhaus, P.C., 
and Powers, P.S., 1988, Early results of isoseismal studies and damage 
surveys for the Whittier Narrows Earthquake: Spectra, Earthquake 
Engineering Research Institute.
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Quaternary geology along the Wasatch fault zone, Utah

9950-04182

Michael N. Machette 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, Colorado 80225
(303) 236-1243

Project members: M.N. Machette, A.R. Nelson, S.F. Personius,
and K.A. Haller.

Investigations

1. Completed draft and technical revision of a major paper on the Quaternary 
history of the Wasatch fault zone. As lead chapter in the USGS's 
Professional Paper, this paper discusses the Quaternary geology'and 
segmentation of the Wasatch fault zone, synthesizes data from 10 trench 
sites on the fault zone, estimates recurrence intervals for major faulting 
events, and includes evidence for temporal clustering of earthquake 
activity along the fault zone. (Machette, Personius, and Nelson)

2. We continued to analyze the trenching and fault-scarp morphology data
pertaining to earthquake hazards along the Wasatch fault zone. (Machette, 
Personius, and Nelson)

3. All members of the project participated in the compilation of the three
remaining 1:50,000-scale maps showing Quaternary geology along the Wasatch 
fault zone from Honeyville to Santaquin, Utah. These maps form a 6- to 
15-km-wide strip along six segments of the fault zone.

4. Completed quidebook for 3-day field trip for Geological Society of America 
Annual Meeting in Denver, Colorado. (Machette, Personius, and Nelson)

5. Haller completed reconnaissance studies of range-bounding faults along the 
Lost River, Lemhi, and Beaverhead Mountains of central Idaho and the Red 
River fault of southwestern Montana. This study concentrated on using 
fault-scarp morphology as an indicator of relative age of faulting as a 
means to suggest possible segmentation models for Basin and Range faulting,

6. Machette participated in a panel evaluation of the mission, structure and 
goals of the Branch of Geologic Risk Assessment and contributed to the 
draft plan for on-going and future research in the Branch. He also 
participated in preparatory meetings for choosing the next target area for 
the Urban Hazards Reduction Program.

7. Machette participated in a National Academy of Sciences exchange program 
with geologists, geophysicists, and seismologists from the U.S. and Soviet 
Union. The subject of the cooperative research project is "Evolution of 
geological processes in the history of the Earth: Rio Grande/Baikal rift 
survey. Eight Soviet scientists visited the Rio Grande rift in May and 
eight U.S. scientist made a reciprocal trip to Lake Baikal in August.
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Results

1. We completed our cooperative-trenching efforts with the Utah Geological 
and Mineral Survey with the receipt of final radiocarbon (see item 2) and 
thermoluminescence age determinations (see McCalpin and Forman, this 
volume). These analyses permit us to place tight constraints on the times 
of most recent movement along the critical, urbanized parts of the fault 
zone. We now have participated in the excavation of major trench sites on 
the seven most active segments. Machette, Nelson, and Personius are 
preparing draft reports describing evidence for dating discrete surface 
faulting events at American Fork Canyon, East Ogden, and Brigham City 
(respectively).

2. As of August, 1988, 38 radiocarbon age determinations of charcoal and 
concentrated soil organic matter have been received from a variety of 
laboratories. We have transformed these dates to calendric years using 
dendrochronologic correction factors and have finalized our interpre 
tations of them. The resulting age determinations from soil carbon are 
termed calibrated apparent-mean-residence times (AMRT). We are using the 
AMRT ages from buried and surface soils to limit the times of faulting 
along the Wasatch fault zone (see fig. 1).

AMRT ages from buried soils are subject to a further correction, because 
the ages are maximum estimates of the time of burial. By dating a number 
of surface soils (A horizons) developed on scarps along the Wasatch fault 
zone, we have been able to estimate the apparent radiocarbon age of soils 
at the time of burial; this correction is termed the MRC (mean residence 
correction). For example, thick well-developed A horizons on steep (25°- 
30°) slopes of fault scarps commonly yield ages of 100-300 yr in the upper 
part to as much as 300-500 yr in the lower part. At American Fork Canyon, 
the upper 5-10 cm of a similarly developed A horizon that was tectonically 
buried by fault-scarp colluvium yielded a radiocarbon age of 2620±70 yr 
B.P. (USGS-2532). The calendar corrected age of this carbon sample is 
2777 yr B.P. (+102 yr, -128 yr). From this date, we subtracted 200 yr 
(MRC) to compensate for the inherited age of the A horizon prior to 
burial. Thus, we estimate that the soil was buried about 2.6±0.2 ka 
(rounded from 2577 yr B.P.) by a major surface faulting event. Dendro 
chronologic corrections and estimated of MRC allow us to better constrain 
the time of individual faulting events on discrete segments of the Wasatch 
fault zone.

3. The 1:50,000-scale map of the Brigham City segment of the Wasatch fault 
zone has been published. This is the first of a series of four maps that 
show the surficial geology along the Wasatch fault zone from Honeyville, 
Utah (on the north) to Santaquin, Utah (on the south). The surficial 
geologic units are subdivided by (1) genesis--lacustrine, eolian, 
alluvial, glacial, or colluvial; (2) age--late Holocene, mid- to early 
Holocene, latest Pleistocene (10-14 ka), late Pleistocene (15-130 ka) and 
middle to early Pleistocene (130 ka-1.8 Ma); and (3) by lithologic facies 
for lacustrine units (gravel, sand, silt/clay). In addition to surficial 
geology, the maps show the detailed trace of the Wasatch fault and 
subsidiary faults, estimates of scarp heights and surface offsets (m) , and 
several large-scale inset geologic maps at critical sites along the fault 
zone.
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These maps provide a comprehensive base for further evaluations of 
earthquake-hazards potential. The maps will be published first in the MF 
series (black and white, limited distribution) and later in the I series 
(color, wide distribution).

4. The l:50,000-scale map of the longest segment of the Wasatch fault zone, 
the Weber segment, is to be submitted for review. Nelson has completed 
the analysis of about 50 scarp profiles measured in the field and about 
380 profiles measured from air photographs with the PG-2 stereo plotter. 
Profiles were measured primarily to obtain displacement estimates from 
scarps in upper Holocene- to Bonneville-age deposits. Profile data from 
Bonneville- and Provo-age deposits (15-14 ka) show that the lowest fault- 
slip rates are near the north and south ends of the segment (<0.6 m/kyr 
and <0.8 m/kyr, respectively), and that slip rates are significantly 
higher along the northern half of the segment (1.7-1.9 m/kyr) than along 
the southern half (1.0-1.5 m/kyr). Upper Holocene deposits are only 
extensive along the northern half of the segment; slip rates obtained from 
scarps in these deposits are 2.3-2.7 m/kyr.

5. The morphology of scarps on the Lemhi, Beaverhead, and Red Rock faults in 
the Montana-Idaho Basin and Range indicate that these faults are 
segmented. The first two faults have six segments each, as does the Lost 
River fault, whereas the Red Rock has at least two segments. All four 
faults have at least one segment with Holocene displacement and at least 
one other segment with latest Pleistocene (10-15 ka) displacement. In the 
past 15 ka, surface ruptures were produced by three earthquakes on the Red 
Rock fault, three on the Beaverhead fault, four on the Lemhi fault, and 
five on the Lost River fault. Haller is preparing a draft report 
describing the faulting histories and segmentation of these faults.

6. The Rio Grande rift of New Mexico, west Texas, and central Colorado is 
striking dissimilar from the Baikal rift of southern Siberia, U.S.S.R.. 
The Rio Grande rift is characterized by high heat flow, widespread bimodal 
rhyolite/basalt volcanism (mainly of mid Tertiary age), a two stage 
evolution of extension--the first stage being late Oligocene to early 
Miocene and the second being of probable late Miocene age, predominately 
normal faulting, low levels of historic seismicity, and a relatively low 
rate of Quaternary extension and fault activity. These features suggest a 
"hot, ductile and mature rift" By comparison, the Baikal rift has low 
heat flow, relatively sparse strictly basaltic volcanism (mid Miocene), a 
two stage evolution of Jurassic(?) and Neogene ages, both strike-slip and 
oblique-slip faulting (depending on orientation and location in the rift), 
relatively high levels of historic seismicity, and (by inference) a high 
rate of extension and fault activity. These features suggest a "cold, 
brittle and immature rift."

The Rio Grande rift has a southward expanding foot print that is 
characterized by linked basins of opposing geometries. The linkage of 
basins occurs at accommodation zones (as recognized by C.E. Chapin in 
1978), which are transverse structural highs within the rift. The best 
known of these accommodation zones are the Jemez lineament (near Los 
Alamos) and the Socorro transverse shear zone (obsolete terminology). In 
contrast, the Baikal rift is an elongate S-shaped series of linked 
depressions, the largest of which is comprised of three subbasins that
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enclose Lake Baikal. The Lake Baikal depression also has transverse 
accommodation zones, which are expressed as ridge-like island chains or 
anomalous lake bottom topography. The distal depressions of the Baikal 
rift also have transverse structures that suggest accommodation zones: to 
the southwest they are expressed as intrabasin ridges (usually cored by 
bedrock and Miocene volcanics) and to the northeast as discontinuous 
basins bounded by east-trending normal faults and northwest-trending 
oblique slip faults. Much of the geometry of the Baikal rift is inherited 
from Proterozic structures (i.e., suture zones) that separate Archean and 
lower Proterozic rocks of the Siberian platform from Proterozic and 
younger rocks of the Baikal/Mongolia regions, whereas the Rio Grande rift 
seems to cut across Laramide structures.
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Investigations

1. Prehistoric earthquake-induced liquefaction and landslides.

2. Historic landslides and liquefaction

3. Landslide and liquefaction susceptibility mapping

Results

1. Prehistoric earthquake-induced liquefaction and landslides

Five localities where sand boils and (or) fissures were known to have occurred 
during the earthquake of April 13, 1949 (Hopper, 1981), were examined on the 
ground and on aerial photography in order to develop criteria for locating 
prehistoric earthquake-induced liquefaction. This work demonstrated that 
locating paleoliquefaction features by means of aerial photography or other 
remote sensing methods will have a low probability ot success in the Puget 
Sound region. No evidence of sand boils or fissures was visible on the ground 
at any of the five sites examined, even though at one site much of the ground 
surface was nearly bare when visited in April 1988. Without exception, the 
sand boils had been erased by urbanization or agriculture. Individuals who 
had observed the sand boils at or shortly after the earthquake were 
interviewed, and these individuals reported that the sand boils and fissures 
were largely obliterated by cultivation within 2-3 years, and, in one case, by 
the end of summer 1949. In one locality examined, part of the area, which had 
been pasture in 1949, supported a mature stand of timber and another part had 
been converted to a tree farm in 1974. The canopy provided by the trees in 
both areas completely concealed the ground surface, rendering reconnaissance 
with aerial photography useless, and the forest understory did the same with 
respect to reconnaissance on the ground.

Study of the surficial geology at the five sites of known sand boils suggests 
that neither deposit age nor genesis are as important as other factors (Youd 
and Perkins, 1978) in determining liquefaction susceptibility. More important 
requisites are the presence of sand, regardless of age or origin, at or below 
water table overlain by finer grained sediment. That Holocene alluvium is the 
sediment most frequently liquefied is probably due mainly to the fact that 
deposits of this age tend to occupy the positions in the landscape nearest to 
water table and are commonly sandy. The sand boils in at least two of the
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five sites examined in southwest Washington had originated in deposits of late 
Pleistocene age, one in alluvium of pre-Vashon age, the other in glacial drift 
of Vashon age.

Well-developed sand boils and fissures formed on the valley floor of the 
Chehalis River during the April 1949 earthquake at a locality about 3 km 
southwest of downtown Centralia, Washington, and 40 km south-southwest of the 
earthquake epicenter. During late Pleistocene and Holocene time, the Chehalis 
River has received relatively large volumes of sandy sediment from the 
sandstones of Eocene, Oligocene, and Miocene age that underlie much of the 
drainage basin. During the Fraser glaciation, when the Puget lobe was at its 
maximum extent (Vashon time), outwash dammed the Chehalis River downstream 
from Centralia. The damming formed a lake on the valley floor from Centralia 
upstream to beyond the city of Chehalis. Deposition of a thick section of 
lacustrine clay over sandy alluvium created conditions in this area that were 
favorable for seismically induced liquefaction.

Over much of its length, the Chehalis River is closer to the epicenter of the 
April 1949 earthquake than at Centralia. Also, the river has relatively 
abundant cutbank exposures, many 5-7 m high. Hence, a reconnaissance study ot 
these cutbanks was made from Centralia to Grays Harbor, with the most time 
being spent on the segment between Oakville and Elma, which is closest to the 
epicenter of the 1949 earthquake. The objective of the study was to locate 
evidence of prehistoric seismically induced liquefaction on the premise that 
seismically induced liquefaction will tend to recur in the same places given 
that the stratigraphy and position of water table remain about the same. It 
was found, however, that the liquefaction potential is low on the valley floor 
of the Chehalis River downstream from Centralia. The potential is low 
because, over much of its course, the Chehalis River flows on Vashon outwash 
gravel, which is as much as 20-30 m thick. Holocene alluvium, commonly 3-6 m 
thick and sandy in the lower part, overlies the gravel, but the sandy alluvium 
is mostly above water table.

In addition to determining the chronology of paleoseismicity by means of 
paleoliquefaction, a parallel effort is being made to date prehistoric 
earthquake-induced landslides. It is not easy to tell whether a prehistoric 
landslide has been triggered by seismic activity or by abnormally high 
precipitation (or a combination of both). With this in mind, we have selected 
15-20 large western Washington rock slides and rock avalanches that we feel 
have a high probability of having been triggered by earthquakes rather than 
precipitation. When these large landslides have been dated, their ages will 
then be compared with the ages being obtained by other researchers who are 
attempting to date paleoseismicity in western Washington by means of coastal 
sediments,' faulting, and liquefaction. Several of the landslides we are 
working with have formed landslide dams that drowned prehistoric forests in 
their impoundments. Samples of wood have been obtained trom in-place stumps 
and snags in these lakes; these samples are being submitted for C 1 ^ dating.
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2. Historic landslides and liquefaction

Fourteen earthquakes, from 1972 to 1980, are known to have triggered 
landslides or liquefaction in western Washington. Landslides occurred as much 
as 180 km from the epicenter of the 1949 Olympia earthquake and 100 km from 
the 1965 Seattle-Tacoma earthquake. During FY 88, we conducted studies of 
these incidences of historic ground failure. This work consisted of: 
(1) study of published information (newspaper and technical-journal articles, 
and governmental agency accounts), (2) interviews with residents and local 
officials having information on historic earthquake-induced ground failure, 
and (3) field study of the ground-failure sites. The evidence gathered 
indicates that greater incidence of ground failure occurred due to these 
historic earthquakes than has previously been reported. During FY 89, this 
information will be written up as a USGS Open File Report, later to become a 
chapter in a USGS Professional Paper.

3. Landslide and liquefaction susceptibility mapping

Work on a pilot map of the Olympia, Washington, area continued, with the 
objective of developing a methodology for producing susceptibility maps for 
earthquake-induced landsliding and liquefaction for selected urban areas of 
the Puget Sound lowland. During FY 88, study of historic earthquake-induced 
landslides and liquefaction was conducted in the Olympia, Washington, area; 
parts of the Seattle and Tacoma areas; and on Vashon Island. Data were 
collected and compared on the topography, geology, and ground-failure 
characteristics at selected sites. Additional information was compiled from a 
library search of published newspaper accounts, journal articles and other 
technical reports, and interviews with State and local officials.
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Objective: This project attempts to use the newly-developed 
tnermoiuminescence (TL) dating technique (Wintle and Huntley, 
1982) to help date large paleoearthquakes on the Wasatch Fault. 
Specifically, TL samples have been collected from na-tural 
exposures and from backhoe trenches excavated across fault scarps 
of the Wasatch Fault and then subjected to TL analysis at the 
Center for Geochronological Research, Boulder, Colorado. Several 
questions must be answered before TL dates from tectonical ly- 
derived deposits can be accepted as accurate: 1) are deposits 
sufficiently "zeroed" during deposition to yield accurate TL 
ages?, 2) are there different facies in the normal fault-scarp 
depositional environment that might have different initial 
zeroing levels?, 3) do TL dates occur in correct stratigraphic 
order?, and 4) do they correlate well with radiocarbon dates from 
the same (or nearby) deposits?

This project continues work begun in FY '87 (Contract 14-08-0001- 
G1096) wherein 95 TL samples were collected from 11 trenches on 
the Wasatch Fault and 7 trenches on other western U.S. faults. 
Of those samples, 25 were dated in FY '87 and an additional 15 
will be dated in FY '88 (this project).

Data Acquisition and Analysis: TL samples analyzed during the 
first six months of this project were collected in FY '87 (see 
McCalpin and Forman, 1987, 1988). Major efforts and conclusions 
are outlined below.

1. Field data acquisition - work continues by JM in defining 
depositional processes acting on normal fault scarps, and how 
such processes control initial TL bleaching levels. Hand-dug 
trenches have been excavated across the historic fault scarps 
associated with these earthquakes: 1915 Pleasant Valley, NY, 1954 
Fairview Peak, NV; 1959 Hebgen Lake, MT; and 1983 Borah Peak, ID.
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In each trench multiple samples were collected from basal tension 
crack fill, early (proximal) facies colluvium, and later (distal) 
facies colluvium, as well as from the source material exposed in 
the scarp free face (Fig. 1). Early results confirm that 
proximal colluvium receives virtually no zeroing during 
deposition. Bleaching should increase as the free face retreats 
upslope and becomes smaller and deposition rates on the wedge 
decrease. However, systematic TL dating of the 16 samples from 
historic wedges is almost a separate project in itself. In 
addition, clast fabric measurements have been made on: 1) induced 
deposition on colluvial wedges, 2) historic proximal wedge 
deposits, 3) pre-historic proximal and distal wedge deposits, 4) 
pre-historic crack fill, and 5) pre-historic sheared alluvium. 
Soil peels made by impregnating the wedge cross-section with 
polyurethane foam insulation have been brought back to the lab 
for further fabric analysis (in progress).

2. TL dating of distal fine-grained colluvium and buried A 
horizons: We continued to generate TL age estimates on 
fine-grained distal colluvium from a trench (EO-1) excavated 
across the Weber Segment, near Ogden, Utah. Detailed analyses of 
a 2.2 m-thick distal fault-generated wedge yields the following 
trend:

Depth below 
modern surface

30 cm
50 cm
80 cm 

100 cm 
130 cm 
180 cm

TL age 
estimate

1.0 + 0.2 
1.2 +" 0.1 
2.0 +" 0.2 
2.6 F 0.2 
3.1 + 0.2 
2.5 +  0.3

(ka)

ITL 
ITL 
ITL 
ITL 
ITL 
ITL

Sample 
No.

113 
47 
112 
75 
72 
24

Radiocarbon 
Calibration

1365 +_ 40 yr B.P

overlies Holocene 
fan dated at 
4.1-4.8 ka

The TL age estimates on the distal colluvium suggests that 
there were two intervals of rapid slope sedimentation (10-16 
cm/100 yrs) post faulting at approximately 1.2 to 0.9 ka and 
3.0 to 2.5 ka. The intervening non-tectonic interval is 
characterized by slower sedimentation (3-4 cm/lOOyrs). 
A buried A horizon and distal colluvium from an adjacent 
trench (EO-2) yielded the following TL age estimates:

Radiocarbon 
Calibrati on

Depth below TL age Sample 
modern surface estimate (ka) No.

150 cm 
260 cm

3.4 + 0.3 
4.0 +" 0.3

ITL 74 
ITL 80

3295 + 130 yr B.P 
4100 ][ 180 yr B.P

The TL age estimate of 4.0 n^O.3 ka provides a constraint on 
the initiation of late Holocene faulting. The 3.4 +^0.3 ka 
TL age estimate dates the deposition of fine-grained colluvium 
post faulting. We plan to analyze more samples from trench 
E02 to better understand the relationship between tectonic 
activity and slope sedimentation.
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Fig. 1. Sketch of the south wall of a hand-dug trench across the 1915 
Pleasant Valley, NV fault scarp; located at the mouth of Little Miller 
Basin (Pearce scarp- see Wallace, 1984, Fig.15). Unit 1- wash facies 
colluvium; units 2,3- debris facies colluvium; units 4-8 - intact 
blocks of fan gravel and sand which fell off the free face into a 
large basal tension crack; units 9,11- fan deposits disturbed by 
liquefaction; unit 10- sand blow; unit 12-basal concentration of large 
clasts at toe of wedge; A- vesicular A horizon developed on faulted 
fan surface. Base of post-1915 colluvial wedge shown by heavy dots, 
faults shown by heavy lines. Location of four TL samples shown by 
crossed circles. Excavated and logged Aug.6-7, 1988, by J. McCalpin, 
A. Ramelli and C. DePolo.
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3. Geochronology of paleoseismic events on the Nephi and Levan 
segments: Michael Jackson has sampled a number of buried A 
horizons fo>" radiocarbon and thermoluminescence dating from 
trenches excavated across the Nephi and Levan segments. The 
geochronology, trench logs and paleoseismic interpretations are 
presented in detail in his masters thesis. The following table 
is a summary of some of his results:

Samp!e 
Locati on

LEVAN, 
Skinner Peaks

Skinner Peaks

NEPHI, 
Red Canyon

Red Canyon 

Red Canyon 

Red Canyon

TL age Sample 
estimate (ka) No.

2.0 +_ 0.3 

3.1 + 0.3

ITL 64 

ITL 65

1.7 

1.5 

1.3 

7.0

1 °'

+_ 0.

1 °- 

+ 0.

2 

4 

5 

8

ITL 

ITL 

ITL 

ITL

66 

67 

88 

90

Radiocarbon 
Calibration

1733 +_ 170 yr B.P. 

3949 +_ 250 yr B.P.

1261 +_ 250 yr B.P.

2907 +_ 200 yr B.P. 

3896 + 500 yr B.P.

A few of the above TL age estimates are in disagreement with 
the corresponding radiocarbon ages. We are currently 
investigating these discrepancies by determining TL ages on 
A, B and C horizon materials. Over-estimates by the TL 
method may be from encorporation of C horizon material during 
sampli ng.
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Investigations

1. Development of techniques for data playback, processing, management, and export with 
emphasis on large datasets collected with portable digital event-recording seismographs 
(*.£., GEOS).

2. Design and implement relational databases for strong-motion (ESM) and aftershock/spe 
cial-experiment data (ESGDB). The goal of the databases is to enhance researcher access 
to diverse Branch datasets.

Results

la. New datasets played back, processed and archived: 
None.

1 b. Datasets exported:
Miramichi, Canada, 1982 aftershocks - USGS, Reston. 
Goodnow, New York, 1983 swarm - USGS, Reston. 
Mammoth Lakes, CA, 1980 aftershocks ~ University of California,

Santa Barbara 
Coalinga, California , 1983 aftershocks - University of California,

Santa Barbara

Reports

None.

09/88
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INVESTIGATIONS

There are three components to this project: (1) Nelson's study of middle and late Holocene 
sea level history as revealed by salt marsh stratigraphy, (2) Personius' study of fluvial terrace 
remnants along major Coast Range rivers to determine style and rates of late Quaternary 
deformation, and (3) Rhea's study of river and drainage basin morphology in the Coast Range 
to determine relative rates of tectonic uplift.

RESULTS

Recurrence of Holocene earthquakes in central Oregon

Nelson's reconnaissance study of cores and rare outcrops at 12 marsh sites in seven tidal inlets 
shows that the history of relative sea-level along the south-central Oregon coast differs from 
one estuary to another. Some sites yield cores with mud-peat couplets similar to those studied 
by Atwater in southwestern Washington (fig. 1). Other sites show a stratigraphy characteristic 
of slowing submerging coasts with no abrupt changes in sedimentation. Coseismic subsidence on 
local structures may be an explanation of these different stratigraphies. However, there have 
been significant fluctuations in the rate of sea level rise and even minor regressions during the 
late Holocene on some coasts. Few of these studies are convincingly documented, but it is clear 
that the character of late Holocene sea level change differs from one coast to another and that 
significant oscillations cannot be ruled out. Significant changes in sediment influx cannot be 
ruled out either. Thus, even small changes in the rate of sea level rise combined with changes 
in sediment influx might produce a sequence of interbedded peats, peaty muds, and muds that 
closely resembles those inferred to have been produced by coseismic subsidence. The key is to 
show whether or not the peats were buried suddenly and whether the transition to intertidal 
muds was gradual.

In pursuit of this goal we are using microfossil analyses to show if the peats we find 
interbedded with muds in cores from the central Oregon coast were submerged suddenly 
(coseismicaly). Marsh foraminifera and diatoms assemblages are more sensitive to changes in 
sea level than many marsh plants and are easier to identify in cores. Thus, we have begun to
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use these microfossils in cores from Oregon marshes to test whether our buried peats represent 
jerky (repeated coseismic) marsh subsidence. Analyses of samples from surface transects of 
three Oregon marshes show the same strong correlation between foraminiferal assemblage zones 
and sea level found in other marshes worldwide (fig. 2). Diatom assemblages from six transects 
at four sites show a similar relationship to sea level. On the basis of these preliminary analyses, 
we should be able to identify former sudden changes in sea level of about 0.5 m in future 
analyses of cores from Oregon estuaries.

Late Quaternary deformation rates indicated by fluvial terraces in central Oregon

The purpose of this part of the project is to evaluate some of the longer-term (middle and late 
Quaternary) effects of subduction along the Cascadia subduction zone by examining the styles 
and rates of deformation of Quaternary deposits within the Oregon Coast Range. Based on 
preliminary work in the Umpqua, Siuslaw, and Siletz drainages there are no large, highly-active 
structures in the Coast Range. Age analyses are pending, but regional uplift rates are probably 
moderate to low. Fieldwork in FY88 concentrated on fluvial terrace sequences along the Siletz 
River, and on the main and north forks of the Siuslaw River. Samples were taken in silty 
overbank deposits for TL analyses, and charcoal was collected from terrace deposits for carbon- 
14 dating. Charcoal was found in higher terraces (30-40 m above river) on the Siletz River 
than on other rivers studied in FY87. Because few clasts are found in soil B horizons in terrace 
exposures weathering rind studies cannot be used to help date the terrace remnants. 
Radiocarbon analyses will yield age calibration for the TL samples; if sufficient TL samples can 
be analyzed a fairly complete chronologic record of uplift for the central Coast Range should 
result.

Resolution of the analytical problems with the initial Oregon fluvial samples by Steve Forman at 
INSTAAR (Univ. of Colorado) is a major accomplishment for two reasons: (1) In progress 
analyzes will provide reliable age estimates in the 50 ka to 200 ka and probably 400 ka range 
for the terrace sequences being mapped by Personius. These age estimates will improve 
correlation of terrace remnants and will yield the first Quaternary uplift rates for the Oregon 
Coast Range. More significantly, (2) development of analytical methods suitable for samples 
that have been exposed to a very low level of radioactivity shows that fluvial terrace sediments 
are suitable for TL analysis, and that, for similar low-dose-rate samples from many 
environments, these methods can provide ages over a much greater time span than was 
previously thought (perhaps as old as 0.5 m.y.). Thus, further development of these methods 
promises to have wide application not only in neotectonic studies, but in other areas of 
Quaternary research.

Differential uplift of the western slope of the Oregon Coast Range

Rhea's investigation of regional evidence for differential uplift using drainage basin and 
river valley morphology underscores the complex inter-relationships between lithology, 
structure, and tectonics. The 22 rivers and tributaries studied thus far in the Coast Range 
(Nehalem, Alsea, Siuslaw, and Smith River drainages) are characterized by concave longitudinal 
profiles in the upper parts of drainage basins where river valleys are wide, but convex profiles 
downstream where valleys typically are narrower (fig. 3). On the Nehalem River, near the 
convex portion of the profile, there is a boundary between deeply weathered and eroded 
sedimentary lithologies upstream and resistant volcanics downstream. A similar convex portion 
of the Siuslaw profile does not coincide with a major change in lithology suggesting the gradient 
change could be due to differential rates of uplift. Uplift may also be involved with the 
convexity about 40 km from the mouth of the Alsea River because there is no abrupt change in 
lithology here. A tributary joins the Alsea River at this point, but this normally would
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correspond with a decrease in river gradient rather than an increase. Further integration of 
geomorphologic, lithologic, and structural data is needed to help identify the effects of possible 
differential uplift on this landscape. Future work will focus on the eastern slope of the Coast 
Range and the western slope of the central Cascades.

REPORTS
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20, no. 3, p. 221.
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changes in sea level in Oregon: American Quaternary Association, Program and Abstracts 
of the Tenth Biennial Meeting, University of Massachusetts, Amherst, MA, p. 142.

Rhea, Susan, 1988, How can river valley morphology help to identify areas of differential uplift 
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FIGURE 1. Summary of the lithofacies sequence in a core (2.5-cm-diameter gouge corer) from a 
protected, tidally-dominated inlet at the south end of South Slough, Coos Bay estuary, south- 
central Oregon. The sequence consists of intercalated salt-marsh peats and muds; abrupt 
transgressive overlaps of mud over peat (marked by arrows) alternate with gradational regressive 
overlaps of peat over mud. Conventional radiocarbon ages are on peats or twigs recovered with a 
7-cm-diameter sealed bucket auger. Ages in parentheses (age errors not included) from 2.5 m 
depth are from cores about 100 m from this site. W<? now Ko.ve a continuous 8-cm-diameter core 
from this site. The eight abrupt transgressive overlaps suggest repeated, fairly sudden 
submergence events that may be coseismic. Most of the peat units can be correlated along 
transects of gouge cores across the inlet and a 6-m-long core from another inlet, 4 km to the 
north, showed a similar sequence of 6 buried marsh peats. These sites are near the axis of the 
South Slough syncline, and tilted marine terraces on the west limb of the syncline document 
continued late Pleistocene folding of this structure. Thus, if the transgressive overlaps in South 
Slough were produced by coseismic subsidence they may record local Holocene coseismic faulting 
or folding rather than regional deformation of the central Oregon coast during plate-interface 
earthquakes. Alternatively, sudden deformation of the syncline might also occur primarily as a 
response to large Cascadia subduction zone events. Detailed studies in this and other estuaries will 
be required to demonstrate the cause of these submergence events.
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FIGURE 2. Relative elevation and dominant plant 
species at microfossil sample sites along transect U2 
across the modern marsh in South Inlet, a small arm of 
the Siuslaw River estuary, south-central Oregon. 
Microfossil analyses by Anne Jennings (foraminifera; 
INSTAAR, Univ. of Colorado, Boulder), and Kaoru 
Kashima (diatoms; Dept. of Geography, Univ. of 
Tokyo, Tokyo, Japan). Sample numbers are in bold 
numerals. Relative area! cover (plant covering the 
largest area at the top of the column) of common salt 
marsh plant species shown by columns of letters as 
follows: Aa - Agrostis alba, Ap - Atriplex patula, Ar
- Alnus sp.. As   Aster subspicatus, Cl » Carex 
lynbyei, DC - Deschampsia cespitosa, Ds - Distichlis 
spicata, Gi - Crindelia integrifolia, Jb   Juncus 
balticus, Jc - Jaumea carnosa. La   Lysichitum 
americanum, Lo * Lilaeopis occidentalism Pm - 
Plantago maritime, Pp - Potentilla pacifica, Ps - 
Picea sitchensis, Rm   Ruppia maritima, Sa   Scirpus 
americanus, Sc - Scirpus cernuus, SI   Salicornia 
virginica, Sx - Salix sp., Tm - Triglochin maritima, 
Zm » Zostera marina, Zn - Zostera nana, al - 
unidentified algae, up - unidentified upland plants, *
- <10% cover. No tide gauge data are available near 
this transect; elevations are relative to an arbitrary 
zero elevation (estimated mean sea level) placed near 
the lower limit of Carex growth. The approximate 
positions of the gradational boundaries between 
informal environmental zones within the marsh (faint 
shaded bands across transect) are estimated from the 
distribution of salt marsh plants, following detailed 
studies by Frenkel, Jefferson, and Eilers (Dept. of 
Geography, Oregon State Univ., Corvallis). Estimated 
position of Mean High Water (EMHW) is based only 
on plant distribution. Assemblages of the most 
common microfossil species reflect the same gradual 
environmental changes along the transect that are 
reflected in the plant distribution. Foraminiferal 
analyses, in particular, show the same strong 
correlation between foraminiferal assemblage zones 
and sea level found by Scott and others in other 
marshes worldwide. Foraminifera from 2 other 
transects at 2 other sites (18 total species identified) 
and diatoms from 3 other transects at 2 other sites (60 
total species identified) show similar assemblage zones. 
On the basis of these preliminary analyses, we hope to 
be able to identify former sudden changes in sea level 
of about 0.5-1.0 m in future microfossil analyses of 
cores from Oregon estuaries. Studies incorporating 
more accurate vertical control and more detailed 
sampling might be able to resolve smaller changes in 
sea level.
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Figure 3. Profiles for four of the rivers studied with sample valley 
profiles where indicated. Note that although the scale of the vertical 
and horizontal axes vary for each river profile, the scales of the axes 
on the river valley profiles is constant.
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Analysis of Liquefaction Opportunity and Liquefaction 
Potential in San Jose, California

14-08-0001-G1359

M.S. Power, F.H. Swan III, and R.R. Youngs
Geomatrix Consultants

One Market Plaza, Spear Street Tower, Suite 71?
San Francisco, California 94105

(415) 957-9557

and

R.W. Mearns
City of San Jose

801 North First Street
San Jose, California 95110

(408) 277-4693

Investigations

In a previous phase of study, the inherent susceptibility to liquefaction of 
soil deposits in San Jose, California was evaluated. The main objective in 
the current phase is to extend the evaluation to liquefaction opportunity (a 
function of the seismicity of the area and the resulting likelihood of 
earthquake ground motions) and arrive at an assessment of the probabilities 
of liquefaction of susceptible soil deposits.

The study is comprised of two major elements: a probabilistic analysis of 
the ground shaking hazard (liquefaction opportunity); and combining the 
ground shaking analysis with the analysis of liquefaction susceptibility, 
assessing the probability of liquefaction. For the ground shaking analysis, 
the identified regional and local faults are being characterized in terms of 
their geometry, maximum magnitude and earthquake recurrence rate. Results 
of recent evaluations by the U.S. Geological Survey on the probabilities of 
large earthquakes occurring on the San Andreas and Hayward faults in 
northern California (U.S. Geological Survey, 1988) are being utilized in the 
seismic source characterizations. Ground motion attenuation will be 
characterized using relationships that are appropriate for the soil 
conditions in the study area.

The ground shaking analysis, in terms of the assessed rates of activity on 
the earthquake sources and the probabilities of different levels of ground 
motion at various locations in the study area, provides basic input to the 
probabilistic liquefaction potential analysis. The other basic input is 
information from the susceptibility analysis, including the location of 
liquefaction-susceptible soils, description and quantification of the soils' 
liquefaction susceptibility, and groundwater depths. Using these inputs, 
different approaches will be utilized to evaluate the probability of 
liquefaction. These approaches essentially vary according to the basic 
criterion adopted for assessing liquefaction potential or its degree of 
severity. One approach utilizes the widely used Seed and others (1985) 
criterion relating liquefaction potential to the modified penetration
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resistance, NA , of the soil. Statistics on NA in the different soil units 
were developed in the analysis of liquefaction susceptibility. A second 
approach utilizes a general liquefaction potential criterion for susceptible 
soils developed by Youd and Perkins (1978). Two other approaches utilize 
correlations on the potential severity of liquefaction effects in 
susceptible soils, in particular the potential for, and magnitude of 
displacements associated with, liquefaction-induced lateral spreads (Wilson 
and Keefer, 1985; Youd and Perkins, 198?).

Results

The results of the study will be displayed on a series of USGS 1:24,000 
scale topographic quadrangle maps of the study area. The results will 
include: probability of liquefaction in different zones; contours or zones 
having approximately equal peak ground accelerations for selected 
probability levels; along with the information on liquefaction 
susceptibility in different zones. The maps will be available in the office 
of the Department of Public Works of the City of San Jose for use by city 
officials and the general public. Uncertainty in and sensitivity of the 
results as related to uncertainties and variations in soil characteristics, 
earthquake source parameters, and ground motion attenuation characteristics 
will also be assessed as part of the study.
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The Effect of Local Geology on Earthquake Intensity 
in the Seattle to Portland Region of Washington and Northern Oregon

14-08-0001-G1510

Anthony Qamar
Geophysics Program

University of Washington
Seattle, WA 98195

(202) 543-8020

Objectives

This study examines the variation of strong ground-motion during earthquakes in 
the Puget Sound-to-Portland region of Washington and Oregon using intensity data from 
past earthquakes. Our goal is to find earthquake intensity patterns that show consistency 
from earthquake to earthquake. We hope to determine which geologic factors are 
responsible for the patterns observed and use this information to predict intensity pat 
terns for large earthquakes in the future.

Accomplishments

We are analyzing earthquake intensity data for the 1981 Elk Lake earthquake, a 
shallow, magnitude 5.5 earthquake that occurred 130 km south of Seattle, Washington on 
February 14, 1981. In contrast, strong ground motions expected during a deep earth 
quake in the same region were reported recently by Ihnen and Hadley (1986, BSSA, v. 
76, 905-922). Figure 1 shows 2651 sites in the Puget Sound region where intensities 
have been estimated for the Elk Lake earthquake. We have a total of 3378 observations 
in western Washington and northern Oregon. The intensity values show spatial patterns 
that we are trying to understand. In Figure 1, the data are smoothed to emphasize pat 
terns with long spatial wavelengths. The region shown lies 75 to 175 km north of the 
epicenter and a regional gradient has been removed from the estimated values of 
Modified Mercalli intensity to approximate the normal decrease of intensity with distance.

As seen in Figure 1, a prominent north-northwest trending "ridge" of relatively 
high intensity values extends from Tacoma to the northern Kitsap peninsula on the 
western side of the Puget Sound. On the other hand, relatively low values of intensity are 
seen in north Seattle and the southwest portion of the region that includes Olympia and 
the southern Kitsap peninsula. These patterns are not obviously correlated with gross 
structural features such as the distribution of glacial sediments whose thickness ranges 
from 0 to 1 km in this area. We hope to determine whether similar long wavelength pat 
terns are apparent in data from other earthquakes.

We are now investigating the apparent effect that surface geology may have on the 
short wavelength patterns of earthquake intensity using data from the Elk lake earth 
quake. Preliminary results using 4 categories of surface geology reported by Ihnen and 
Hadley (1986) are given in Table 1.
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Table 1
Modified Mercalli Intensity versus Geology for the 

Elk Lake earthquake of February 14, 1981

Category S Vel Number of Average Standard Error 
km/sec Observations Intensity of Mean

1
2
3
4

alluvium, fill
glacial sed (II)
glacial sed (I)
bedrock

0.37
0.76
0.98
1.10

141
1315

115
26

3.69
3.51
3.75
3.42

0.05
0.02
0.06
0.13

In the table no attempt was made to remove regional trends from the intensity data. In 
the future we will continue the investigation of intensity versus geology in greater detail, 
and we will attempt to correlate the data from the Elk lake earthquake with data from 
larger historical earthquakes in the Puget Sound.
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Simulation and Empirical Studies of Ground Motion Attenuation 
in the Seattle-Portland Region

14-08-0001-G1516

Paul Somerville 
Woodward-Clyde Consultants

566 El Dorado Street
Pasadena, California 91101

(818) 449-7650

Objective: The objective of the project is to use strong ground motion 
simulation methods together with empirical strong motion data to estimate 
ground motion attenuation in the Seattle-Portland region due to potential 
large earthquakes on the shallow plate interface of the Cascadia subduction 
zone. The use of strong motion simulation procedures is motivated by the 
complete absence of subduction earthquakes on the Cascadia subduction zone 
during historical time (and the consequent absence of strong motion 
recordings of such events), and the sparsity of applicable strong motion 
recordings from other subduction zones. The simulation procedures are 
based on the summation of contributions from subregions of the fault 
rupture surface.

Validation of Simulation Procedures: Before proceeding to apply the ground 
motion simulation procedures in the Cascadia subduction zone, we have 
validated them by testing their performance against strong motion 
recordings of the magnitude 8 Michoacan, Mexico and Valparaiso, Chile 
earthquakes of 1985. These events are of special relevance for our 
purposes because of the abundance of recordings at close distances, the 
similarity of the subduction zone geometry between Michoacan, Valparaiso 
and Cascadia, and the known source characteristics (including asperity 
models) of the Michoacan and Valparaiso earthquakes. Some results of the 
validation exercise are shown in Figures 1, 2 and 3. Figure 1 compares 
recorded and simulated acceleration time histories at La Union, Mexico, 
and Figure 2 shows recorded and simulated time histories at Valparaiso 
UTFSM, Chile. In both cases, the simulated time histories are quite 
similar to the recorded ones in peak acceleration, duration, and the shape 
of the envelope of strongest ground motion. Figure 3 compares recorded and 
simulated response spectra at 5% damping for an average of four coastal 
Mexico stations (above), and at Valparaiso UTFSM, Chile (below). In both 
cases, there is close agreement between recorded and simulated response 
spectra. The two events have similar peak accelerations at nearby stations 
on rock, but the response spectra of the Valparaiso event are richer at 
frequencies between 5 and 10 Hz.

Ground Motion Simulations of Cascadia Earthquakes: Using the validated 
simulation procedure, we are now simulating ground motions in the 
Seattle-Portland region for a range of source and structure models. The 
largest source of uncertainty in the ground motion estimates in the Puget 
Sound region is due to uncertainty in the easternmost extent of the 
potentially seismogenic region of the plate interface. The largest sources 
of variability lie in the characterization of asperities on the fault and 
in the selection of empirical source functions.
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Figure 1. Recorded (above) and simulated (below) accelerograms of the 
September 19, 1985 Michoacan earthquake at station La Union.

504



UP

070

160

r 0.20 g

0.00 5.00 10.00 15.00 20.00 25.00 30.00
TIME (Sec)

0.20 g

70

160

18.00 23.00 28.00 33.00 38.00 43.00 48.00
TIME (Sec)

111.1

0.112 g

0.172 g

0.157 g

35.00 40.00 45.00

0.172 g

53.00 58.00 63.00

Figure 2. Recorded (above) and simulated (below) accelerograms of the 
March 3, 1985 Valparaiso earthquake recorded at Valparaiso UTFSM.
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Quaternary Framework for Earthquake Studies 
Los Angeles, California

9540-01611

John C. Tinsley 
Branch of Western Regional Geology

U.S. Geological Survey
345 Middlefield Road, MS 975
Menlo Park, California 94025

(415) 329-4928

Investigations

1. Geology and relative ground motion, Wasatch Region:

Part of the assessment of seismic risk is the evaluation of seismic site 
response, relative to nearby hard rock, of soils and underlying geologic units 
to earthquake ground motions. Ground motion has been recorded at more than 70 
sites throughout the Wasatch region and the site effects have been identified 
at soil sites relative to bedrock sites (Hays and King, 1982). The geology 
has been studied in detail at 43 of these sites using regional geologic 
studies, drilling and sampling by USGS field crews, laboratory analyses of 
soils and near-surface rock units to average depths of 200 ft subsurface, 
downhole P-wave and S-wave velocity profiles, high-resolution reflection 
profiles (Ken King, Golden, CO), and geologic and geotechnical data compiled 
from public and private sources. The analyses of these data are in progress; 
results In the form of preliminary contour maps showing site response on 
alluvium relative to site response on rock in two period bands (0.2-0.7 sec 
and 0.7-1.0 sec) were presented In Tinsley (1988). (J. Tinsley, K. King, 
R. Williams and D. Trumm).

2. Geology and relative ground-motion - Puget Sound and Portland areas:

U.S. Geological Survey geologists and drilling crews are completing 
exploratory drilling and sampling at 5 sites in the Olympia, Washington area 
and at 2 sites In the Seattle, Washington area, to depths of as much as 200 ft 
subsurface. This research will evaluate geologic factors that contribute to, 
or are associated with, amplification and attenuation of effects of ground 
shaking observed in recordings of low-strain ground motion within period-bands 
of interest for engineering applications in a glaciated basin. The initial 
emphasis on the Lacey-Olympia-Tumwater area reflects proximity to coal mine 
operations at Centralia, Washington, a convenient source of daily, predictable 
proxy "earthquakes", and proximity to a wide variety of glacial, fluvial 
depositional environments. This Is the initial year of a 4-year study that 
ultimately will include as many as 80 sites from Seattle to Portland and 
provide a basis for evaluating geologic aspects of site-dependent ground- 
motion effects in glaciated terranes.
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The products of this research will include:

a) Published reports that will interpret spectral characteristics of 
recorded ground motion in terms of local and regional geologic map 
units;

b) A matrix relating geologic attributes such as thickness, lithology, 
shear-wave velocity, and depth to bedrock to levels of amplification 
of ground motion measured relative to a reference rock station;

c) There are problems in regional correlation among Quaternary
stratigraphic units in the Puget Sound region that will require some 
attention on several fronts in order to allow confident 
extrapolation from an array of site-specific studies to map products 
depicting regionally the relative ground shaking hazard in the Puget 
Sound region.

3. Site characterization for ground motion studies, Coalinga, CA and 
San Fernando Valley, CA

At the request of the Nuclear Regulatory Commission (NRC), the geology 
and ground-motion characteristics of 6 sites in the Coalinga area and 4 
strong-motion sites in the Los Angeles, California area were compared and 
classified using criteria of Rogers and others (1985). The dual objectives of 
the study were to compare various methods of estimating ground motions 
response spectra and to estimate ground motion levels encountered by various 
structures and components designated as being of interest to NRC 
researchers. (Kenneth W. Campbell and John C. Tinsley).

Results

1. The geologic and geophysical data compiled and developed during the past 
3 years are being installed on a computer-based Geographic Information 
System prior to analysis. Analysis of the data will commence in August 
or September, 1988, with the goal of a paper summarizing the results to 
be out of peer review by January 1989. See Tinsley (1988) for 
preliminary contour maps showing the Utah ground motion data.

2. Initial subsurface investigations in the Olympia, Washington area 
commenced at 5 sites, from Tumwater northward towards the bay and 
harbors of Puget Sound, along a northerly trend of increasing depth to 
bedrock. In the Olympia area, most of the deposits investigated to date 
appear to be moderately well-sorted sand and gravel deposits of post- 
Vashon stade glacial outwash. Drilling was difficult at cobbly and 
gravelly sites, owing to unstable holes that tended to ravel, a 
condition that had been anticipated. Sites investigated to date include 
Olympia High School, Capitol High School, Roosevelt School, Garfield 
School, and a site near the State Capitol Building, all within the 
corporate limits of the City of Olympia.
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3. Five percent-damped, free-field horizontal pseudo-relative response 
spectra for frequencies greater than 1 Hz for the February 9, 1971 
earthquake were estimated for the February 9, 1971 San Fernando 
earthquake at 4 sites located in the San Fernando Valley and Burbank 
areas:

1. Sylmar Converter Station
2. Rinaldi Receiving Station
3. Valley Steam Plant
4. Burbank Power Plant

Two techniques were used to estimate free-field horizontal response 
spectra at the four sites. The first technique is based on the site-response 
study of Rogers and others (1985). They used a factor analysis to identify a 
set of parameters that best related relative ground response in the Los 
Angeles area to various geological and geotechnical parameters of a suite of 
sites used to record underground blasts at the Nevada Test Site. We have used 
these factors in conjunction with a nearby basement-rock accelerogram of the 
San Fernando earthquake at Griffith Park Observatory (GPO) to estimate site- 
specific response spectra at the four target sites. In the second technique, 
response spectra at the four target sites were estimated by modifying the 
nearby accelerogram recorded during the San Fernando earthquake at Holiday 
Inn, Van Nuys (HI). The Holiday Inn site is geologically and geotechnically 
similar enough to the four target sites to avoid the necessity of modifying 
the spectra for local site effects, providing an independent check on the 
site-specific spectra developed using the Rogers' and others (1988) technique.

An administrative report to the NRC was prepared by Campbell and Tinsley 
in April, 1988. See Ken Campbell, this volume, for additional details.

Reports

Campbell, K.W., and Tinsley, J.C., 1988, Estimation of selected free-field 
earthquake surface response spectra at selected sites in California and 
central Chile: Task 3, San Fernando Earthquake, February 9, 1971: 
U.S. Geological Survey Administrative Report, 26 p.
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Seismic Reflection Investigations of 
Mesozoic Basins, Eastern U.S.

9950-03869

John D. Unger
Branch of Geologic Risk Assessment

U.S. Geological Survey
922 National Center

Reston, VA 22092
(703) 648-6790

ONGOING INVESTIGATIONS

1. To consolidate and synthesize the available seismic reflection
information that pertains to the internal and external structure of 
Mesozoic basins, with special emphasis on the hypocentral area of the 
present seismicity of Charleston, South Carolina and the Ramapo fault 
zone in New Jersey and Pennsylvania.

2. To use 2-D synthetic seismic reflection models of the basement structure 
along selected seismic reflection traverses in the Charleston and Ramapo 
regions as an aid to processing and interpretation of the seismic 
reflection data and to allow the use of ray-tracing algorithms to be used 
for earthquake relocation.

3. To use 2- and 3- dimensional GIS (Geographical Information System)
techniques to display, analyze, and interpret geological and geophysical 
data collected in and around Mesozoic basins and other seismogenic 
structures in the Eastern U.S.

RESULTS

This project continues data interpretation and analysis, which relies 
principally on the use of proprietary software from Dynamic Graphics Corp. 
(ISM) and ESRI (ARC/INFO). Research to date has resulted in promising 
possibilities for displaying interpreted seismic reflection data along with 
gravity, magnetic, and refraction information as three-dimensional models of 
the crust in and around Mesozoic basins. A key component of this operation is 
the ability to integrate in-house software written on high resolution, color 
graphics workstations with the proprietary programs. The process is expedited 
by being able to transfer data among the workstations and mini-computers, 
where these software packages reside, via high-speed networks.

REPORTS

Unger, J. D., 1988, A PC program for migration of seismic reflection profiles, 
Geobyte, v. 3, p. 42-54.

Unger, J. D., 1988, Orientation of the decollement surface beneath the Chain 
Lakes massif: results of the 3-D seismic reflection study, GSA 
Northeastern Section Annual Meeting Abstracts with Programs, v. 20, p. 
77.
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Geology and Tectonic Evolution of the Western Transverse Ranges

Project Number: 9950-04063
Project Chief: Russell H. Campbell
Address: U.S. Geological Survey

MS 922, National Center
Reston, Virginia 22092

Telephone: (703) 648-6784 (commercial) 
FTS 959-6784

This project is designed to prepare a systematic overview of the geology 
and tectonic evolution of the western Transverse Ranges in order to 
provide a much-needed framework for efforts at predicting future 
earthquakes and assessing variations in the level of earthquake risk 
within the region. Project studies include completion of the 
preparation of maps and reports from the western Santa Monica Mountains 
(work done chiefly between 1961 and 1976, at which time the project was 
recessed while I undertook a sequence of administrative assignments). 
This work provides the basis for the compilation, at 1:100,000 scale, 
for the Los Angeles 1° x 30'quadrangle, to include new mapping at 
various scales by other USGS, CDMG, and students in the area. 
Compilation is now under way in test areas to evaluate adaptations of 
digital mapping procedures and editing/merging capabilities of ARC/INFO 
for the purpose. Initial digitizing of the Point Dume 7V quadrangle 
was done by a summer volunteer. The linework for the Point Dume 
quadrangle was digitized locally, in a PC environment, in GSMAP at 
l:24,000-scale. The digital files have been transferred to ARC/INFO on 
a Reston CIS Lab Prime, and editing in ARC/INFO has been started. Many 
of the procedures are a learning experience.

The preparation of the Point Dume and the eastern part of the Triunfo 
Pass 7.5 quadrangles (western Santa Monica Mountains) has proceeded 
more slowly than originally hoped. However, the explanation for the 
geologic map of the Point Dume quadrangle (1:24,000) has been revised 
subsequent to comments by the GNU in Menlo Park, and a section of text, 
on the geologic structure of the quadrangle has been added. Reports on 
about 600 fossil collections from the western Santa Monica Mountains 
have been entered on the VAX 11730 in Reston, and programming to search 
and sort the file is in progress. In addition, the latitude and 
longitude for most localities have been digitized. General 
stratigraphic and faunal charts for the western Santa Monica Mountains 
are in preparation, however, the earliest potential target for 
completion (originally the end of calendar year 1987) is now the end of 
calendar year 1988. Fieldwork in the Fall of 1988 is expected to 
provide additional detail on stratigraphic relationships that constrain 
the age of principal displacement on a set of northeast-trending faults 
in the Santa Monica Mountains and the Simi Hills.

513



111.1

A Search for Active Faults In the Wlllamette Valley, Oregon

14-08-0001-G1522

Robert S. Yeats
Department of Geology
Oregon State University

Corvallls, Oregon 97331-5506
(503)754-2484

Investigations

Erlk Graven and Ken Werner are compiling and field-checking a geologic map 
of the Wlllamette Valley, 1:100,000, to Include (1) bedrock surface geology at 
valley margins and Inllers within the valley, together with major Quaternary 
units, (2) location of oil-exploratory wells with altitudes with respect to sea 
level of subsurface formations, (3) location of released seismic sections with 
subsurface faults and apparent dips, and (4) structure contours of the base of 
unconsolidated or semi-consolidated sediments (top of Columbia River Basalt in 
the northern and central valley, top of Eocene or Oligocene strata in the 
southern valley). This work is being coordinated with lan Madin of the Oregon 
Department of Geology and Mineral Industries who is doing the same for the City 
of Portland and vicinity.

The Oregon Department of Transportation drilled two holes near the 
confluence of the Willamette and Marys Rivers near Corvallis. These holes 
provide a continuously cored section of the semiconsolidated Calapooia Clay 
above the Eocene Spencer Formation and below the late Pleistocene Linn outwash 
gravels. The Calapooia Clay was first recognized during drilling for a 
possible supercollider site in the Willamette Valley east of Corvallis. 
Description of the cores was done cooperatively with Alan Niem and Wendy Niem 
of OSU. We are now searching for funds to work out the palynology and 
magnetostratigraphy of the Calapooia Clay because we anticipate being able to 
learn the age relationships of this clay to the Corvallis fault.

Results

The well files of oil-exploratory wells drilled during the petroleum 
exploration campaign of the late 1970's and early 1980 f s generally contain 
oriented 4-arm, dual-caliper dipmeter logs that can be used in studying 
borehole breakouts. For a near-vertical hole, the borehole tends to spall in 
the direction of minimum horizontal compressive stress (0*3). Ken Werner, Erik 
Graven, Tom Berkman, and Mike Parker of OSU found evidence of borehole 
breakouts in 18 wells in northwestern Oregon, with about two-thirds of these 
located in and near the Mist gas field. Most of the breakouts show that the 
direction of maximum horizontal compressive stress is north-south, compatible 
with earthquake focal-mechanism determinations in northern California, western 
Oregon, and the Juan de Fuca plate. A few breakouts show a northeast-southwest 
orientation of the maximum horizontal stress, compatible with focal-^nechanism 
solutions in southwestern Washington (the St. Helens seismic zone) and parallel 
to the slip vector between the Juan de Fuca and North American plates. A paper 
on the breakouts will be presented at the 1988 Fall AGU meeting.

The two core holes at Corvallis penetrated a section including the
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Willamette Silt, related to latest Pleistocene Missoula flood deposits, the 
Linn Gravels, largely Cascade-derived outwash gravels of Wisconsinan age, and 
the Calapooia Clay, a gray clay interpreted by Alan Niem as overbank rather 
than lacustrine sediments. The age of the Calapooia Clay is not yet known, but 
preliminary study of fossil pollen constrains its age to late Miocene to 
Pleistocene. The clay rests unconformably on a surface of moderate relief 
developed on Eocene-Oligocene strata; this surface is marked by a red soil 
zone.

Werner, K. S., Graven, E. P., Berkman, T. A., and Parker, M. J., 1988, 
Direction of maximum horizontal compression in northwestern Oregon as 
determined by borehole breakouts: EOS, in press (Fall Meeting AGU).
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Earthquake Loss Estimation Modeling 
of the Seattle Water System

14-08-0001-G1526

Donald B. Ballantyne
Kennedy/Jenks/Chilton

33301 Ninth Avenue South, Suite 100
Federal Way, Washington 98003

(206) 874-0555

Objective: The Puget Sound region suffered magnitude 7.1 and 6.5 earthquakes 
in 1949 and 1965 respectively. USGS is currently evaluating potential for a 
magnitude 8+ earthquake in the region. While some California water utilities 
have done rigorous earthquake planning, water utilities in the Puget Sound 
region are not as advanced in their planning to mitigate earthquake damage. 
The Seattle Water Department (SWD) is the largest water supplier in Washington 
State, serving City residents as well as wholesaling water to 31 purveyors. 
While SWD has recently undertaken a project focusing on vulnerability of 
system structural components, their system has not been evaluated for 
operability following an earthquake.

This project is developing and applying techniques for estimating earthquake 
losses to the water system. The SWD system is being inventoried, and then 
modeled to estimate the loss of function based on the severity of ground 
shaking.

Data Collection and Review: Geological and seismological data being developed 
by USGS will be identified and reviewed for its applicability for input into 
the model. Other liquefaction and landslide data collected by Hopper is 
used. Intensity data from the 1949 and 1965 earthquakes as well as intensity 
estimates made by USGS on their 1975 loss estimation study are being 
gathered. Existing applicable data will be collected and organized based on 
one mile square micro zones.

Water main failure data from the 1949 and 1965 earthquakes in the City of 
Seattle are being collected, plotted, and evaluated to identify damage 
problems. Leaks are being differentiated from pipeline breaks.

The system is being inventoried by line and node number, facility category, 
and Geographic Base File data. System operation parameters, such as flow and 
pressure, are being determined. Earthquake vulnerability data such as pipe 
and joint material type and structural design criteria are being gathered.

System Characterization: Data for a system network model using KYPIPE 
(Kentucky program) are being developed. System features important to 
vulnerability assessment, such as isolation valve locations, are being 
incorporated.
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Hazard Definition: Preliminary hazards maps, divided into micro zones, will 
be prepared to facilitate input of data currently under development by USGS.

Component Vulnerability: Algorithms are being developed for percent loss of 
function for categories of system components for varying design earthquakes. 
Algorithm input will be based on site-specific geotechnical data, as well as 
structural and mechanical design of the facilities. Previous algorithms for 
pipeline damage have identified and modeled all reported failures as breaks. 
This study differentiates between categories of failure, more closely modeling 
the system following and earthquake.

System Vulnerability: A system vulnerability model is being developed to 
modify input data files to KYPIPE, based on component vulnerability 
algorithms. As part of this model, system connectivity will be assessed to 
allow operation of KYPIPE. In previous models connectivity analysis following 
an earthquake assumed that when a pipeline failure occurred, either the water 
would discharge freely from each end of the broken pipe, or the break must be 
isolated by closing all adjacent isolation valves. This study will utilize 
that same analysis for pipeline breaks, but model leaks as flow demands on the 
system. The differentiation between leaks and breaks will significantly alter 
the model results. Earthquake parameters will be varied to establish 
operational criticality of each component.
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Quaternary Tectonics of the Wichita Frontal Fault System, Oklahoma

9950-04419

Anthony J. Crone 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, CO 80225
(303) 236-1595

Investigations

1. Continue studies to evaluate the history of latest Quaternary movements on 
the Meers fault in Comanche County, Oklahoma.

2. Refine existing models and develop more comprehensive models of structural 
relationships across the Wichita Frontal fault system in the vicinity of 
the Meers fault using aeromagnetic, ground magnetic, and gravity data.

3. Purchase selected industry seismic-reflection profiles across the Wichita 
Frontal fault system.

Results

1. Stratigraphic relations exposed in an excavation into the downthrown
(south) side of a 3.5-m-high scarp suggest the possibility of two latest 
Quaternary movements on the Meers fault. The scarp at this site is formed 
on Permian Post Oak Conglomerate, and bevels in the scarp profile suggest 
possible recurrent movement on the fault.

In the excavation, a sharp, well-defined fault contact separates 
extensively sheared, altered, Post Oak Conglomerate on the upthrown side 
from sheared conglomerate and scarp-derived colluvium on the downthrown 
side. At the base of the exposure on the downthrown side, red, pebbly 
residuum/colluvium rests directly on sheared conglomerate. The 
residuum/colluvium is overlain by a brown pebbly unit that is interpreted 
a buried A horizon of a soil; the A horizon contains enough organic matter 
for radiocarbon dating (age determination is pending). The A horizon is 
clearly faulted and is overlain by a sequence of red, massive to poorly 
stratified, gravelly silts that are also faulted. The stratification, 
sorting, and geometry of these gravelly silts suggests that they are a 
colluvial-wedge deposit derived from erosion of a fault scarp. This 
entire sequence is capped by the modern slope colluvium.

A reasonable interpretation of the Stratigraphic relations at this site 
requires two latest Quaternary faulting events. The first event faulted 
the residuum/colluvium and the A horizon, and formed a scarp. The 
sequence of gravelly silts are the colluvial wedge produced by degradation 
of this scarp. A second event faulted the colluvial wedge. These basic 
relations are comparable to those found in similar excavation into the 
scarp located about 4-5 km to the southeast. At both sites, the simplest 
explanation for the Stratigraphic relations involves two surface-faulting
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events, however, other, less plausible explanations are possible. Similar 
studies at other sites are needed to confirm or refute this interpretation 
of two latest Quaternary events because such an interpretation would have 
a major impact on seismic-hazard assessments in the region.

2. Models of the aeromagnetic data across the Frontal fault system provide 
new and important constraints on structural relationships and lithologic 
contrasts across the Meers fault in the area near the prominent fault 
scarp. Previous interpretations (Brewer and others, 1983) have suggested 
that the Meers fault has a moderate (about 45°) dip to the south, similar 
to the Mountain View fault, another major fault in the Frontal fault 
system. Models of the aeromagnetic data along two profiles across the 
fault preclude a moderate dip on the Meers fault and strongly suggest that 
the fault is nearly vertical to depths of at least 6 km. Initial modeling 
of four detailed ground-magnetic profiles across the Meers fault further 
refine the attitude of the fault to a steep northeasterly dip. In 
addition, two of the ground-magnetic profiles indicate that a strongly 
magnetic body, a few hundred meters wide, is located immediately south of 
the fault and extends intermittently for at least 11 km. Our present 
models support a moderate southerly dip for the Mountain View fault which 
is consistent with previous interpretations.

Data from move than 600 new gravity stations have been acquired and are 
being incorporated into the regional gravity data base. These new data 
are located in areas of poor regional coverage, and were collected and 
reduced in cooperation with S. L. Robbins (Branch of Petroleum Geology, 
USGS, Denver). These data include three detailed gravity profiles across 
the Meers fault. Preliminary analysis of two of these profiles shows a 
slight increase in gravity values that generally coincides with the trace 
of the Meers fault. The structural and tectonic significance of these 
increased gravity values is currently unknown.

3. In cooperation with personnel from the Branch of Petroleum Geology (USGS, 
Denver), we have purchased 17.8 miles of a 512-fold, non-exclusive, 
seismic-reflection line that extends across the Wichita Frontal fault 
system from the Wichita-Amarillo uplift to the Anadarko Basin. Our 
reviews of these data indicate that they clarify important structural 
relationships across the basin-uplift boundary. The purchase agreement 
includes copies of field and stacked tapes that can be reprocessed to 
enhance pertinent structural details relevant to our studies.

Reports

Jones-Cecil, Meridee, Collins, D.S., andNichols, T.C., 1988, Stream analysis- 
evidence for rejuvenation near Pierre, South Dakota [abs.]: EOS 
[Transactions of the American Geophysical Union], v. 69, no. 18, p. 567- 
568.

Jones-Cecil, Meridee, and Crone, Anthony J., in press, Constraints on the 
Anadarko Basin-Wichita uplift boundary interpreted from Aeromagnetic 
data: Oklahoma Geological Survey Special Publication.
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Jones-Cecil, Meridee, Robbins, S.L., and Crone, A.J., 1988, Aeromagnetic and 
gravity signature of the Wichita Frontal fault system: Geological Society 
of America Abstracts with Programs, v. 20, no. 7, (in press).
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Seismicity and Hydrothermal Processes

(New Project)

W. H. Diment 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, CO 80225
(303) 236-1574

Investigations

1. Studied relations among seismicity, tectonism, and hydrothermal regime in 
the west moat of the Long Valley Caldera, California.

2. Assisted S.T. Harding and T.C. Urban in interpretation of seismic- 
reflection profiles in Puget Sound, Washington.

Results

1. Temperatures in borehole RD08 near Mammoth Lakes, Calif., are within 10 °C 
of boiling at 1,100 ft. Subsurface boiling and brecciation may have 
contributed to earthquake swarms in 1980 and 1983 (Urban and others, 
1987a, b, c). Steps in precision temperature logs obtained in boreholes 
RD08 and PLV-1 (Urban and others, 1988) are remarkably persistent with 
time. Ratios of gradients are too large to be accounted for by conductive 
heat transport with normal variations in thermal conductivity. Other heat 
transport mechanisms must be involved. Obtained precision temperature 
logs in RDO-10 and UNOCAL 44-16 (Urban and Diment, 1988) and analysis is 
underway.

Reports and References

Urban, T.C., and Diment, W.H., 1987, Repeated precise temperature logs in hot 
boreholes--One key to understanding the evolution of geothermal systems, 
in Abstracts of papers, 2nd International symposium on borehole geophysics 
for minerals, geotechnical, and ground water applications: Minerals and 
Geotechnical Logging Society, A Chapter at Large of the Society of 
Professional Well Log Analysts, October 6-8, 1987, Golden, Colorado, p. 
I.1-1.2.

Urban, T.C., Diment, W.H., and Sorey, M.L., 1987, Temperature and natural
gamma-ray logs obtained in 1986 from Shady Rest drill hole RD08, Mammoth 
Lakes, Mono County, California: U.S. Geological Survey Open-File Report 
87-291, 102 p.
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221.

522



111.2

Estimation of Building Vulnerability Incorporating Ductility
Demand and Capacity

14-08-0001-G

Gary C. Hart 
George T. Zorapapel 

Englekirk and Hart, Inc.
2116 Arlington Ave. 

Los Angeles, California 90018-1398 
(213) 733-2640

Objective; The importance of the rational inclusion of the 
number of cycles of motion of the strong shaking in the 
assessment of earthquake ductility demand and damageability stems 
from the small ductility capacity of many existing buildings. 
These buildings, subjected to a long duration strong motion, may 
not collapse if the number of excursions beyond the elastic range 
they have to undergo is small enough. A recent USGS research by 
Brady, Perez, and Safak developed a ground shaking description 
that relates the number of cycles within the response to the 
ductility demand. The purpose of this study is to use the above 
mentioned approach to develop better estimates of building 
vulnerability in three areas:

Description in a consistent way of the relationship 
between the ground motion ductility demand and building 
ductility capacity.
Expansion of the existing earthquake damage matrix 
methodology to directly incorporate ductility demand 
and ductility capacity.
Definition of static time-history signature for use in 
laboratory experimental test programs in order to 
quantify structural component ductility capacity 
consistent with the Brady/Perez/Safak shaking de 
scription.

Data Acquisition, Analysis, and Preliminary Results;

1. More than 30 strong motion records have been selected to 
represent different categories of damage potential. The numeric 
results of processing these records have been acquired.

2. A data base containing significant information regarding the 
records has been completed.

3. Customized spread sheets that contain the strong motion 
information and allow running nonlinear time-history analysis as 
well as plotting capabilities were conceived. The strong motion 
data were transferred in these spread sheets for further use.
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4. Sixteen shear wall buildings located in Los Angeles have 
been selected. An elastic analysis has been performed on each 
structural model, using risk-consistent design response spectra 
for each site. Ductility demands associated with each individual 
structure were estimated. Ductility capacities for each structure 
were estimated too, based on ductility capacities for the 
component elements, structural geometry, and weak points in the 
structure created by flawed design.

5. Strengthening solutions that would meet the life-safety 
criterion were sketched for each building and cost estimates were 
made based upon these solutions. The strengthening cost per 
square foot exhibits a very good correlation with the ductility 
demand / replacing the intensity entry in the damage matrices by 
a parameter that is function of the ductility demand and 
capacity.

524



III.2

Mississippi Valley Seismotectonics 

9950-01504

Frank A. McKeown 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 25046, MS 966, Denver Federal Center

Denver, Colorado 80225
(303) 236-9355

Investigations

1. Continued reprocessing to 12 s seismic-reflection data purchased several 
years ago.

2. Continued acquisition and compilation of all available stratigraphic data 
from drill holes in the upper Mississippi Embayment for entering into a 
computer data base.

3. Made detailed microscopic examination of junk basket samples from Dow 
Chemical #1 Wilson drill hole to help determine the deformational and 
temporal history of the Reelfoot rift.

Results

1. Seventeen of the 18 seismic-reflection profile lines purchased several 
years ago were reprocessed to 12 s by. Warren Agena (Branch of Petroleum 
Geology). Study of them is incomplete. Examination of about 25 
proprietary record sections of seismic-reflection profiles enabled R. 
Hamilton and F. McKeown to reinterpret the relationship of the deformed 
axial zone, which is now given the name Blytheville arch, of the Reelfoot 
rift to the Pascola arch. The northeast end of the Blytheville arch 
appears to widen and merge with the Pascola arch. Both the arches are 
structural highs of Ordovician and older rocks from which younger 
Paleozoic rocks have been eroded.

Current interpretation of the seismic-reflection data combined with drill 
hole data indicates that the rocks in the arches were deposited in two 
intersecting synclines or depocenters, one trending northeast and one 
trending northwest. The stratigraphic evidence of the synclines is that a 
hole drilled near the crest of the northeast-trending high penetrated 2.7 
km of upper Cambrian rocks below which is probably several hundred meters 
of upper and middle Cambrian rocks. A drill hole off of the high and only 
about 10 km away, however, penetrated only about 0.7 km of upper Cambrian 
rocks above crystalline basement rocks. Sometime after the Ordovician 
Period the synclines were inverted to become arches. The mechanism for 
this inversion is being debated, but it is important that this be 
understood because most of the seismicity in the Reelfoot rift is in or 
beneath the arches.
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2. A computer data base of information from 490 drill holes in the upper
Mississippi Embayment region was established by Richard Dart. Much of the 
data was obtained from a card file maintained and updated over a period of 
many years by Ernest Click of the Central Regional Geology Branch. These 
data were supplemented and cross-checked with data compiled by Tony Crone 
and from State Geological Surveys of the six States contiguous to the 
region. The data will be used to generate subcrop, structure contour, and 
isopach maps to help determine the internal structure of the Reelfoot 
rift.

3. Detailed microscopic study of 22 thin sections of junk basket samples from 
the Dow Chemical #1 Wilson drill hole in the Reelfoot rift was made by 
Sharon Diehl to determine the mineralogy of framework grains, the 
paragenesis of authigenic minerals, and the nature of structural 
fabrics. Rock types included quartz arenites, feldspathic arenites, 
feldspathic greywackes, and one limestone.

Provenance: The detrital grains are from varied provenances: (1) the 
freshness of many of the feldspar grains indicates a source from 
downcutting into unweathered basement; (2) many quartz grains are very 
well rounded, suggesting that at one time in their history the grains were 
subjected to eolian processes; (3) embayed quartz grains and turbid, 
hematite-altered a volcanic grains indicate a source from volcanic 
terrane; (4) algal and brachiopod shell fragments were from a shallow 
marine environment; and (5) micrographic quartz and feldspar intergrowths 
indicate a granitic source.

Authigenic Minerals: Iron oxides, forming outlines around detrital 
grains, are an early phase, deposited after consolidation of the 
sediments. Potassium feldspar overgrowths are also an early cement, but 
later quartz overgrowths are the predominant cement that completely 
occluded porosity. Carbonate cement has replaced both potassium feldspar 
and quartz overgrowths. Authigenic illite-smectite clays replace some 
framework grains and occlude porosity. A second generation of iron oxides 
may be present as a cement in both marine and terrestrial environments. 
Rarer late-stage authigenic minerals are anatase, rutile, or leucoxene.

Structural Fabric: Structural fabrics include: (1) vertical, mineral- 
healed microfractures, (2) schistosity due to mica orientation, (3) 
undulatory extinction in quartz framework grains, and (4) stylolites.

Vertical microfractures are commonly filled by quartz that is optically 
continuous with quartz overgrowths. This suggests that a tectonic event 
occurred during the formation of quartz cement. These microfractures are 
extensional; no offsetting has been observed. Vertical microfractures are 
also filled by a later carbonate cement, or may contain both quartz and 
carbonate minerals. The latter suggests that older microfractures may 
have been reopened during another tectonic event during the precipitation 
of carbonate cement. Vertical microfractures in the greywackes are filled 
with clay, and occasionally with clay and iron oxides. Horizontal, 
quartz-filled microfractures occa tonally occur with the vertical set of 
microfractures. Individual framework grains show hematite-lined
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microfractures or fluid inclusion trails. No offsetting has been observed 
between these types of microfracturing to determine their order of 
development. In thin section 12782D, three vertical, mineral-filled 
microfractures cross a stylolite surface. Quartz-filled microfractures 
are offset by the stylolite, but the carbonate-filled microfracture does 
not appear to be affected. This suggests at least two generations of 
vertical, extensional microfracture development; one postdates stylolite 
development.

Detrital and authigenic mica plates occur parallel and imbricated to 
bedding, creating a schistosity apparent in hand samples. Muscovite 
plates are especially common in stylolites that are parallel to bedding.

4. Examination by R. Hamilton and F. McKeown of 170 proprietary seismic-
reflection profiles in the Reelfoot rift resulted in identifying 43 faults 
that offset Tertiary or possibly younger strata. Faults with the same 
direction of offset and same direction of dip on six profiles are very 
closely alined with and are within the southeast boundary fault zone of 
the rift a short distance west of Memphis, Tenn. The faults are 
interpreted to be parts of a single fault at least 15 km long. No surface 
evidence of the fault was found in a study of aerial photographs of the 
area. Two parallel lineations about 1.5 km apart and 4.5 km long a few 
kilometers north of Blytheville, Ark., directly overly the southeast 
boundary of the Blytheville arch. Examination of reflection profiles that 
intersect the lineations indicates that they are related to, or are caused 
by, faults offsetting Tertiary strata. Parts of the fault west of Memphis 
and the lineations north of Blytheville appear to be prime sites for Mini- 
Sosie exploration and possible trenching to search for evidence of 
recurrence intervals of earthquakes.

Reports

Hamilton, R.M., and McKeown, F.A., 1989, Structure of the New Madrid seismic 
zone: Seismological Research Letters (in press).
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INVENTORY TECHNIQUE DEVELOPMENT - PUGET SOUND/OREGON,

14-08-0001-G1515

Bruce C. Olsen
Consulting Engineer

1411 Fourth Ave. Suite 1420
Seattle, WA. 98101-2216

(206) 624-7045

Introduction

The purpose of this effort is to attempt to develop a technique for under 
taking an inventory of buildings in a community or region in a manner that 
will provide a reasonable picture of the building stock. The parallel 
intent is to devise a scheme that gives useful information without the need 
for unnecessarily labor-intensive and time consuming effort. The results 
are intended to be transferable to any other interested locality.

The effort is about half completed at this time and this summary report 
will present the status of the work.

Development of desired information.

In order to establish the information which is needed in the inventory, it 
has been necessary to first look at how the information will be used in the 
downstream loss estimation studies for which it would be used. Additionally 
the availability of useful information may vary with sources and allowance 
for cross-reference and ready interpretation necessitates a flexible degree 
of data to be listed as desirable.

The information to be acquired divides into categories somewhat related to 
probable sources. Basic information on buildings defining their location 
both as to street address and frequently as to surveying description, is in 
the assessor's files. These additionally contain varying information 
descriptive of the property, and the value of the improvements. Structural 
information should be available through the building official's records, if 
these have been maintained. Where available this information may or may 
not have been computerized. Plan search can be performed, but becomes a 
very tedious and time-consuming job. In order to reasonably estimate losses 
it is necessary to develop as much structural information as possible. This 
should include building configuration, height, shape, period, foundation 
type, soil classification, etc.
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Occupancy classification and use Information Is the next category which can 
be determined relatively readily. Original permit information may be 
valid, or a change in ownership might have led to a change in use. Periods 
during which occupied, and number of occupants may be available or may need 
to be estimated, with some loss of confidence. In this category some 
knowledge of the contents, particularly where hazardous materials are pre 
sent, should be provided.

Two further categories of information are included, one on damage 
estimation and the other on the level of confidence concerning the inform 
ation in the foregoing tables. Damage estimation may be modified based on 
findings of other studies and expert opinion applied to the area under con 
sideration. The level of confidence for each of the segments will depend 
on the personal interpretation of the individual furnishing the data table 
information. It is acknowledged to be subjective, but will serve to confirm 
the validity of the information.

The test sample inventory which was performed did not result in major 
changes in procedure. Subsequent information search has resulted in expans 
ion of the material originally listed in the data acquisition sheet, a copy 
of which is furnished with this report.

Development of a Database

In the development of a database for control of an inventory, this study 
has used software "Rbase for DOS" which is a trademark of the developer, 
Microrim, Inc. This establishes the method by which the information is man 
ipulated and developed and the forms which have been used for loading of 
data. It does not preclude acceptance of the general approach to the 
solution with an approach developmed using some alternate software.

The database at this point is broken down into tables corresponding in gen 
eral to the categories of information established in deciding what data was 
needed in the basic acquisition tabulation. Information requested may not 
be available in all cases, so that some equivalent system of interpretation 
may be needed on occasion.

Commercial and multi-family structures vs. One and Two-family Dwellings.

Commercial structures and related construction are covered under the init 
ial data acquisition form. Data acquisition for single and two-family 
units is a separate problem and requires a different approach. Where plans 
are maintained by the building official, they are confined to commercial 
structures, while residential plans are normally discarded following com 
pletion of the construction and granting of an occupancy permit.

Basic assessor information is maintained for all property. This includes 
location, assessor's valuation and frequently some information concerning 
the age and nature of the building, this will depend on the records kept by 
the specific assessor's office.
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Maps and aerial photographs have been procured. Some experimenting has been 
done with enlargment and the use of oblique photographs. In residential 
assessment, the need for enlargement may be tempered by the interpreter's 
familiarilty with the area under study. Some local ground level photographs 
may be used to establish a general concept of the construction types common 
to a neighborhood.

Classification of Buildings

Different studies have produced different systems of classification which 
vary both in length and comprehesiveness and sometimes in detail. While 
use of a single simple system of classification is desirable, an effort has 
been made to include in the data acquisition form a variety of systems. 
These can be included as available or added to the database by the down 
stream user. Systems included in the data acquisition form include UBC, 
ATC-21, ATC-13, with other options possible.

The foregoing classifications are in some cases general and do not define 
a structure in the manner in which an investigator might desire for any 
structural reanalysis. Additional information relative to characteristics 
is therefore included.

Conclusions

The present status of the project is that the basic search system has been 
established and the desired acquisition information has been decided. The 
detailed pilot program to study a sample area in detail has been performed 
and some of the acquired information has been placed into a database for 
utilization in analysis and decisions regarding the method of its 
application. No concentrated effort has yet been applied to the 
residential aspect, except that aerial photographs have been obtained and 
some decisions regarding their application made.

It is now our purpose to expand the study interpretation from the detailed 
investigation area to the general city and region, based on the broader 
material needed for a total inventory. In parallel with this the 
residential effort will be continued and expanded. This will provide an 
opportunity to test the effectiveness of the methods considered for filling 
out the inventory data to give a working system for future users.

*****************************
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COMMERCIAL BUILDING AND STRUCTURE INVENTORY DATA 
Assessor Record

1. Date
2. Street Address
3. Building Name
4. City
5. County
6. State
7. ZIP
8. 16th-l/4th
9. Sec-Tship-Rnge,

10. Year Built
11. Yr Majremodel
12. Lot Size sqft.
13. Bldg Gross sf 
14 Bldg Net sf
15. Improvmnt Valu
16. Latitude
17. Longitude
18. Census tract

SKETCH

Block

Structural Information Occupancy Information

19. Class: UBC _______
ATC21 _______
EEFac _______

Material _______
K or Rw _______
Period T _______
Plan Shape _______
(sq rect L H E 0 U other)

24. Vert. Shape _______

20
21
22
23

32. Use Class (UBC)

(unif/stepped/pyramid/soft st)
25. Height in ft. __________
26. Infill (Y or N)__________
27. Cladding __________ 

(Brick, PC,Metal, Glass, other)
28. Bldg Condition 12345 ___ 

poor good
29. Prox to next bldgs.________

30. Soil Profile (S-1,2,3)* ____ 
* UBC, NEHRP

31. Foundation Type ________ 
Spread, strip mat pier pile

33. Number of occupants:
7 AM - 4 PM ____
4PM - 11 PM ____

11 PM - 7 AM ____
34. SHExposure Group ____
35. Bldg Contents

Est. Value ____ 
Hazardous (YorN) ____

36. Risk of Fire ____ 
(low, moderate, high

37. Damage risk of contents 
(low, moderate or high

Estimated Effect of Damage
(Respond:Hrs,Days,Weeks,Mos,Perm)

38. Cuts RR, Hwy, etc.
39. Dmamge to Adj.Bldg..
40. Interdicts lifeline.
41. Loss of employment
42. Buiilding evacuated.

Level of Confidence in Data 
(low 0.6, 0.8, 1.0 high)

( Location data
( Structural information
( Foundation data
( Occupancy
( Damage est.

531



III.2

LATE QUATERNARY FAULTING, SOUTHERN SAN ANDREAS FAULT

9910-04098 

Michael J. Rymer

Branch of Engineering Seismology and Geology
U.S. Geological Survey

345 Middlefield Road, MS/977
Menlo Park, CA 94025

(415) 329-5649

Investigations
1. Continued postearthquake investigation of the November 24, 1987, Superstition Hills 

earthquake.

2. Mapping of the San Andreas fault zone in the Durmid Hill-Bombay Beach area.

3. Paleomagnetic investigation of tectonic rotation and magnetostratigraphy in the Indio Hills, 
Coachella Valley.

4. Continued investigation of Quaternary history of the Indio Hills, Coachella Valley, with 
special emphasis on structure and stratigraphy.

Results
1. Postseismic studies along the Superstition Hills fault included remeasurement of stations 

in the central 12 km of 1987 surface rupture. Many of the original 115 stations in this 
section of the fault were reoccupied in May to get slip measurements 3 months after the 
previous set of measurements. (See report by R. V. Sharp, this volume, for more detail on 
the postseismic investigations following the earthquakes.)

2. Geologic mapping, at a scale of 1:4,000, in the Durmid Hill-Bombay Beach area is to 
accurately locate strands of the San Andreas fault where it makes a "dog-leg" bend to the 
south. To date, the mapping shows discontinuous exposure of faults where previous geologic 
mapping claimed only a blanket of young lake sediments. Also, efforts were made to map 
blocks of unfaulted, coherent strata that allow or disallow extension of the San Andreas 
fault zone to the southeast, past the dog-leg, to where earlier geologic maps extended the 
fault zone as a dashed line. The consequences of this possible extension have to do with 
the amount of slip expected on the dog-leg section and the amount of stress build-up in 
the area, and thus the potential for an earthquake.

3. Paleomagnetic samples of siltstone and sandstone were taken in the Indio Hills to study 
amounts and rates of tectonic rotation and also to determine a magnetostratigraphy of 
strata exposed in the hills. Seventy-five samples from 25 sample sites were taken in the 
upper Palm Spring Formation that compliment samples take a year ago. The samples are 
from 877 m of stratigraphic section and are higher in the section than last year's samples, 
which were all magnetically reverse, within the early to middle Pleistocene. A smaller set 
of samples was also taken in the Ocotillo Formation on Edom Hill, near the west end of 
the Indio Hills. This set is composed of 12 samples from four sample sites. The samples 
bracket a volcanic ash and will help constrain the age of the ash. The ash at Edom 
Hill is weathered and thus chemical analyses of its trace chemistry can not be performed. 
However, preliminary mineralogical analysis of the ash suggests correlation with the Bishop 
ash, which was found last year in another area of the Indio Hills.

Reports
None
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Historical Normal Fault Scarps -- Wasatch Front and Vicinity

9910-04102

David P. Schwartz 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5651, FTS 459-5651

Investigations:

The project goal is to study historical and recent normal fault scarps in the Great Basin in order 
to calibrate geological techniques used to identify individual past earthquakes and the amount of 
displacement during each, quantify earthquake recurrence intervals, and evaluate earthquake 
recurrence models and fault segmentation models. Investigations have concentrated on 1) 
recurrence and segmentation along the 1983 Borah Peak, Idaho surface rupture and associated 
scarps of the Lost River fault zone, and 2) recurrence and paleo-displacements on the Wasatch 
fault zone at the Dry Creek site near the southern end of the Salt Lake segment and at the Rock 
Canyon site on the Provo segment.

Results:

1. Lost River fault zone, Idaho (with A.J. Crone, USGS, Denver).

A. Warm Spring Segment. Logging was completed at the Rattlesnake Canyon and 25 km 
Canyon sites (see USGS Open-File Report 88-16 for description of previous results). At 
Rattlesnake Canyon, reconstruction of trench stratigraphy indicates 1.2 +_ 0.2 m of net 
vertical tectonic displacement at this location during the pre-1983 event, which occurred 
about 5500-6000 yr B.P. At 25-km Canyon, trench 25K-1 was excavated across a 4.5 m 
high scarp in medium to coarse debris flow deposits. The degree of carbonate soil 
development is the same as that on nearby outwash fan gravels of Pinedale age (12-15 
ka), indicating a comparable age. The deposits are displaced by one pre-1983 event. 
Reconstruction of distinctive marker horizons across the fault yielded a net-vertical 
tectonic displacement of 1.5 + 0.2 m. In trench 25K-2, located 15 m to the north, the 
fault displaces a channel incised into the Pinedale debris flow, channel gravels, and debris 
flow deposits. The trench records the same event as trench 25K-1. Net vertical tectonic 
displacement was measured at 1.1 m.
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B. Mackay Segment. Logging was completed at the Lone Cedar Creek site, near the north 
end of the segment. The trench contains evidence of two events. The most recent 
displaces alluvial fan deposits that contain a layer of reworked Mazama ash. No other 
datable deposits for constraining recency were found. The older event displaces Pine- 
dale-age outwash gravels. No other constraints were found at this location for deter 
mining where within the post-Pinedale pre-Mazama interval the older event occurred.

Reconnaissance was made to trenches of Lower Cedar Creek. These will be logged during FY 
89. A horizon within the colluvial wedge from the most recent event that contains charcoal was 
found in trench LWC-1; it has the potential to constrain timing of the most recent event on the 
Mackay segment.

2. Wasatch fault zone, Utah (with W.R. Lund, Utah Geological and Mineral Survey).

Rock Canyon Site. Trenches were excavated across a 5-m-high scarp, and a natural 
stream cut was cleaned and deepened, to resolve uncertainties about segmentation of the 
Wasatch fault between American Fork Canyon and Spanish Fork. The trenches showed 
that the fault scarp at this location was the product of a single event with 2-1/2 - 3 m net 
slip. In the natural stream cut samples of charcoal from pre- and post-event deposits, and 
of an organic-rich A-horizon soil that formed the ground surface at the time of the most 
recent event were collected and have been submitted for radiocarbon dating.

Reports:

Schwartz, D.P., Lund, W.R., Mulvey, W.E., and Budding, K.E., 1988, New paleoseismicity data 
and implications for space-time clustering of large earthquakes on the Wasatch fault zone, 
Utah [abs.J: Seismological Research Letters, v. 59, no. 1, p. 15.

09/88
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San Andreas Segmentation: Cajon Pass to Wallace Creek

9910-03983

David P. Schwartz, R.J. Weldon, and Thomas Fumal 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5651, (415) 329-5630

Investigations

The project goal is to refine existing and/or develop new segmentation and fault behavior models 
for the San Andreas fault between Wallace Creek and Cajon Pass.

1. Develop new slip rate and recurrence data from Wallace Creek to south of Cajon Creek.

2. Critically review published and unpublished data and, where possible, existing field 
relationships to define and quantify uncertainties in: a) timing, displacement, and lateral 
extent of individual past earthquakes; and b) location-specific slip rate estimates.

3. Map and characterize the style of secondary faulting along the San Andreas, particularly 
near the junction with the San Jacinto fault on the south and near Liebre Mountain on the 
north.

Results

1. Wrightwood site. Field work during Summer and Fall, 1988 focused on continued 
three-dimensional trenching of secondary fault traces 100 m southeast of the main and on 
new mapping of exposures in a gully that crosses the main fault.

Secondary faults. A 3-m high northeast facing scrap located 100 m southwest of the main 
strike-slip fault defines the southwest boundary of a 50-m-wide zone containing dip slip 
and normal-oblique-slip faults. These displace a sequence of peats interlayered with sands 
and debris flows. The peats record repeated deformation. As previously described (Sum 
maries of Technical Reports XXIV), two deformation events have occurred on faults at the 
scarp during the past 300 years.
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During the Summer of 1988 we excavated two 50-m-long, 3 1/2-m-deep trenches extend 
ing from the scarp northeast toward the main fault. After logging, a bulldozer cut was 
made to the base of these trenches. A 3 1/2-m-deep backhoe trench was excavated across 
the eastern 25 m of the secondary fault zone from the bottom of the bulldozer cut. This 
exposed a total of 7 m of section. The purpose of the deep trench was to study the geo 
metry of the secondary faults at depth in order to evaluate the possibility that the scarp and 
secondary faults are part of a lateral spread or gravity-induced large shallow landslide. At 
a depth of 6-7 m the dipping fault planes systematically flatten into a shallow-dipping 
slightly irregular detachment that defines a contact between layered peats and an under 
lying massive debris flow. The peats are stretched and highly dismembered at locations 
where the dipping faults flatten. The areal extent and geometry of the detachment is not 
known at present. During FY 89 we will excavate additional deep trenches to trace the 
detachment southwest to the scarp and its major dip-slip faults and northeast to the main 
San Andreas.

Main fault. A stream gully crosses the main fault and exposes a sequence of peats inter- 
layered with stream deposits. The gully is located 10 m north of trench 2, which had been 
excavated in 1986. Based on dating from the trench, the sequence in the exposure is about 
600 years old. It records repeated events and contains three fault traces that break to 
distinct stratigraphic levels. It appears that with additional work we will be able to date 
individual earthquakes and develop information slip rate during the past 600 years.

Reports

09/88
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Earthquake Hazards Studies, Metropolitan Los Angeles- 
Western Transverse Ranges Region

9540-02907

R.F. Yerkes
Branch of Western Regional Geology

345 Mlddlefield Road, MS 975
Menlo Park, California 94025

(415) 329-4946

Investigations and results

1. Historic earthquakes (Yerkes and W.H.K. Lee). Completed preparing,
evaluating, and mapping several hundred single-event fault-plane solutions 
along the 35- x 175-km south boundary zone of the Transverse Ranges 
between Santa Barbara Channel and the San Jacinto fault zone. Solutions 
are mapped on a 1:250,000 topo base that includes fault traces and 
anticlinal axes, showing the ages of rocks involved. Most events are 
reverse/thrust except near the San Jacinto zone, and are poorly associated 
with exposed structures. The azimuth of P axes is relatively constant 
across the map (4°   11°) and agrees with the geodetic strain pattern, 
whereas T axes vary significantly with the change from reverse/ thrust 
regime (a? vertical) to strike slip (a? east-west) near the San Jacinto 
zone. A similar change of a? along the Newport-Inglewood zone near the 
south edge of the map (from vertical on the north to horizontal on the 
south), the wide distribution of reverse/thrust earthquakes and anticlinal 
axes, the 1987 Whittier Narrows thrust sequence well south of the mountain 
front, combine to indicate a band of active north-south crustal shortening 
extends 15-25 km south of the exposed boundary faults. These faults were 
seismically quiet during the 11-year interval analyzed, none are known to 
be associated with large historic earthquakes, and ruptures along them are 
all more than 1,000 years old. The Whittier Narrows thrust sequence is 
attributed to slip on a deep crustal ramp and thrust system in basement 
rocks (Davis and Yerkes, 1988), of which some of the boundary-zone faults 
are the structurally highest elements. The thrust system is inferred to 
root in the San Andreas zone and propagate outward, undercutting and 
isolating the exposed older boundary faults, which then ride piggyback on 
the upper plates of the deeper thrusts. If correct, this interpretation 
implies that seismic risk attributed to the exposed boundary-zone faults 
needs re-evaluation.

Prepared and submitted abstract and journal reports on above topics.

2. Quaternary stratigraphy, chronology, and tectonics, southern California 
region (Sarna-Wojcicki, and Meyer BWRG). This investigation is currently 
focusing on Improvement of age control for Quaternary deposits, and on 
providing age control for studies of neotectonics in southern California 
and elsewhere in the Western Region.

a. Continued investigations reported in vol. XXV of National Earthquake 
Hazards Reduction Program, Summer!es of Technical Reports, March-April 
1988, U.S. Geol. Survey Open-file Report, in press.
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b. Completed analyses of tephra layers that provide age control to 
several studies of fault activity and late Cenozoic tectonism in 
California and other states. These include:

1) A study of the Soda-Avawatz fault zone in southeastern California 
(service work for Alan Cragen, Cal. State, Fresno).

2) A study of Holocene displacement on the Teton Fault, Jackson Lake, 
Wyo. (service work for Ken Pierce, BCRG, Denver).

3) A study of a sequence of late Cenozoic tephra layers from cores in 
Bristol Dry Lake, Mojave Desert, Calif, (continuation of service 
work for Michael Rosen, Univ. of Texas, Austin).

4) A study of a sequence of upper Miocene tephra layers in the
Monterey Formation, Mission Viejo, San Juan Capistrano, southern 
California (coop, work With Hugh Wagner, Costa Mesa, Calif.).

5) A study of a tephra layer displaced along the Hayward fault zone 
in Richmond, west-central Calif, (service work for Dave Wagner, 
Calif. Div. Mines and Geology, Pleasanton, Calif.). Our data 
indicate that this layer correlates with the 6 Ma tuff in the 
Wilson Grove Formation, and provides a new piercing point for 
measuring long-term displacement on the Hayward-Rodgers Creek 
fault zone.

Results of studies 1 through U are currently being evaluated. 

Reports

Adam, D.P., Sarna-Wojcicki, A.M., Rieck, H.J., Bradbury, J.P., Dean, W.E., 
and Forester, R.M., Tulelake, California: the last 3 million years. 
Palaeogeography, Palaeoclimatology, and Palaeoecology, in press.

Davis, T.L., and Yerkes, R.F., 1988, The Whittier Narrows earthquake (M=5.9) 
and its relationship to active folding and thrust faulting along the 
northern margin of the Los Angeles basin (abs.): EOS, vol. 69, p. 260.

Davis, T.L., and Yerkes, R.F., Application of retrodeformable cross sections 
to seismic risk evaluation of the Los Angeles basin: submitted to 
Geology.

Liddicoat, J.C., and Bailey, R.A., 1988, Short paleomagnetic reversal (or 
large excursion) in Brunhes-age lacustrine sediments, Long Valley, 
California. NATO Symposium Volume on Magnetostratigraphy, Newcastle- 
Upon-Tyne, England, in press.

Sarna-Wojcicki, A.M., Meyer, C.E., Nakata, J.K., Scott, W.E., Hill,
B.E., Slate, J.L., and Russell, P.C., 1988, Age and correlation of mid- 
Quaternary ash beds and tuffs in the vicinity of Bend, Oregon. In 
Friends of the Pleistocene, Field Trip Guidebook, in press.

Yerkes, R.F., Levine, Paia, and Lee, W H.K., The south boundary zone of the 
Transverse Ranges and the Tectonic setting of the Whittier Narrows 
earthquakes: submitted to JGR for section on Whittier Narrows earthquake 
sequence.
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A Demonstration Project on
Seismic Risk Assessment and Hazard Mitigation

through Land Use Planning

USGS Grant No. 14-08-0001-G1386

Philip C. Emmi 
Department of Geography

University of Utah
Salt Lake City, Utah 84112

(801)581-5562

Research Objectives
A serious earthquake affecting lives and property along the Wasatch Front is a real possibility . 
Counties and municipalities are well advised to assess the risks and take appropriate action. The 
goal of this study is to compile and translate research on seismic and related geologic hazards in 
Salt Lake County, Utah, into a form which has meaning for public decision makers. Objectives 
include integration of hazards maps into a computer-based geographic information system, 
compilation of mapped data on cultural features, loss estimation, communication of seismic risk 
assessments, and evaluation of mitigation policy options.

Accomplishments and Results
To date, we have collected over ninety data and digital map files. These include boundary files, 
digital maps on seismic and related geologic hazards, digital maps and data files on current and 
projected (2005) population, building inventories and land use, and digital map and data files on 
related elements of the built environment (lifelines, critical facilities, etc.). These are maintained 
on a geographic information system with digital cartographic overlay and analysis capabilities. 
Routine analysis of data files to create profiles of the stock of residential and commercial buildings 
has been one of our more elementary concerns.

The most recent addition to our collection of digital maps is a series of preliminary maps 
showing the volume and distribution of expected loss to residential structures by frame type. 
These maps depict losses with a ten percent chance of being exceeded over ten year, fifty year and 
two-hundred and fifty year time periods. They were produced by a method that combines data on 
building frame type and ground shaking intensity with the appropriate damage function to specify 
the magnitude and location of expected losses. Development of a comparable set of map files for 
commercial structures is now under way.

We have also been working on ways to improve upon maps showing a microzonation of 
Modified Mercalli Intensities with ninety percent exceedance probabilities over ten, fifty and 
two-hundred and fifty year periods. We have focused on two phases of this work - first, 
codifying various methodologies and choosing a subset for implementation and, second, 
addressing related issues which challenge assumptions common to all presently viable 
microzonation methods.

We have documented procedures used to develop earlier maps and sent these for review. 
Reviews have raised issues and produced useful suggestions. We have researched issues raised 
and have prepared a revised set of methodologies. Methods chosen for implementation are now 
being applied, compared and evaluated for external validity. These are based on studies by 
Young et al (1987), King and Tinsley (Tinsley, 1988), Donavan (1982), Krinitzsky and Chang 
(1987), Evernden, Kohler and Clow (1981), Rogers et al (1984) and Brochert, Gibbs and Fumal 
(1979) among others.

Concerns raised by Hill (1988) about the possibility of a bedrock shadowing effect on 
ground motion amplification were considered. Using finite element modeling techniques, Hill 
demonstrated the possiblity that a seismic shadow could be cast by the prism of unconsolidated
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material in Salt Lake Valley on bedrock to the east of the Valley whenever seismic waves 
originated from the west. The shadow effect could provide an alternative explanation for the 
Valley's high amplification factors first reported by Rogers et al (1976: 42-45). Discussions with 
King (1988) and further finite element simulations by Benz and Smith (forthcoming) provide 
some grounds for dismissing this possibility.

While helping to resolving one issue, the study by Benz and Smith raises yet another issues. 
They simulate elastic wave propagation in Salt Lake Valley produced by a slip-dip normal fault 
initiating at» 11.8 km and propagating upward to surface at 45°. Synthetic accelerograms show 
"prominant spectoral amplification restricted to a small zone close to the direction of rupture 
propagation [and thus] demonstrate the importance of near-field directivity on the spectral 
amplification of seismic waves within the basin." Benz and Smith's results suggest that both 
buried and surface faulting on the Salt Lake Segment of the Wasatch Fault would not only 
generate significant ground motion amplification near the valley center (as indicated by King and 
Hayes(1982)) but also cause prominent amplification of ground motion on the benches near the 
valley's east margin close to the surface expression of the Fault. While not yet quantitative, these 
findings underline the fact that our Modified Mercalli Intensity estimates fail at present to properly 
represent the added component of motion due to the focusing of seismic waves along the fault 
plane.

Work on the technical aspects of our database and analysis has limited our contact with local 
land use planners and public officials. However activity of this sort has not been completely 
absent. One team member convened a technical working group containing University Faculty and 
Salt Lake County and UGMS officials to discuss issues relating to MMI mapping. He presented a 
report on MMI mapping and seismic hazard mitigation planning to the Governor's Conference on 
Comprehensive Hazards Reduction (Park City, May 5-6,1988). And he and other team members 
have meet with municipal planners and building officials to discuss project-related issues.
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J.F. Gibbs 
W.B. Joyner

Branch of Engineering Seismology and Geology
U.S. Geological Survey

345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5631 or (415) 329-5640

Investigations

Measurement of seismic velocity and attenuation to determine the effect of local geology on 
strong ground motion and to aid in the interpretation of seismic source parameters.

Results

1. P- and S-wave velocities have been measured in a borehole at Kaiser Quarry near Los 
Altos, California, to a depth of 230 m. The borehole penetrates a thick section of 
Franciscan limestone that is presently being mined at the quarry. Logging was done at 
three orientations of the shear-wave source to investigate the possibility of shear-wave 
anistrophy. Preliminary velocities from a single orientation of the source are 4060 m/s for 
Pand 1340 m/s for S.

2. The new downhole geophone has been fit with a new electronically activated clamping 
mechanism designed by H.-P. Liu and R. Warrick. R. Westerlund has built the system and 
completed bench testing of the mechanism. The new clamping device should provide 
positive coupling and improve data quality.

3. Mission Trails borehole at strong-motion station No. 2 near Gilroy, California, has been 
successfully cleaned to a depth of 194 m. The hole, which extends to bedrock, penetrates 
180 m of Quaternary alluvium that is typical of what is present in many populated areas of 
California. The hole is ideal for the measurement of shear Q because it has plastic casing 
and because it was drilled more than eight years ago, enough time for the alluvium to settle 
firmly around the casing. The new downhole instrument will be field tested and used for 
logging and measuring Q at this location.

Reports

No publications this report period. 9/88
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Investigations

1. Establishment of an instrumented site in Parkfield, California, to monitor pore-pressure 
build-up in a sand undergoing liquefaction and strong ground motion during the predicted 
Parkfield earthquake.

2. Post-earthquake field investigation, including trenching and penetration testing, at lique 
faction sites from the November 23-24, Superstition Hills earthquakes and analysis of the 
Wildlife liquefaction array pore pressure and ground motion records.

3. Subsurface exploration of 1868 and 1906 Coyote Creek (San Jose, CA) liquefaction sites 
to find a location for a south bay liquefaction array.

Results

1. The Parkfield liquefaction array with 14 pore pressure transducers and five three-compon 
ent force-balanced accelerometers was maintained. The primary recording system consists 
of two CRA-1 film recorders^ In May, a GEOS digital recording system was connected to 
five of the transducers to improve the dynamic range of the recording system. The GEOS 
system was triggered on June 18, 1988, by a M=0.6 and the earthquake was recorded on 
three of the pore pressure channels. Laboratory testing of undisturbed soil samples taken 
in November 1987 is presently underway.

2. Measurements at the Wildlife liquefaction array of pore pressures in a silty sand under 
going earthquake-induced liquefaction are providing insight into how a deposit liquefies 
and behaves once liquefied. Analysis of the records reveal a strong dependence of lique 
faction on peaks acceleration, a dependence that is predicted well by conventional engi 
neering methods. The strong-motion and pore-pressure records indicate that the liquefac 
tion process began at 13.6 seconds after the first motion. This time marks the arrival of the
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peak horizontal ground acceleration, a factor of two reduction in the average shear-wave 
velocity to 7.5-m depth, the onset of pore-pressure increase in the liquefying layer, the loss 
of phase coherence between the uphole and downhole acceleration time histories, and the 
divergence of recorded energy in the uphole and downhole accelerograms. The pore-pres 
sure data, however, indicate that lithostatic conditions were not reached until 60 to 90 
seconds, well after the earthquake ended. Although the delay may be an artifact of soil 
disturbance caused by transducer emplacement, the records still permit analysis of the 
behavior of the deposit. Liquefaction began in the upper part of the silty sand and pro 
gressed downward; reconsolidation started at the base of the deposit and worked upward.

Preliminary analysis of site response during the November 23, 1987, M=5.9 indicates a 
linear elastic response. Peak acceleration during this event was 0.13 g.

Post-earthquake penetration testing at the array site suggests that liquefaction did not 
greatly alter the deposit from pre-earthquake conditions. Trenching near the array pro 
duced no evidence for previous liquefaction.

3. Cone and standard penetration testing at 1868 and 1906 liquefaction sites along Coyote 
Creek at the south end of San Francisco Bay discovered the liquefiable layer was a 7-m 
thick channel sand that is confined beneath a 6-m thick finer grained layer. The deposit 
looks feasible for installation of a new liquefaction array.

Reports

Bennett, M.J., 1988, Sand boils and their source beds-November 24, 1987, Superstition Hills 
earthquake, Imperial Valley, California: Association of Engineering Geologists, 31st 
Annual Meeting, p. 38.

Chen, A.T.F., 1988, PETAL3~Penetration testing and liquefaction: an interactive computer 
program: US. Geological Survey Open-File Report 88-540, 34 p.

Chen, A.T.F., 1988, On seismically induced pore pressure and settlement, in, Von Thun, J.L., 
Earthquake engineering and soil dynamics II~recent advances in ground-motion advances: 
American Society of Civil Engineers Geotechnical Special Publication No. 20, p. 482-492.

Pampeyan, Earl H., Holzer, T.L., and Clark, M.M., 1988, Modern failure in the Garlock fault 
zone, Fremont Valley, California: Geological Society of America Bulletin, v. 100, no. 5, p. 
677-691.
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The Implementation of an Earthquake Hazard Mitigation 
Program in Salt Lake County, Utah

Contract Number: 14-08-0001-G1531

Principal Investigators: Gary Madsen, 
Jerald Barnes and Loren Anderson

Utah State University, Logan, Utah 84322 

(801) 750-1233, (801) 468-2061, (801) 750-2775 

Investigations:

Investigations during the last six months have centered around three 
tasks: (1) the assessment of earthquake knowledge, concern, and risk 
reduction priorities of planners and building officials in Salt Lake County 
(Salt Lake Valley); (2) the development of an interview schedule to assess 
public knowledge, concern and the levels of acceptance given to the 
earthquake risk reduction priorities identified by the public officials and 
(3) the collection of relevant materials to be considered for the educational 
program which will be directed toward Salt Lake County community groups.

Results:

Salt Lake County contains twelve municipalities, ten of which have at 
least one planning or building official. Unincorporated areas are served by 
personnel of Salt Lake County government. Twenty-eight officials were 
identified for inclusion in the survey. In the largest governmental units, 
the highest level administrative personnel were identified. Each individual 
was interviewed in person during May and June of 1988. The completion ratio 
was one hundred percent. Among the findings are those which pertain to the 
assessment of three factors: earthquake hazard knowledge, perceptions of 
earthquake risks, and earthquake risk reduction priorities.

Respondents were asked to rank seven causes of damage from potential 
earthquakes in the Salt Lake Valley. They were asked to assign the number 
one to the item with the highest potential for damage and the number seven to 
the item with the lowest potential, with corresponding numbers assigned to 
items between the extremes. The results are presented in Table 1. They 
indicate a high correspondence between the local officials and the scientific 
community (see Christensen, 1987). For example, the problem of ground 
shaking is considered to be the greatest potential hazard based upon 
scientific investigations.

How do local planners and building officials perceive earthquake 
risks? They were asked to indicate how likely it is that there will be an 
earthquake causing widespread and severe damage in the Salt Lake Valley 
during three time periods: writhin the next 100 years, the next 50 years, 
and the next 10 years. The response alternatives were very high, high, 
moderate, low and very low. The results are presented in Table 2.
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These data indicate a great deal of concern about the likelihood of 
future damaging earthquakes affecting the Salt Lake Valley. In the one 
hundred year period, the average approaches the maximum level of very high 
likelihood. Even the shortest time span of ten years yields an average of 
three, corresponding to moderate likelihood.

Respondents were also asked open-ended and fixed alternative questions 
regarding actions they felt should be taken to reduce the risks from 
earthquakes in the Salt Lake Valley. Items receiving the highest overall 
ranks using both methods are presented below. The list is not presented in 
order of importance.

Controlling the location and specific design requirements of new 
hospitals, schools, police facilities and fire stations to better 
prepare for earthquakes.

Strengthening existing hospitals, schools, police facilities and fire 
stations to better prepare for earthquakes.

Informing and educating the public about earthquake hazards -and 
earthquake preparedness.

Providing public officials with earthquake hazard information for use in 
reducing earthquake risks.

Providing public officials with professional technical assistance in 
order to help reduce earthquake risks.

Promoting land use planning which considers earthquake hazard areas.

Adhering to existing earthquake-related building codes, zoning 
ordinances and building inspections.

Adopting uniform earthquake-related building codes, zoning ordinances, 
and building inspections.

Requiring disclosure of the earthquake hazard(s) to real estate buyers.

Encouraging public agency programs which improve emergency responses to 
earthquakes.

Data analyses are continuing on the sample of Salt Lake County planners 
and building officials. The findings in the report indicate that these local 
officials are knowledgeable about earthquake hazards, are concerned about 
earthquake risks, and support specific mitigation policies.

Christenson, G.E., Suggested Approach To Geologic Hazards Ordinances in Utah, 
Utah Geogological and Mineral Survey, Circular 79, 1987.
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Table 1

Rankings of Potential Damage From Earthquake Hazards In
the Salt Lake Valley by Local Government Planners

and Building Officials

Causes of Damage

Ground Shaking
Ground Failure Induced by
Fault Rputure
Landslides and Rockfalls
Tectonic Deformation
Dam Failure
Water Waves

Liquification

Mean of
Ranks

1.52
2.26
3.63
4.04
4.82
5.22
6.52

Standard Deviation
of Ranks

.75
1.13
1.55
1.29
1.39
.94

1.37

Table 2

Perceptions of the Likelihood of a Future Damaging Earthquake In 
The Salt Lake Valley by Local Government Planners and Building Officials

Standard Deviation 
Earthquake Risk Time Period Mean of Risks* of Ranks

How likely do you think it is that 4.64 .62 
there will be an earthquake causing 
widespread and severe damage in the 
Salt Lake valley within the next 
100 years?

How likely do you think it is that 4.18 .77 
there will be earthquake causing 
widespread and severe damage in the 
Salt Lake valley within the next 
50 years?

How likely do you think it is that 3.14 .71 
there will be an earthquake causing 
widespread and severe damage in the 
Salt Lake valley within the next 
10 years?

*Very high was assigned a point value of 5, high = 4, moderate = 3, low = 2 
and very low = 1.
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Earthquake Risk Reduction Practices: 
Puget Sound/Oregon Assessment

14-08-0001-G1535

Peter J. May
Institute for Public Policy and Management

Graduate School of Public Affairs DP-30
University of Washington

Seattle, WA 98195
(206) 543-0190

Objective: This is a study of existing and prospective risk reduction policies and practices at the local 
level within the area designed by the USGS for the Puget Sound/Oregon earthquake hazards 
assessment. The findings from this research will help guide actions that can be taken by local officials 
and design professionals during the implementation phases of the assessment process.

Data Acquisition and Analysis: The first six months of work have been devoted to enumeration of the 
relevant jurisdictions and initial data collection.

Six counties in Oregon and 13 counties in Washington have been selected within which to study risk 
reduction practices. These encompas 97 incorporated cities, 218 school districts, 22 port districts, and 
some 182 related public and private utility districts (water & sewer, gas, electric). Lists of these 
jurisdictions, relevant officials, and functions have been devised to guide interview contact and 
selection.

Interviews have begun with appropriate city and county personnel in chief administrative offices, 
planning offices, building regulation offices, and jurisdiction-owned utilities. Telephone interviews are 
being conducted in the smaller population jurisdictions and in-person interviews are being undertaken 
in the larger jurisidictions.

As interviewing is completed, a database of local risk reduction practices and relevant personnel is 
being compiled.
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Global Digital Network Operations 
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Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
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Albuquerque, New Mexico 87115

(505) 844-4637

Investigations

The Global Digital Network Operations presently consists of 14 SRO/ASRO and 
14 DWWSSN stations. The primary objective of the project is to provide 
technical and operational support to keep these stations operating at the 
highest percentage of recording time possible to provide high-quality 
digital seismic data to the seismic research community. This support 
includes operational supplies, replacement parts, repair service, 
modification of exisitng equipment, installation of systems and on-site 
maintenance, training and calibration. A service contract provides 
technicians to perform on-site maintenance and installations, as well as to 
perform repair-and-test of seismometers and all replaceable units that 
comprise the various network systems. Contract technicians are also 
provided for special projects such as on-site noise surveys, special 
telemetered system installations, system renovations, and evaluation and 
testing of seismological and related instrumentation.

The following on-site station maintenance activity was accomplished:

CHTO - Chiang Mai, Thailand - SRO - Two maintenance visits
ANMO - Albuquerque, New Mexico - SRO - Three maintenance visits
BCAO - Bangui, Central African Republic - SRO - One maintenance visit
MAJO - Matsushiro, Japan - ASRO - One maintenance visit
COL - College, Alaska - DWWSSN - Two maintenance visits
BDF - Brasilia, Brazil - DWWSSN - One maintenance visit
LEM - Lembang, Indonesia - DWWSSN - One maintenance visit

Special Activity:

Streckeisen Seismometer System was installed at Matsushiro, Japan.

Programmer assisted the Data Processing Center in system conversion and 
format standardization, also accompanied Chief, Data Processing Section on a 
trip to China to assist in training at the CDSN data processing center.

One Field Engineer was in China full time during this period assisting in 
maintenance and training of CDSN personnel.

One Field Engineer was assigned full time to the WWSSN Program for testing 
and check-out of heated-pen production units.
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Results

The Global Digital Network continues with a combined total of 27 SRO/ASRO/ 
DWWSSN stations. The main effort of this project is to furnish the types of 
support at a level needed to keep the Global Seismograph Network (GSN) at 
the highest percentage of operational time in order to provide the highest 
quality digital data for the worldwide digital data base.
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U.S. Seismic Network 

9920-01899

Marvin A. Carlson
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

U.S. Seismicity. Data from the U.S. Seismic Network (USSN) are used to 
obtain preliminary locations and magnitudes of significant earthquakes 
throughout the United States and the world.

Results

As an operational program, the USSN operated normally throughout the report 
period. Data were recorded continuously in real time at the National Earth 
quake Information Center's (NEIC) main office in Golden, Colorado. At the 
present time, 120 channels of SPZ data are being recorded at Golden on 
develocorder film. This includes data telemetered to Golden via satellite 
from both the Alaska Tsunami Warning Center, Palmer, Alaska, and the Pacific 
Tsunami Warning Center, Ewa Beach, Hawaii. A representative number of SPZ 
channels are also recorded on Helicorders to give NEIC real-time monitoring 
capability of the more active seismic areas of the United States. In addi 
tion, 15 channels of LPZ data are recorded in real time on multiple pen 
Helicorders.

Data from the USSN are interpreted by record analysts and the seismic read 
ings are entered into the NEIS data base. The data are also used by NEIS 
standby personnel to monitor seismic activity in the United States and world 
wide on a real time basis. Additionally, the data are used to support the 
Alaska Tsunami Warning Center and the Pacific Tsunami Warning Service. At 
the present time, all earthquakes large enough to be recorded on several 
stations are worked up using the "Quick Quake" program to obtain a provi 
sional solution as rapidly as possible. Finally, the data are used in such 
NEIS publications as the "Preliminary Determination of Epicenters" and the 
"Earthquake Data Report."

Development is continuing on an Event Detect and Earthquake Location System 
to process data generated by the USSN. We expect the new system to be ready 
for routine operational use during 1988. At that time, the use of develo- 
corders for data storage will be discontinued. Ray Buland and David Ketchum 
have been doing the developmental programming for the new system. A Micro 
Vax III will be used as the primary computer of the Event Detect and Earth 
quake Location System. POP 11/73's are being used as front ends to off load 
the real-time data collection from the Micro Vax III. A Micro Vax II has
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been procured to serve as a backup to the primary system. The two Micro 
Vaxs share 1.3 gigabytes of disk storage.

Five stations of a pilot VSAT Network have been installed. Three of the 
stations were former RSTN sites at McMinnville, Tennessee, St. Regis Falls, 
New York, and Black Hills, South Dakota, which are now operated by the 
Branch of Global Seismology and Geomagnetism. The fourth site is the first 
prototype National Seismic Network Station at Bergen Park, Colorado, and the 
fifth site is the former AFTAC Array near Boulder, Wyoming. The data is 
transmitted via satellite to a shared Master Earth Station and on to the 
NEIC at Golden, Colorado, via AT&T long lines.
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Earth Structure and its Effects upon Seismic Wave Propagation

9920-01736

George L. Choy
Branch of Global Seismology and Geomagnetism
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Denver Federal Center
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Denver, Colorado 80225
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Investigations

1. Effects of Earth structure on source parameters. We are incorporating 
techniques of analyzing broadband data into the data flow of the NEIC. How 
ever, the accuracy of source parameters extracted from digitally recorded 
data depends on the correct application of propagation corrections to wave 
forms.

2. Use of body wave pulse shapes to infer attenuation in the Earth. In 
previous work we developed techniques to determine the depth- and frequency- 
dependence of attenuation in the Earth. Resolution of this frequency 
dependence requires analysis of a continuous frequency band from several Hz 
to tens of seconds as well as consideration of the contributions of scatter 
ing and slab diffraction to apparent broadening of a pulse. We are now in 
the process of documenting Q for surface events and for events at different 
depths.

3. Use of differential travel-time anomalies to infer lateral hetero 
geneity. We are investigating lateral heterogeneity in the Earth by 
analyzing differential travel times of phases that differ in ray path only 
in very narrow regions of the Earth. Because such phases often are associ 
ated with complications near a cusp or caustic, their arrival times can not 
be accurately read without special consideration of the effects of propaga 
tion in the Earth as well as additional processing to enhance arrivals.

Results

1. The frequency-dependent Q model of Choy and Cormier (1987) has been 
crucial to the practical implementation of some algorithms that are used to 
compute source parameters. It was incorporated into a semi-automated ver 
sion of the algorithm of Boatwright and Choy (1986) for use by the NEIC in 
computing radiated energies of earthquakes with m, >5.8. This Q model also 
provided the crucial attenuation correction in the technique described by 
Choy and Boatwright (1988) which derives acceleration spectrum from far- 
field broadband data.

2. We are attempting to separate intrinsic attenuation from scattering in
waveforms. We synthesize waveforms using a method that simultaneously
models causal attenuation and source finiteness. Under the assumption that
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intrinsic attenuation can be described by minimum phase operators, we can 
attribute discrepancies in the waveforms to scattering.

3. We have developed a source-deconvolution technique that resolves differ 
ential travel times of body waves near cusps and caustics* Application of 
this algorithm to PKP waves sampling the inner core suggests that regional 
velocity variations exist within the upper 200 km of the inner core. The 
regional variations are consistent with those obtained from global inver 
sions of absolute PKP times. We are reading high-quality arrival times of 
PcP and branches of PKP, corrected for propagation effects. This accumula 
tion of data can be used to determine if propagation phenomena have biased 
the catalog data which have been used to derive models of lateral hetero 
geneity.

Reports

Choy, G. L. and Boatwright, J., 1988, Teleseismic and near-field analysis of 
the Nahanni earthquakes in the Northwest Territories, Canada: Bulletin 
of the Seismological Society of America, in press.
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Systems Engineering 

9920-01262

Harold E. Clark, Jr. 
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Albuquerque Seismological Laboratory
Buidling 10002, Kirtland AFB-East

Albuquerque, New Mexico 87115
(505) 844-4637

INVESTIGATIONS

Engineering development and support of the China Digital Seismograph Network 
(CDSN) System 12 and CDSN satellite telemetry design.

Results

CDSN System No. 12 has been assembled and operational testing has been 
completed. CDSN System 12 is being modified to allow satellite telemetry 
hardware and software to be incorporated into CDSN systems. The special 
satellite telemetry functions are now in the operational test phase.

To test the satellite telemetry operations, a special satellite telemetry 
data receiving system has been designed and the hardware assembled to record 
the received seismic data are standard magnetic tape recorders. This will 
allow the seismic telemetry data to be analyzed on the Albuquerque 
Seismological Laboratory VAX computer.

At the completion of the satellite telemetry tests, CDSN System 12 will be 
installed in China, probably in Lhasa.
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Reanalysis of Instrumentally Recorded United States Earthquakes

9920-01901

J. W. Dewey
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. Relocate instrumentally recorded U.S. earthquakes using the method of 
joint hypocenter determination (JHD) or the master event method, using sub 
sidiary phases (Pg, S, Lg) in addition to first arriving P-waves, using 
regional travel-time tables, and expressing the uncertainty of the computed 
hypocenters in terms of confidence ellipsoids on the hypocentral coordin 
ates.

2. Evaluate the implications of the revised hypocenters on regional 
tectonics and seismic risk.

Results

D. W. Gordon has obtained an internally consistent suite of niuLg magnitudes 
for 70 seismic events which have occurred in central and eastern Wyoming 
since 1962. Computation of these magnitudes takes into account region- 
specific values of the coefficient of anelastic attenuation, gamma (Herrmann 
and Nuttli, 1982). These estimates represent the first systematic attempt 
to determine m^Lg in the study area, Wyoming east of longitude 100° W. The 
basic data used in this study, the amplitudes of 1.0-second L waves, were 
read on seismograms from regional WWSSN stations.

To estimate gamma values for individual source-station paths, Gordon first 
determined provisional m, L magnitudes for 20 of the larger earthquakes, 
assuming gammas of 0.10 per deg. for stations east of the Rocky Mountain 
front and values of 0.30 per deg. for stations west of the front. Then, 
using the average provisional magnitudes, he calculated revised gammas for 
each station. This two-step procedure was repeated until successive changes 
in mean gammas for individual stations were about 0.02 per deg. or less and 
the event magnitudes were stable. The resulting gammas are consistent with 
evaluations of anelastic attenuation in the region carried out by other 
methods. These gamma values were then used to determine ni,L2 for the 
remaining events. Measurable 1.0-second Lg waves corresponding to ni^L^ 
greater-than-or-equal-to 3.5 were recorded out to distances of 1500 km in 
the central United States.
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The new m^Lg determinations agree with m^ magnitudes determined from 
teleseismically recorded, short-period P-waves associated with recent earth 
quakes having magnitudes near 5.0. However, the m,L values from this study 
differ significantly from corresponding m, magnitudes based primarily on P- 
waves recorded at distances less than 16 aeg. and reported in seismological 
bulletins in 1962-1978. Comparison of the new %Lg values and m^ magnitudes 
of 25 earthquakes from this period that were not recorded beyond regional 
distances indicates that the tn^L magnitudes average one magnitude unit less 
than the previously accepted m^ magnitudes.

References Cited
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Global Seismology 
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Investigations

1. Depth Phases. Develop procedures for the global analyses of earthquake 
depth phases and source characteristics using broadband seismograms of body 
waves.

2. Earthquake Location in Island Arcs. Develop practical methods to accur 
ately locate earthquakes in island arcs.

3. Subduction Zone Structure. Develop techniques to invert seismic travel 
times simultaneously for earthquake locations and subduction zone structure.

4. Global Synthesis. Synthesize recent observational results on the seis- 
micity of the earth and analyze this seismicity in light of current models 
of global tectonic processes.

Results

1. Depth Phases. Nothing new to report.

2. Earthquake Location in Island Arcs. The distribution in space and time 
of the aftershocks of the May 7, 1986, Andreanof Islands earthquake, MW 8.0, 
has been examined to determine the relation of these events to the patterns 
of seismicity observed prior to this large earthquake. In particular, 
Kisslinger and Engdahl (1988) looked at the aftershock behavior within the 
zone of pronounced quiescence that had been detected with the local seismic 
network, starting some 40 months before the mainshock, and within the tec- 
tonically distinct parts of the seismogenic zone suggested by the pre-event 
and aftershock distributions.

Both the overall aftershock distribution and the clusters of activity agree 
well with the preceding seismicity. Except for one group, the aftershocks 
did not fill in holes in the previous activity. The decay of aftershock 
occurrence was modeled by the Modified Omori relation. For the whole after 
shock set, mb _> 4.7, through 30 April 1987, the p-value is 0.87, with a fa- 
value of 1.27. In the upper thrust plane, where 68.5 percent of the after 
shocks occurred, p=0.93, b=1.3. In the lower thrust plane, active only west
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of the mainshock hypocenter, p=0.72, b=1.7. The low p, high b values sug 
gest that the lower thrust plane is more heterogeneous than the upper. A 
group of strong aftershocks in the upper plate occurred within a short time 
interval and are interpreted as events triggered by the stress redistribu 
tion resulting from the mainshock. The concentration of aftershocks and the 
moment release in the mainshock suggests that the observed quiescence was an 
intermediate-term precursor to this major earthquake.

To evaluate the earthquake hazard from seismic gaps, it is important to 
understand the relationship between seismicity and moment release in great 
earthquakes. Houston and Engdahl (1988) compared the relocated teleseismi- 
cally recorded seismicity before and after the May 7, 1986, Andreanof Is. 
earthquake (Mw=8) to the spatial distribution of seismic moment release 
during the mainshock. Simultaneous iterative inversions of broadband tele- 
seismic GDSN P-waves were performed using the method of Kikuchi and Fukao 
(1985). Fault plane parameters (e.g., strike, dip, depth, and extent of 
fault plane) consistent with regional tectonics and aftershock locations 
were specified. The results of the inversions are spatial and temporal maps 
of moment release on the fault plane. The broadband records used contain 
periods of 3 to 100 seconds, and the total moment found by the inversion is 
only 45 percent of the long-period surface wave moment determined by others. 
Most of the moment found by the inversion coalesces in several regions of 
the fault plane which are interpreted as mechanically strong patches 
(asperities).

Seismicity from January 1964 to April 1987, occurring between 172° and 179° 
was relocated accounting for plate structure. The data set, complete to 
magnitude 4.7, consists of 449 pre- and 266 post-mainshock events. The 
aftershock activity clusters strongly along the main thrust zone, suggesting 
that it delineates and is controlled by structures on or overlying the plate 
interface. Except for a prominent cluster of aftershocks 50 km southwest of 
the mainshock epicenter, the pre-mainshock seismicity clusters in similar 
places as the aftershock seismicity does.

The mainshock asperities tend to occur in regions of the fault plane in 
which no or few aftershocks or preshocks are located. This tendency sug 
gests that asperities in the 1986 Andreanof Is. earthquake resulted from 
strong regions on the fault plane which are homogeneous in strength and 
exhibit little seismicity before or after the mainshock which ruptured them. 
We infer that the asperity regions were locked before the mainshock, while 
the surrounding areas slipped aseismically.

3. Subduction Zone Structure. Seismic moment release along the Aleutian 
Islands subduction zone is entirely dominated by interplate earthquakes 
occurring on the main thrust zone. Ekstrom and Engdahl (1988) used data 
from the Harvard CMT catalog of earthquake focal mechanisms and investigated 
the extent to which slip vectors of individual earthquakes in this zone are 
consistent with the predicted direction of relative motion between the 
Pacific and North American plates. The observations show a large degree of 
scatter, but a trend is clear. Slip vectors are oriented more normal to the 
trench than predicted, indicating a deficit of along-arc plate motion. The
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largest differences (~ 30°) between observed and predicted slip azimuths 
occur around 175° E.

A model of plate interaction in which a portion of the along-arc motion 
occurs as creep along a weak strike-slip shear zone in the upper plate, near 
the volcanic line is proposed. This region has also been the location of 
rare, moderately big (Mg > 6.0) strike-slip earthquakes following both the 
great 1965 Rat Islands and 1986 Andreanof Islands earthquakes. The slip 
vector azimuths in the main thrust zone fit this model well if the amount of 
transcurrent slip occurring in the upper plate is ~ 60 percent of the arc- 
parallel relative plate motion. A consequence of the model and the curva 
ture of the Aleutian Arc is significant along-arc extension of the over 
riding plate between the accretionary wedge and the volcanic line, especi 
ally in the western part of the Aleutian Arc. Between 171° W. and 174° E., 
the model predicts an along-arc extension rate of 25 mm/yr. Calculations 
based on a tectonic model proposed by Geist et al. (1988) for the formation 
of arc summit basins through block rotation and translation, suggest that 
the along-arc extension rate for this portion of the arc since late Miocene 
or early Pliocene may have been at least ~ 15 mm/yr.

4. Global Synthesis. J. W. Dewey has collaborated with S. Y. Schwartz 
(principal investigator), T. Lay, and L. J. Ruff (the latter three at the 
University of Michigan) in a study of the influence of fault plane hetero 
geneity on the seismicity of the southern Kurile Islands arc. The 800-km- 
long arc segment under study broke in 1958-1973 in the course of four great 
earthquakes. Schwartz and Ruff (1987) studied these mainshocks and defined 
localized sources of moment-release, inferred to be asperities, within the 
broader zones spanned by the aftershocks of the earthquakes. The present 
study concentrates on the distribution of moderate and large thrust-fault 
earthquakes with respect to the asperities of the main shocks of 1958-1973. 
Hypocenters of 80 of the smaller earthquakes with mb J> 5.3 and known under- 
thrusting mechanisms were recomputed using the method of joint hypocenter 
determination. The smaller earthquakes occur preferentially around the 
borders of the independently determined mainshock asperities, but few occur 
within the asperities. This observation is consistent with source models in 
which breakage of an asperity substantially releases elastic-strain energy 
accumulated at the site of the asperity but increases elastic-strain energy 
on the margins of the asperity. The relocated hypocenters also imply a 
down-dip increase of moment-release on the plate interface to a maximum at 
depths of 30 to 40 km, just above the 40 to 50 km maximum depth of inter- 
plate seismicity.
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Global Seismograph Network Evaluation and Development
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Albuquerque, New Mexico 87115

(505)

Investigations

Global Seismograph Network (GSN) development.

Results

Most of the activities during the reporting period concerned the joint 
IRIS/USGS program to upgrade the GSN. Results are in the form of a draft 
version of a joint IRIS/USGS Technical Plan for a New Global Seismograph 
Network. The purpose of the Technical Plan is to document specific 
implementation plans for instrumentation, station siting, deployment, 
operation and maintenance, data collection, data management, organizational 
responsibilities, and budget.

562



IV.1

Digital Data Analysis 

9920-01788

Stuart A. Sipkin
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. Moment Tensor Inversion. Apply methods for inverting body phase wave 
forms for the best point-source description to research problems.

2. Other Source Parameter Studies. Apply methods for inverting body phase 
waveforms for distributed kinematic and dynamic source properties.

3. Aftershock Source Properties. Examine mainshock and aftershock source 
properties to study the mechanics of aftershock occurrence.

4. Earthquake Recurrence Statistics. Use earthquake recurrence statistics 
and related parameters to better understand the earthquake cycle and study 
how they can be used for prediction and forecasting purposes.

5. Broadband Body-Wave Studies. Use broadband body phases to study lateral 
heterogeneity, attenuation, and scattering in the crust and mantle.

6. Computation of Free Oscillations. Study the effects of anelasticity on 
free oscillation eigenfrequencies and eigenfunctions.

7. Real-Time Earthquake Location. Experiment with real-time signal detec 
tion, arrival-time estimation, and event location for regional earthquakes.

8. Data Collection Center. Develop a state-of-the-art data collection 
center to handle digital waveform data collection for the next decade.

9. NEIC Monthly Listing. Contribute both fault-plane solutions (using 
first-motion polarity) and moment tensors (using long-period body-phase 
waveforms) for all events of magnitude 5.8 or greater when sufficient data 
exists. Contribute waveform/focal-sphere figures of selected events.

Results

1. Moment Tensor Inversion. A paper listing the moment-tensor solutions 
for 426 moderate-to-large size earthquakes occurring from 1984 through 1987 
has been submitted for publication. A study of the 24 November 1987 
Superstition Hills earthquake and its largest foreshock is in preparation^ 
We find that the foreshock had a depth of 8 km, a scalar moment of 2.3x10 
Nm (MW 6.2) and a best double-couple mechanism of strike 217°, dip 79°, rake
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4° with a non-double-couple componenet of,A percent. The mainshock had a 
depth of 17 km, a scalar moment of 1.0x10 Nm (M 6.6) and a pure double- 
couple mechanism of strike 302°, dip 89°, rake -180°.

2. Other Source Parameter Studies. A journal article on the inversion of 
teleseismic P waveforms for the distribution of fault slip has been pub 
lished. The results suggest that rupture during moderate-to-large earth 
quakes involve a tress and/or strength heterogeneity along the fault sur 
face. The available strong-motion data for the 1985 Michoacan earthquake, 
one of the events studied teleseismically, has been inverted in a similar 
manner to refine the estimate of the slip pattern. The results indicate 
that the distribution of slip is similar to that obtained using teleseismic 
data. In addition, a joint inversion of the strong-motion and teleseismic 
data further constrains the pattern of fault slip.

3. Aftershock Source Properties. A paper comparing aftershock patterns 
following several moderate-to-large size earthquakes with the corresponding 
distributions of coseismic slip has been publicated. Results of the com 
parison indicate that aftershocks occur as a result of a redistribution of 
stress following primary failure on the earthquake fault. Aftershocks occur 
mostly outside or near the edges of the mainshock source regions. This 
reflects either a continuation of slip beyond the limits of mainshock dis 
placement or the activation of subsidiary faults within the surrounding 
volume.

4. Earthquake Recurrence Statistics. Work is underway on applying our new 
probability model to cases where only one recurrence interval is available, 
where the recurrence interval must be estimated from other information, and 
where only paleoseismic information is available. The problem of maximizing 
information by combining diverse data sets is also being examined.

5. Broadband Body-Wave Studies. A study using a high-quality digitally 
recorded broadband data set from the Regional Seismic Test Network has been 
published. Multiple-ScS differential travel times were computed by waveform 
cross-correlation. Estimates of the multiple-ScS attenuation operator were 
obtained using a phase-equalization and stacking technique. For a tectonic 
North America path, we obtain Qo cc of 182±21 over the frequency band 0.017- 
0.117 Hz. In this band, there is no apparent frequency dependence. We find 
that the Aleutian back-arc region and central Alaska is slower and has a 
higher attenuation than the rest of the path. A more detailed study of this 
region is in preparation.

6. Computation of Free Oscillations. An article on the use of variational 
methods in geophysics has been published as a chapter in an lASPEI-sponsored 
book on seismological algorithms.

7. Real-Time Earthquake Location. The station processor for the National 
Seismic Network (NSN) has been redesigned around a 24-bit digitizer. New 
developments have suddenly made this technology economically attractive. 
The network design has been finalized. Procurements for the NSN seismo 
meters, telemetry, network processing system, mass storage, and field pro 
cessing systems have been completed and submitted.
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8. Data Collection Center* The new data collection system is fully opera 
tional in a preliminary configuration. The mass storage device has been 
delivered, and work is commencing to integrate it into the system. Software 
supporting the SEED data exchange format is fully operational and in routine 
use.

9. NEIC Monthly Listing. Since January 1981, first-motion fault-plane 
solutions for all events of magnitude 5.8 or greater have been contributed 
to the Monthly Listings. Since July 1982, moment-tensor solutions and 
waveform/focal-sphere plots have also been contributed. In the last six 
months, solutions for approximately 80 events have been published. A cata 
log of first motion focal mechanisms for 1986-1987 is in preparation. Maps 
showing the regional distribution of first-motion focal mechanisms, moment- 
tensor focal mechanisms, regional seismicity, global CD-ROM data sources and 
distribution, and proposed national seismograph station distribution and 
communication network, have been prepared and presented at various interna 
tional and domestic meetings.
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Seismicity and Tectonics 
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Investigations

Studies carried out under this project focus on detailed investigations of 
large earthquakes, aftershock series, tectonic problems, and Earth struc 
ture. Studies in progress have the following objectives:

1. Use earthquake focal mechanisms and integrative tectonics to infer the 
origins of present-day stresses acting at the proposed Cascadia subduction 
zone (W. Spence).

2. Explore the consequences of the slab pull force acting at the zone of 
plate bending that is downdip of the lower end of an interface thrust zone 
(W. Spence and W. Z. Savage).

3. Provide tectonic setting for and analysis of the 1974 Peru gap-filling 
earthquake (W. Spence and C. J. Langer).

4. Determine the maximum depth and degree of velocity anomaly beneath the 
Rio Grande Rift and Jemez Lineament by use of a 3-D, seismic ray-tracing 
methodology (W. Spence and R. S. Gross).

5. Develop a tectonic model for the Carpathian arc, Romania (G. Purcaru and 
W. Spence).

Results

1. Earthquakes in the Juan de Fuca plate that is subducted beneath the 
State of Washington generally exhibit extensional stresses. These stresses 
are due to the slab pull force, the primary driving force for subduction and 
for shallow, subduction earthquakes. However, the 60 percent slowing of 
Cascadian subduction over the interval 6.5-0.5 m.y.B.P. (Riddihough, Journal 
of Geophysical Research, 1984) suggests that the local slab pull force is 
diminishing in its capability to lead to great subduction earthquakes. Mag 
netic anomaly lineations cannot resolve plate motions for the last 500,000 
years; thus, present-day details of subduction of the Juan de Fuca plate 
must be inferred from recent geologic, tectonic, and seismic data.
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The seismicity of the Cascadia subduction zone (Figure 1) is anomalous when 
compared to other subduction zones. A synthesis of 19 focal mechanisms for 
the zone from Cape Mendocino to the Queen Charlotte fault shows that most of 
the offshore earthquakes are associated with maximum compressive stress axes 
that trend about N-S. Similarly, there is considerable evidence for N-S 
compression in the shallow crust of the overriding North American plate, 
from Cape Mendocino northwards to Vancouver. The fact that the South Gorda 
block is being driven northward suggests that this is the origin of the N-S 
compression in the offshore plate system and that this compression is being 
transmitted into the overriding plate. A discrete-element modeling of 
stresses in the Gorda-Juan de Fuca-Explorer plate system and the overriding 
plate show that N-trending compression arises from the collision of the 
Pacific plate with the Gorda block and Juan de Fuca plate (at the Mendocino 
and Blanco fracture zones). This information suggests that in-plate driving 
forces of the Juan de Fuca plate no longer dominate the Juan de Fuca plate's 
motion and that the cessation of subduction at Cascadia is in progress. 
This unusual subduction environment will complicate estimates of the timing 
and size of future subduction earthquakes at Cascadia.

2. Interface thrust zones typically have dips in the range 8-15°, whereas 
lithospheres that are subducted into the mantle typically have dips in the 
range 40-70°, giving an average dip increase in the mantle of about 45°. 
These dip increases often occur within 40-60 km of plate length. These 
zones of sharp dip increases (slab bends) have not been given much attention 
because generally they lack large earthquakes. This is in sharp contrast to 
the well-studied zones of bending beneath oceanic trenches where there are 
frequent normal-faulting earthquakes. It has been noted by Ruff and 
Kanamori (1983) that great, interface thrust earthquakes terminate their 
downdip ruptures at the updip part of mantle slab bends. Spence (1987) 
showed that the slab pull force is the primary force that causes shallow, 
subduction earthquakes. He also interpreted the mantle slab bends as a 
pivot for the summed slab pull force of the more deeply subducted plate. In 
this study, we model the stress distribution in the mantle slab bend, acting 
under a slab pull load. We find that the observed lack of earthquakes in 
the mantle slab bend is due to ductility there. However, the strength of 
the work-hardened ductile portion of the slab bend is more than sufficient 
to transmit the slab pull load into the shallow subduction zone.

3. The great 1974 Peru thrust earthquake (Mg 7.8, My 8.1) occurred in a 
documented seismic gap, between two earthquakes each with magnitude of about 
8, occurring in 1940 and 1942. Additional major earthquakes occurred in 
this region in 1966 and in 1970; all but the 1970 shock represent thrust 
faulting. The stress release of the October 3, 1974, main shock and after 
shocks occurred in a spatially and temporally irregular pattern. The 
multiple-rupture main shock produced a tsunami with wave heights of 0.6 ft 
at Hawaii and which was observed, for example, at Truk Island and at 
Crescent City. The aftershock series essentially was ended with the occur 
rence of a Mg 7.1 aftershock on November 9, 1974. The several years of pre- 
seismicity data to this earthquake include an unusually clear example of the 
"Mogi donut" pattern.
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4. To a depth of about 160 km, the upper mantle P-wave velocity beneath the 
Rio Grande rift and Jemez lineament is 4-6 percent lower than beneath the 
High Plains Province. A 3-D, P-wave velocity inversion shows scant evidence 
for pronounced low P-wave velocity beneath the 240-km-long section of the 
Rio Grande rift covered by our array. However, the inversion shows a pri 
mary trend of 1-2 percent lower P-wave velocity underlying the northeast- 
trending Jemez lineament, down to a depth of about 160 km. The Jemez linea 
ment is defined by extensive Pliocene-Pleistocene volcanics and late Quater 
nary faults. The upper mantle low-velocity segment beneath the Jemez linea 
ment is at most 100 km wide and at least 150-200 km long, extending in our 
inversion from Mt. Taylor through the Jemez volcanic center and through the 
Rio Grande rift. A Backus-Gilbert resolution calculation indicates that 
these results are well-resolved.

5. A new tectonic model is being developed in which the intermediate and 
shallow deformation at the SE Carpathian arc, Romania, is due to the sinking 
of a continuous tectonic plate that has subducted there.

Reports

Purcaru, G. and Spence, W., 1988, Intermediate- and shallow-depth
deformation at the SE Carpathian arc, Romania, due to sinking of a 
continuous tectonic plate [abs.]: EOS (American Geophysical Union, 
Transactions), in press.

Spence, William, 1988, Anomalous subduction and the origins of stresses at 
Cascadia: Journal of Geophysical Research, submitted.

Spence, William, 1988, Anomalous subduction and the origins of stresses at
Cascadia A review: U.S. Geological Survey Open File Report 88-541, in 
press.
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Figure 1. Cascadia seismicity, 1964-June 1986, for earthquakes of magnitude 
>^5.1. Additional key earthquakes are shown by dates or are indicated by 
focal mechanism solutions. Volcanoes indicated by triangles. For earth 
quake focal mechanisms, directions of greatest compressional stress indi 
cated by convergent arrows for strike-slip earthquakes; directions of 
least compressional stress indicated by divergent arrows for normal-fault 
ing earthquakes. Additional focal mechanism data indicating N-S compres 
sion in central Washington and east of Vancouver are shown by arrows that 
meet. Discrete-element modeling shows that northerly compression through 
out Casacia, shown by shaded bands, is primarily caused by collision of 
the Pacific plate with the Gorda block and Juan de Fuca plate. Geometry 
of ridges and fracture zones, and absolute plate motions for time frame 
ending 0.5 m.y. ago are from Riddihough (1984).
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United States Earthquakes 

9920-01222

Carl W. Stover
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1500

Investigations

One hundred and twenty-six earthquakes in 15 states were canvassed by a mail 
questionnaire for felt and damage data. Fifty one of these earthquakes 
occurred in California and 31 in Alaska. The only damaging earthquakes for 
the period from April 1, 1988, to September 30, 1988, occurred in Utah on 
August 14 and 18. The main shock on August 14, at 20 03 03.3 UTC had a mag 
nitude 5.5 mb (GS) and 5.3 ML (SLC) and was located at 39.196° N., 110.872° 
W. with a restrained depth of 5 km. Hypocenters for earthquakes in the 
United States for a period from April 1, 1988, to September 30, 1988, have 
been computed and published in the Preliminary Determination of Epicenters 
(PDE) Weekly and Monthly Listings.

Results

A preliminary maximum intensity of VI has been assigned to the August 14, 
1988, Utah earthquake. Most of the damage occurred in the area bounded by 
Sunnyside, Wellington, and Ferron, Utah, where damage was in the form of 
cracked chimneys, bricks fallen from chimneys, cracked plaster, cracked 
exterior brick walls, many overturned and fallen objects in homes and 
stores, and some small landslides in the area. A magnitude 4.5 aftershock 
caused additional damage to chimneys.

United States Earthquakes, 1984 (U.S. Geological Survey Bulletin 1862) has 
been completed and sent to the printers. It should be available in about a 
month.

Work is continuing on the history of damaging earthquakes in the United 
States. The earthquake lists are almost complete as well as the description 
of damage to accompany the lists.

The Earthquake Data Base System has been updated through the current weekly 
PDE and through March 1988, Monthly Listing. Data is available on paper, 
tape, or floppy disk.
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Reports

Hauksson, E., Jones, L. M., Davis, T. L., Hutton, K., Brady, G. A.,
Reasenburg, P. A., Michael, A. J., Yerkes, R. F., Williams, P., Reagor, 
G., Stover, C. W. , Bent, A. L., Shakaal, A. K., Ethridge, E., Porcella, 
R., Bufe, C. G., Johnston, M.J.S., and Cranswick, W., 1988, The 1987 
Whittier Narrows earthquake of the Los Angeles Metropolitan Area, 
California: Science, v. 239, p. 1409-1412.
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Worldwide Standardized Seismograph Network (WWSSN)

9920-01201

Russ Wilson
WWSSN Project Chief

Branch of Global Seismology and Geomagnetism
U.S. Geological Survey

Albuquerque Seismological Laboratory
Building 10002, Kirtland AFB-East
Albuquerque, New Mexico 87115

(505) 844-4637

Investigations

1. Technical and operational support was provided to each station in the 
Worldwide Standardized Seismograph Network (WWSSN) as needed and required.

2. One hundred twenty-six (126) modules and components were repaired, and 
one hundred ninty-nine (199) separate items were shipped to one hundred 
three (103) separate locations to support the WWSSN network during this 
period.

Results

A continuous flow of high-quality seismic data from the cooperating WWSSN 
stations within the network was provided to users in the seismological 
community.

WWSSN Maintenance and Calibration Visits:

1. Ponta Delgada, Azores (PDA) - Status not known. Replacement modules and 
parts sent December 30, 1987. Have sent several messages asking the status 
of the PDA WWSSN station. No response except to state that they did receive 
the heated-stylus conversion kits.

2. All other WWSSN stations are fully operational.

Heated-Stylus System for WWSSN Seismograph Networks - During the period of 
April 1988 through August 1988, seventeen (17) heated-stylus conversion kits 
were tested, calibrated and sent to the following WWSSN stations to be 
installed by station personnel:

1. Kodaikanal, India (KOD) - Three LP, One SP
2. Antofagasta, Chile (ANT) - Three LP, One SP
3. Peldehue, Chile (PEL) - Three LP, One SP
4. Grahamstown, South Africa (GRM) - Three LP, One SP
5. Shirari, Japan (SHK) - Three LP, One SP
6. Caracas, Venzuela (CAR) - Three LP, Zero SP 

	(CAR requested no SP)
7. Sanae, Antarctica (SNA) - Zero LP, Three SP
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8. Godhavn, Greenland (GDH) - DWWSSN
9. Copenhagen, Denmark (COP) - Three LP, One SP
10. Danmarkshaven, Greenland (DAG) - Three LP, One SP
11. Chiang Mai, Thailand (CHG) - Three LP, One SP
12. Lemband, Indonesia (LEM) - DWWSSN
13. Weston, Massachusetts (WES) - Three LP, One SP
14. Blacksburg, Virginia (BLA) - Three LP, One SP
15. Springhill, Alabama (SHA) - Three LP, One SP
16. Trinidad, West Indies (TRN) - One LP, One SP 

	(As requested by TRN)
17. Junction, Texas (JCT) - Three LP, One SP

As of September 1, 1988, seventy-two (72) heated-stylus kits have been sent 
to WWSSN stations. To date we have received confirmation that forty-eight 
WWSSN stations have been converted from photographic recording to heated- 
stylus (visual) recording by station personnel. We believe that more have 
been converted and the stations have failed to inform us.
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Seismic Slope Stability 

9950-03391

Edwin L. Harp
Branch of Geologic Risk Assessment

345 Middlefield Road, MS 998
Menlo Park, Ca. 94025

(415) 329-4891

Investi gati ons

Additional statistical analysis was conducted on data from 
the 1980 Mammoth Lakes, California earthquake sequence relating 
rock-mass-quality (Q) and the density of rockfall occurrence for 
92 source areas. The various fracture characteristics that are 
combined to calculate Q were evaluated separately to study, their 
individual influence on the concentration of rockfalls. The 
correlation of Q-values with rockfall density and the grouping of 
the data from the Mammoth Lakes earthquakes is being used to 
establish numerical categories into which to group Q-data from 
rock slopes in the Wasatch Range near Salt Lake City, Utah. The 
categories of Q-values will define susceptibility criteria for 
data gathered from the Wasatch slopes.

Calculations of Arias intensities from strong-motion data 
gathered from the 1987 Whittier, California earthquake continued 
to compare with the limits of landslide occurrence from the 
earthquake. Further analysis and calculation awaits the 
digitization of the remainder of the strong-motion data set.

Results

Evaluations of the separate factors that are combined to 
calculate Q as mentioned above have shown that none of the 
factors are as directly correlated to rockfall concentrations as 
Q itself. Comparisons of combinations of factors with the data 
from the Mammoth Lakes earthquakes have shown that Q, calculated 
from all fracture characteristic factors, was the most correlable 
with rockfall concentrations. Based on the correlation of Q with 
rockfall concentration, a criteria employing the probability of 
rockfall occurrence in an earthquake seems promising and will be 
used to rank the data from slopes in the Wasatch Front near Salt 
Lake City, Utah. The grouping of the Q-value data gathered from 
the slopes near Salt Lake City has been accomplished and 
susceptibi1ity/probabli1ity categories will soon be assigned.

Arias intensities have been calculated for the 9 free-field 
or basement strong-motion stations that have been digitized from 
the U.S.G.S. network that recorded the October 1, 1987, Whittier, 
California earthquake. The intensities (sum of the Arias
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intensity values from the two horizontal components) range from 
2.125 m/s at 10 km from the epicenter to 0.038 m/s at 59 km 
epicentral distance. When the remaining records have been 
digitized, Arias intensities will be calculated and the variation 
throughout the earthquake-affected area will be compared to the 
landslide distribution. From the attenuation relation with 
distance from the seismic source, thresholds will be determined 
for landslides in terms of Arias intensity.

Reports

Kobayashi, Yoshimasa, Harp, Edwin L., Kagawa, Takao, Simulation 
of rockfalls triggered by earthquakes: Engineering Rock 
Mechanics, 35 p., in press.
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Data Processing Section 

9920-02217

John Hoffman 
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Albuquerque Seismological Laboratory
Building 10002, Kirtland AFB-East
Albuquerque, New Mexico 87115

(505) 844-4637

Investigations

1. IRIS/USGS Data Collection Center. The Incorporated Research 
Institutions for Seismology (IRIS) have designated the Albuquerque 
Seismological Laboratory (ASL) to be the data collection center (DCC) for a 
new global network of digitally recording seismograph stations. A new 
computer system has been purchased and installed, a new data format has been 
developed and new code has been written to process the data.

2. Data Management System for the China Digital Seismograph Network. The 
Data Management System located in Beijing is fully operational and is 
producing network-day tapes from data recording by the China Digital 
Seismograph Network (CDSN).

3. Data Processing for the Global Digital Seismograph Network. All of the 
data received from the Global Digital Seismograph Network and other 
contributing stations is regularly reviewed and checked for quality.

4. Network Volume Program. Data from the Global Network stations are 
assembled into network volumes which are distributed to regional data 
centers and other government agencies.

Results

1. IRIS/USGS Data Collection Center. IRIS is planning to install a network 
of 50 or more digital recording seismograph stations around the world during 
the next five years. All of the data from this network will be forwarded to 
the DCC located at the ASL. As part of this program IRIS is funding much of 
the new hardware required by the DCC to process this large amount of data. 
Three Micro Vax II processors complete with approximately 2.5 gigabytes of 
disk memory plus several magnetic tape drives were purchased with IRIS funds 
and installed at the ASL. A new tape format referred to as the Standard for 
the Exchange of Earthquake Date (SEED) was developed at the ASL and will be 
used to record data in the field and to distribute this data in the form of 
network volumes to data users. A detailed report explaining this format has 
been published and is available. An optical/laser jukebox memory system was 
installed in September 1988 and will be used for online storage and also to 
archive the seismic data. During the next several months a satellite 
telemetry system will be installed which will be used to transmit seismic 
data between the DCC and the IRIS data management center which will be
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located at the University of Texas in Austin.

2. Data Management System for the China Digital Seismograph Network. In 
June 1988 a DEC Model RA81 Winchester disk memory system was installed in 
the Data Management Center located in Beijing, China. This unit replaced a 
DEC Model RA60 memory unit which was not satisfactory. Newly modified 
software was also installed and the data processing system is operating very 
nicely. The Chinese are regularly producing network-day tapes which contain 
all of the data recorded by the CDSN for a specific calendar day on one 
tape. Copies of tapes from five of the stations in the network are 
regularly forwarded to the ASL for inclusion into the network-day tape 
program.

3. Data Processing for the Global Digital Seismograph Network. During the 
past six months, 511 digital tapes (151 SRO/ASRO, 281 DWWSSN, 66 CDSN, 13 
IRIS-1) from the Global Network and other contributing stations were edited, 
checked for quality, corrected when feasible and temporarily archived at the 
ASL. The Global Network is presently comprised of 11 SRO stations, 4 ASRO 
stations and 14 DWWSSN stations. In addition, there are nine contributing 
stations which include Glen Almond, Canada, the five stations from the CDSN, 
and three IRIS-1 stations. The IRIS-1 stations are located at Harvard, 
Massachusetts, Pasadena, California, and Kenapapa, Hawaii.

4. Network Volume Program. The network volume program is a continuing 
program which assembles all of the data recorded by the Global Digital 
Seismograph Network plus the various contributing stations for a specific 
calendar day onto one magnetic tape. This tape includes all the necessary 
station parameters, calibration data, transfer functions, and time 
correction information for each station in the network. Copies of these 
tapes are distributed to several university and government research groups 
for detailed analysis. The network-day tape archive at the ASL contains 
tapes for each day beginning January 1, 1980, up to the present. Effective 
January 1, 1988, the format of the network-day tapes was changed to the new 
SEED format previously mentioned in Section 1. The new format was required 
to accommodate the large volumes of data that will become available to the 
seismic community over the next several years as more IRIS stations are 
installed.
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Data Processing, Golden 

9950-02088

Robert B. Park 
Branch of Geologic Risk Assessment

U.S. Geological Survey
Box 250M6, MS 966, Denver Federal Center

Denver, CO 80225
(303) 236-1638

Investigations

The purpose of this project is to provide the day-to-day management and 
systems maintenance and development for the Golden Data Processing Center. 
The center supports Branch of Geologic Risk Assessment with a variety of 
computer services. The systems include a PDP 11/70, a VAX/750, a VAX/780, a 
MicroVAX, and two PDP 11/3^'s. Total memory is 14 mbytes and disk space is 
approximately M G bytes. Peripherals include four plotters, ten mag-tape 
units, an analog tape unit, two line printers, 5 CRT terminals with graphics, 
and a Summagraphic digitizing table. Dial-up is available on all the major 
systems and hardwire lines are available for user terminals on the upper 
floors of the building. Users may access any of the systems through a Gandalf 
terminal switch. Operating systems used are RSX11 (11/34 T s), Unix (11/70), 
RT11 (LSI's) and VMS (VAX's).

Results

Computation performed is primarily related to the Hazards program; however, 
work is also done for the Induced Seismicity and Prediction programs as well 
as for DARPA, ACDA, and U.S. Bureau of Reclamation, among others.

The data center supports research in assessing seismic risk and the 
construction of national risk maps. It also provides capability for 
digitizing analog chart recordings and maps as well as analog tape. Also, 
most, if not all, of the research computing related to the hazards program are 
supported by the data center.

The data center also supports equipment for online digital monitoring of 
Nevada and Colorado Western Slope seismicity. Also, it provides capability 
for processing seismic data recorded on field analog and digital cassette tape 
in various formats.
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National Earthquake Information Service 

9920-01194

Waverly J. Person
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1500

Investigations and Results

The Quick Epicenter Determinations (QED) continues to be available to 
individuals and groups having access to a 300-baud terminal with dial-up 
capabilities to a toll-free watts number or a commercial telephone number in 
Golden, Colorado. The time period of data available in the QED is approxi 
mately 3 weeks (from about 2 days behind real time to the current PDE in 
production). The QED program is available on a 24-hour basis, 7 days a 
week. From April 1, 1988, through September 8, 1988, we have had approxi 
mately 4,329 log-ins. Several new communications links have been estab 
lished on computer networks. The QED's are now transmitted on a daily basis 
to a scientific bulletin board operated by Dr. Francis Wu at the State 
University of New York at Binghamton. This bulletin board is accessible 
worldwide by anyone who is connected to BITNET, a university-based computer 
network. Phase data and epicenter computations are now being exchanged on a 
regular basis via DECNET/SPAN between NEIC and the Istituto Nazionale di 
Geofisica (ING) in Rome and the Centro Cultura Scientifica Ettore Majorana 
(CCSEM) in Erice, Sicily, and via BITNET between NEIC and the Universidad 
Nacional Autonoma de Mexico (UNAM). Data exchange via computer network is 
currently being established via TYMNET between NEIC and the Department of 
Scientific and Industrial Research in New Zealand and the Australian Bureau 
of Mineral Resources. All these network links have been established using 
the GEONET gateways at Menlo Park (SPAN), Denver (TYMNET), and Reston 
(BITNET).

The weekly publication, Preliminary Determination of Epicenters (PDE) con 
tinues to be published, averaging about 100 earthquakes per issue. The QED, 
PDE Monthly Listing and Earthquake Data Report (EDR) are now being run on 
the NEIS VAX/8250, transferred from the VAX 8250.

Telegraphic data are now being received from the USSR on magnitude 6.5 or 
greater earthquakes. We are still having discussions with representatives 
from the Institute of the Physics of the Earth, trying to get data on a 
routine basis. Rapid data exchange with Kathmandu, Nepal, was extremely 
helpful for the recent Napal-India border earthquake of August 20, 1988.

Data from the People's Republic of China via the American Embassy are being 
received in a very timely manner and in time for the PDE publication. We 
continue to receive four stations on a weekly basis from the State Seismo- 
logical Bureau of the People's Republic of China. The Bulletins with addi-
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tional data are now being received in time for the Monthly. Data are now 
being received from New Zealand by computer. Special efforts are being made 
to receive more data from the Latin American countries on a more timely 
basis. We have rapid data exchange (alarm quakes) with Centre Seismologique 
European-Mediterranean (CSEM), Strasbourg, France, and Institute Nazionale 
de Geofisica, Rome, Italy, and Sicily, and data by telephone from Mundaring 
Geophysical Observatory, Mundaring, Western Australia and Japan Meteorologi 
cal Agency (JMA).

The Monthly Listing of Earthquakes is up to date. As of September 30, 1988, 
the Monthly Listing and Earthquake Data Report (EDR) will be completed 
through May 1988. A total of 11,294 events was published for 1987. Total 
number of events published through April 1988 was 4,209. Solutions continue 
to be determined when possible and published in the Monthly Listing and EDR 
for any earthquake having an mb magnitude >_ 5.8. Centroid moment tensor 
solutions from Harvard University continue to be published in the Monthly 
Listing and EDR. Moment tensor solutions are being computed by the U.S. 
Geological Survey and are also published in the above publications. Wave 
form plots are being published for selected events having m^ magnitudes 
>_ 5.8. Beginning with the month of October 1985, depths for selected events 
were obtained from broadband displacement seismograms and waveform plots 
published in the Monthly.

The Earthquake Early Alerting Service (EEAS) continues to provide informa 
tion on recent earthquakes on a 24-hour basis to the Office of Earthquakes, 
Volcanoes, and Engineering, scientists, news media, other government agenc 
ies, foreign countries, and the general public.

Thirty-eight releases were made from April 1, 1988, through September 15, 
1988. In the United States, the most publicized earthquakes were a 
magnitude 5.2 in southern California on July 10, 1988, a 5.4 in central 
California on June 13, a 5.7 on June 27, also in central California, and a 
magnitude 5.5 in Utah on August 14, 1988. The most significant foreign 
earthquakes were a magnitude 7-4 in the Solomon Islands on August 10; the 
largest earthquake in the world so far this year was a magnitude 7.1 on the 
Burma-India border on August 6, and a magnitude 6.5 on the Napal-India 
border on August 20.

Reports

Monthly Listing of Earthquakes and Earthquake Data Reports (EDR); six 
publications from December 1987 through May 1988. Compilers: 
W. Jacobs, L. Kerry, J. Minsch, R. Needham, W. Person, B. Presgrave, 
W. Schmieder.

Person, Waverly J., Seismological Notes: Bulletin of the Seismological 
Society of America, v. 78, no. 2, May-June 1987; v. 78, no. 2, July- 
August 1987; v. 78, no. 3, September-October 1987.

Preliminary Determination of Epicenters (PDE); 26 weekly publications from 
April 7, 1988, Numbers 37-88. Compilers: W. Jacobs, L. Kerry, 
J. Minsch, R. Needham, W. Person, B. Presgrave, W. Schmieder.

Quick Epicenter Determination (QED) (daily): Distributed only by electronic 
media.
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Monthly Listing of Earthquakes January-March 1987 (Microfiche): Seismo- 
logical Research Letters, v. 59, no. 7; April-June 1987, v. 59, no. 
2. Compilers: W. Jacobs, L. Kerry, J. Minsch, R. Needham, W. Person, 
B. Presgrave, W. Schmieder.

Person, Waverly J., "Earthquakes and Volcanoes," v. 19, no. 3, January- 
February 1987, March-April 1987; v. 19 no. M, July-August 1987.
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tional data are now being received in time for the Monthly. Data are now 
being received from New Zealand by computer. Special efforts are being made 
to receive more data from the Latin American countries on a more timely 
basis. We have rapid data exchange (alarm quakes) with Centre Seismologique 
European-Mediterranean (CSEM), Strasbourg, France, and Institute Nazionale 
de Geofisica, Rome, Italy, and Sicily, and data by telephone from Mundaring 
Geophysical Observatory, Mundaring, Western Australia and Japan Meteorologi 
cal Agency (JMA).

The Monthly Listing of Earthquakes is up to date. As of September 30, 1988, 
the Monthly Listing and Earthquake Data Report (EDR) will be completed 
through May 1988. A total of 11,294 events was published for 1987. Total 
number of events published through April 1988 was 4,209. Solutions continue 
to be determined when possible and published in the Monthly Listing and EDR 
for any earthquake having an m, magnitude 2. 5.8. Centroid moment tensor 
solutions from Harvard University continue to be published in the Monthly 
Listing and EDR. Moment tensor solutions are being computed by the U.S. 
Geological Survey and are also published in the above publications. Wave 
form plots are being published for selected events having m, magnitudes 
^5.8. Beginning with the month of October 1985, depths for selected events 
were obtained from broadband displacement seismograms and waveform plots 
published in the Monthly.

The Earthquake Early Alerting Service (EEAS) continues to provide informa 
tion on recent earthquakes on a 24-hour basis to the Office of Earthquakes, 
Volcanoes, and Engineering, scientists, news media, other government agenc 
ies, foreign countries, and the general public.

Thirty-eight releases were made from April 1, 1988, through September 15, 
1988. There were no.-«±^*iJU^atrt-^irTfhq^ra4ie^ 
StaJies.. The most significant foreign earthquakes were a magnitude 7.4 in 
the Solomon Islands on August 10; the largest earthquake in the world so far 
this year was a magnitude 7.1 on the Burma-India border on August 6, and a 
magnitude 6.5 on the Napal-India border on August 20.

Reports

Monthly Listing of Earthquakes and Earthquake Data Reports (EDR); six 
publications from December 1987 through May 1988. Compilers: 
W. Jacobs, L. Kerry, J. Minsch, R. Needham, W. Person, B. Presgrave, 
W. Schmieder.

Person, Waverly J., Seismological Notes: Bulletin of the Seismological
Society of America, v. 78, no. 2, May-June 1987; v. 78, no. 2, July- 
August 1987; v. 78, no. 3, September-October 1987.

Preliminary Determination of Epicenters (PDE); 26 weekly publications from 
April 7, 1988, Numbers 37-88. Compilers: W. Jacobs, L. Kerry, 
J. Minsch, R. Needham, W. Person, B. Presgrave, W. Schmieder.

Quick Epicenter Determination (QED) (daily): Distributed only by electronic 
media.
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Monthly Listing of Earthquakes January-March 1987 (Microfiche): Seismo- 
logical Research Letters, v. 59, no. 7; April-June 1987, v. 59, no. 
2. Compilers: W. Jacobs, L. Kerry, J. Minsch, R. Needham, W. Person, 
B. Presgrave, W. Schmieder.

Person, Waverly J., "Earthquakes and Volcanoes," v. 19, no. 3, January- 
February 1987, March-April 1987; v. 19 no. 4, July-August 1987.
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Seismic Review and Data Services 

9920-01204

James N. Taggart
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 969
Denver, Colorado 80225

(303) 236-1506

Investigations and Results

Technical review, quality control, and photography were carried out on 463 
station-months of seismograms from the Worldwide Standardized Seismograph 
Network (WWSSN). In addition to the original silver halide microfiches, the 
contractor provides one set of silver halide copies for the WWSSN archives 
and diazo copies for the standing orders. The Geological Survey of Canada 
furnishes high-quality filmed seismograms each month from 14 or 15 stations 
of the Canadian Standard Network (CSN). This project is then responsible 
for the duplication and distribution of CSN films which are formatted one 
station-month on a 35mm reel.

Filmed seismograms were supplied at cost to 67 requesters during Fiscal Year 
1988, including 11 standing orders for WWSSN microfiches and two standing 
orders for CSN 35mm microfilm. Altogether, 1,837,700 filmed seismograms on 
404 reels and 94,563 microfiches of various kinds were supplied to the 
requesters. Two contract employees and three part-time USGS employees are 
responsible for this achievement.

The second year of a three-year contract for photography has been completed. 
The duplication and mailing of the final third of the station-month sets for 
the standing orders will be completed about 40 days earlier than during the 
previous fiscal year.

Taggart gave five briefings on the U.S. National Seismograph Network (NSN) 
to university network operators and state geological survey officials. Six 
briefings were given near the end of the previous reporting period. These 
briefings are held at universities throughout the United States. They cover 
the plans, instrumentation, siting, detection thresholds, and status of the 
NSN.

Plans for the resumption of the filming of historical seismograms in the 
next fiscal year call for the test filming of HVO records on microfiches 
using a large flat-bed camera. This camera is not portable, but provides 
much better resolution than the portable cameras used previously.
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Computer and Data Analysis Services 

9920-04151

Madeleine Zirbes
Branch of Global Seismology and Geomagnetism

U.S. Geological Survey
Denver Federal Center

Box 25046, Mail Stop 967
Denver, Colorado 80225

(303) 236-1506

Investigations

1. NEIC Monthly Listing. Contribute waveform data for all events of 
magnitude 5.8 or greater when sufficient data exists.

2. Network Day Tape Support. Develop, distribute, and support FORTRAN 
programs to access network-day tapes and station tapes.

3. SEED Support. Develop, distribute, and support software for the 
Standard for the Exchange of Earthquake Data (SEED) format.

4. Event Tape Production and Distribution. Produce and distribute event 
tapes.

5. Event CD-ROM Production and Distribution. Produce and distribute event 
CD-ROM data.

Results

1. NEIC Monthly Listing. Since July 1982, digital waveform plots have been 
contributed to the Monthly Listings. USGS fault-plane and moment tensor 
solutions, and broadband data have also been incorporated into the focal 
sphere plots.

2. Network Day Tape Support. FORTRAN software to read and extract digital 
data from station tapes (1976-1979) and network-day tapes (1980-1987) has 
been developed and distributed to the research community worldwide. Users 
are supported on a variety of computers.

3. SEED Support. A new Standard for the Exchange of Earthquake Data (SEED) 
has been created and tapes are now being produced and distributed by the 
Albuquerque Seismic Laboratory. FORTRAN software has been developed to read 
and extract the digital data from the SEED tapes, and this software will be 
made available to the research community.

4. Event Tape Production and Distribution. Event tapes have been produced 
from network-day tapes for data from 1980 through 1986 for all events with 
magnitude 5.5 or greater. These tapes are distributed to 25 institutions
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worldwide along with a waveform catalog that provides a visual display of 
the data available for each event.

5. Event CD-ROM Production and Distribution. Data from the event tapes are 
reformatted and sent to a CD-ROM mastering facility for replication. The 
CD-ROMs are being distributed to over 150 universities across the U.S. and 
geophysical research institutes worldwide. Retrieval software has been 
developed for the IBM/PC/AT/386 compatibles and distributed. Menu-driven PC 
software, SONIC, has also been developed for easier access to the digital 
data.

Reports

Zirbes, M., Lishner, J. M., and Moon, B. J., National Earthquake Information 
Center waveform catalog May 1986: U.S. Geological Survey Open-File 
Report 86-6600E.
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National Strong-Motion Network: Data Processing

9910-02757

A.G. Brady 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5664

Investigations

Four significant earthquakes in southern California in 1987 have demanded complete attention of 
the staff in this project. The magnitude ML=5.9 Whittier Narrows earthquake of October 1, 1987 
triggered strong-motion instrumentation at 52 stations operated in the Los Angeles area as part of 
the National Strong-Motion Instrumentation Network (NSMIN). The aftershock of magnitude 
ML=5.3 occurred on October 4, 1987 and triggered 30 of the main shock stations. In the follow 
ing month, on November 24, a magnitude M L=6.6 earthquake occurred at 1315 hr in the Super 
stition Hills area near the southern margin of the Salton Sea and triggered 42 stations. Among 
the 19 earthquakes of magnitude 4 or greater occurring that day, an Ms=6.2 earthquake, at 0154,
triggered 25 stations.

Results

Digitization progresses at a steady rate on the records from triggered stations for the October 1 
event, and processing follows. Specific interest was shown in the records from the Santa Ana 
River Pipeline Bridge. This bridge was retrofitted with base isolation bearings some months 
prior to the earthquake. A detailed assessment of the processed records shows that for this 
earthquake the bearings were not called upon to exert any isolating behavior-the detailed dis 
placements in the longitudinal direction of the bridge at the lower and upper levels of the bearing 
are almost identical, reaching a peak during the strong motion of about 1 mm.

The first record of pore pressure buildup associated with liquefaction and accompanying down- 
hole and surface accelerations was produced during the Ms 6.6 Superstition Hills earthquake on 
November 24, 1987. Comparison of the processed pore pressure and strong-motion records 
permits an estimate of the shear strain at which excess pore pressure developed. At this point, 
horizontal accelerations ranged from 0.17 to 0.21 g, and shear strains were 0.05 percent.
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References

For copies of the records, refer to U.S. Geological Survey Open-File Reports 87-616, 87-672, 
and 88-38 for strong-motion data from the 1 October 1987 Whittier Narrows, 24 November 1987 
Superstition Hills, and 4 October 1987 Whittier Narrows aftershock, respectively.

Reports
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National Strong-Motion Network: Engineering Data Analysis

9910-02760

A.G. Brady and G.N. Bycroft 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5664 or (415) 329-5665

Investigations

Soil Structure Interaction

Studies on fundamental problems of soil structure interaction continue. These studies include the 
development of asymptotic solutions for the impedence functions of a layered elastic half space. 
Such solutions will give a better correlation between theory and the experimental results obtained 
in the Camp Parks experiments.

Differential Spectra

Studies of multi-degree-of-freedom differential spectra continue. An examination of the Hollis- 
ter differential array has shown that rodents have undermined two of the pads supporting the 
accelerographs. These will be repaired by injecting a mixture of bentonite and cement. Calcu 
lations of differential displacements and spectra for the Hollister earthquake, February 20, 1988, 
are complete.

Structural Analysis

Buildings with moderate instrumentation triggering records from the October 1, 1987 Whittier 
Narrows earthquake have been studied. The important modes whose shapes and frequencies 
could be measured from the original records match those seen in the processed data. The pro 
cessed records from the Santa Ana River Pipeline Bridge, where input accelerations are down at 
the 0.05 g level, show that the base isolation bearing with which the bridge had been fitted were 
not asked to perform in their design mode. Longitudinal motion of the central spans reached 
peak values of approximately 1 mm. Processed records from the 33-story, 1100 Wilshire Build 
ing, Los Angeles, whose plan changes from rectangles to triangles at the twelfth floor level, are 
being analyzed within another project: Instrumentation of Structures.
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Reports

Bycroft, G.N., and Mork, P.N., 1988, Differential displacements and spectra of the Hollister, 
California, earthquake of February 20, 1988: U.S. Geological Survey Open-File Report, to 
be completed by September 30, 1988.

Fedock, J.J., 1988, Modal responses of a large earth and rockfill dam: 9th World Conference on 
Earthquake Engineering, Tokyo and Kyoto, Japan.

Brady, A.G., Etheredge, E,, and Porcella, R.L., 1988, A preliminary assessment of the 
strong-motion records from the October 1, 1987, M 5.9, Whittier Narrows, California, 
earthquake: Spectra, v. 4, no. 1, p. 55-74.

Brady, A.G., Mork, P.N., and Seekins, L.C., 1988, Processed strong-motion records-Whittier 
Narrows, California, earthquake, October 1, 1987-Volume 1: USGS-NSMIN stations 
within 15 km of the epicenter: submitted for U.S. Geological Survey Open-File Report 
88-354.
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National Strong Motion Data Center

9910-02085

Howard Bundock 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5621, FTS. 459-5621

Investigations:

The objectives of the National Strong Motion Data Center are to:

Maintain a strong capability for the processing, analysis, and dissemination of all strong motion 
data collected on the National Strong Motion Network and data collected on portable arrays;

Support research projects in the Branch of Engineering, Seismology, and Geology by providing 
programming and computer support including digitizing, graphics, processing and plotting 
capabilities as an aid to earthquake investigations;

Manage and maintain computer hardware and software so that it is ready to process data rapidly 
in the event of an earthquake.

The Center's facilities include a new VAX 8250 and a VAX 11/750 computer operating under 
VMS Version 4.6, a PDF 11/70 running RSX-11M+ and two PDF 11/73 computers. The 
Center's computers are part of a local area network with other branch, OEVE, Geologic Divi 
sion, and ISD computers, and we have access to computers Survey-wide over Geonet. Project 
personnel join other office branches in the support of the OEVE VAX 11/785.

Investigations during the last six months of FY88 included study and preparation for upgrade to 
version 5.0 of VMS operating system software on Branch and Office computers. The project has 
also worked closely with persons involved with the Rolm data communications and also with 
those involved in linking our site to BARNET, the Bay Area Research Network. This link will 
allow access to many Bay Area computer sites and sites throughout the country such as the San 
Diego Supercomputer Center for those scientists needing access to CRAY supercomputers and 
various electronic mail systems. A series of programs was further developed that read Digital 
Elevation Model data and use that data to plot surface contours, fault systems, and earthquake 
hypocenters for definition of fault planes. The project has analyzed existing Branch computer 
resources so that our new, upgradable VAX 8250 could possibly replace older computer tech 
nology is maintenance costs become restrictive. The project continues its support of the OEVE 
VAX 11/785 project. As an ongoing policy, the project has kept its hardware up to current 
revision levels, and operating system, network, and other software at the most recent versions.
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Results:

As a result of these and previous investigations, the project has:

Made ready to upgrade to VMS version 5.0 when other Office computers are ready, so as not to 
affect networks and Local Area VAX clusters,

Met with representatives from ISD to plan connecting to BARNET, and also received training in 
accessing and use of CRAY and other supercomputers at the San Diego Center,

Used a procedure for plotting map features such as fault lines, earthquakes, etc. and a procedure 
for making slides for presentation; elevation data was plotted as color contour plots on our color 
graphics stations, and slides were made to assist geologists studying Superstition Hills and 
Parkfield fault data,

Studied new computer bus, disk, and tape drive technology for choosing the best options for 
keeping our Branch computer systems current,

Managed and maintained the OEVE VAX 11/785 and joined with representatives from other 
Branches in managing the project,

Managed, maintained, updated Branch and Office computer system hardware and software.

Reports:

None.

09/88
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Instrumentation of Structures

9910-04099

Mehmet £elebi 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5623

Investigations:

1. The process of selection of structures to be recommended for strong-motion instrumenta 
tion has continued in Los Angeles, Orange County, northeastern United States (Boston), 
Alaska, Hawaii, and Puget Sound (Seattle) and Puerto Rico. This effort is being extended 
to Salt Lake City.

2. The process to design instrumentation schemes for selected structures has continued. 
Applicable permits for two structures, in San Bernardino, California, and one in Anchor 
age, Alaska, have been obtained. Current efforts are being made to obtain permits for 
structures in Hawaii and Seattle.

3. The process of implementation of instrumentation for those structures for which instru 
mentation schemes have been designed has continued in Boston and in San Bernardino, 
California. The strong-motion recording systems in these buildings are now operational. 
Agreements have been made to instrument Salt Lake City and County Building in co 
operation with the City of Salt Lake City. The building is the first building being retro 
fitted by base isolation. Non-destructive dynamic testing of the building is being carried 
out progressively to evaluate the dynamic characteristics of the building before and after 
being rehabilitated by base isolation. Design of instrumentation schemes for a building in 
Anchorage, Alaska and Boston, Massachusetts, are carried out.

4. The minimal instrumentation in a building in Alhambra, Southern California, is being 
upgraded to contain extensive instrumentation to acquire sufficient data to study complete 
response modes of the building. New digital recording systems are being installed.

5. Agreements have been made with UCLA to convert the wind-monitoring system in the 
Theme Buildings in Los Angeles (previously financed by NSF) into a strong-motion 
monitoring system. Plans are being made to implement the conversion.
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6. Studies of records obtained from instrumented structures are carried out. In particular, the 
records obtained during the October 1, 1987 Whittier Narrows earthquake from the 1100 
Wilshire Finance Building (Los Angeles), the Bechtel Building (Norwalk), and the Santa 
Ana River Bridge (base-isolated) are being investigated.

7. An externally funded project on behalf of International Atomic Energy Agency (IAEA) 
was performed in Lima, Peru. A test reactor was temporarily instrumented to obtain its 
response characteristics.

Results:

1. The report of the Alaska advisory committee for strong motion instrumentation of struc 
tures has been completed and issued as an open-file report.

2. The report of the Los Angeles advisory committee for strong motion instrumentation of 
structures has been completed and issued as an open-file report.

3. The report of the Boston area advisory committee for strong motion instrumentation of 
structures has been completed and issued as an open-file report.

4. The Hawaii committee on strong motion instrumentation of structures has completed its 
deliberations and a draft report is being prepared.

5. A draft of the report of the Puget Sound (Seattle) advisory committee for strong-motion 
instrumentation has been completed.

6. Papers resulting from study of records obtained from structures are prepared.

Reports:

£elebi, M., Bongiovanni, G., Safak, E., and Brady, G., 1988, Seismic response of a large-span 
roof diaphragm (paper accepted for publication in Earthquake Spectra).

Bongiovanni, G., and £elebi, M., and Safak, E., 1987, Seismic rocking response of a triangular 
building founded on sand: Earthquake Spectra, v. 3, no. 4, p. 793-809.

£elebi, M. (coordinator), and others, 1988, Report on recommended list of structures for seismic 
instrumentation in the Boston region: U.S. Geological Survey Open-File Report 88-351.

£elebi, M. (coordinator), and others, 1988, Report on recommended list of structures for seismic 
instrumentation in the Los Angeles region: U.S. Geological Survey Open-File Report 
88-277.
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£elebi, M. (coordinator), and others, 1988, Report on recommended list of structures for seismic 
instrumentation in Alaska: U.S. Geological Survey Open-File Report 88-278.

£elebi, M., 1988, On seismic monitoring of structures with particular reference to base-isolated 
structures: Proc., International Seismic Isolation/Historic Preservation Symposium, Salt 
Lake City, Utah, May 11-14, 1988.

£elebi, M., 1988, Seismic monitoring of structures: a necessary element of urban earthquake 
hazards reduction programs: Second U.S.-Japan Workshop on Urban Earthquake 
Hazards Reduction, July 28-30, 1988, Shimuzu, Japan.
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A Tale of Two Earthquakes

9910-04428 

Thomas C. Hanks

Branch of Engineering, Seismology, and Geology
U.S. Geological Survey

345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5634 or FTS 459-5634

Investigations

Geologic, seismologic, and engineering studies of the earthquake sequences beginning October 
1, 1987, at Whittier Narrows and November 23, 1987, at Superstition Hills, California.

I. Whittier Narrows

A. Each of the three principal events of this sequence (1 October 1987, M=5.9; 4 
October 1987, M=5.3; and 20 February 1988, M=5.0) yielded significant collections 
of strong-motion accelerograms, in both "free-field" and structural settings. These 
are presented in U.S. Geological Survey Open-File Reports 87-616, 88-38, 88-357, 
and 88-354.

B. A unique set of 21 channels of strong-motion data was obtained for the mainshock at 
1100 Wilshire, Los Angeles. This specially instrumented structure has an approxi 
mately square floor plan for the first 12 storeys but is triangular from the 13th floor 
to the 32nd. These data appear in U.S. Geological Survey Open-File Report 87-616.

C. Aftershock seismograms were obtained in three major deployments of the GEOS 
systems, recording both velocity sensors and force-balanced accelerometers. The 
first deployment was a typical aftershock spread, emphasizing colocation with 
existing strong-motion accelerographs; the second involved six units in Millikan 
Library at Cal Tech, three on the roof and three in the basement; and the third study 
involved closely spaced units in Whittier, California, where most of the damage was 
sustained. Highlights of these data are summarized in the Mueller et al. (1988) 
Open-File Report that that will have been released by the time this statement is 
published.

D. Geologic investigations revealed no evidence of surface faulting.
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II. Superstition Hills

A. A major effort, in conjunction with several university groups, was undertaken to 
map the surface faulting generated by the Elmore Ranch earthquake along north 
east-trending faults and by the Superstition Hills earthquake along the Superstition 
Hills fault. Afterslip measurements of quadrilaterals deformed by it continue to the 
present.

B. Each of the principal earthquakes of this sequence wrote numerous strong-motion 
accelerograms in and around the Imperial Valley. These data are presented in U.S. 
Geological Survey Open-File Report 87-672. Processing of these data continues as 
of this writing.

C. With the exception of one piezometer, the Wildlife Liquefaction Array performed 
flawlessly, five years after installation, providing the scientific and engineering 
communities with the first simultaneous measurements of uphole/downhole ground 
motion and pore-pressure time histories at a site undergoing massive liquefaction.

D. The GEOS recording devices were deployed at 21 stations in the Imperial Valley, 
mostly for the purposes of determining site response at existing strong-motion 
accelerograph stations and investigating topographic amplification phenomena 
associated with Superstition Mountain.

Significant Results

Analysis of these data for both earthquake sequences will continue for years. Even at the present 
time, however, some preliminary results are available, as described below. Interested readers 
should consult the list of abstracts and publications that conclude this report for more details.

I. Whittier Narrows

This moderate earthquake caused a surprising amount of damage, in part the result of its 
location in a densely inhabited urban area and in part the result of unusual amplification in 
the town of Whittier. The location of the earthquake and the absence of surface faulting 
focused attention on blind-thrust mechanisms of earthquake occurrence. Analysis of 
GEOS data is now proceeding to determine what features of the strong ground motion are 
related to site effects and what features are related to source properties. The study of the 
motion at Millikan Library at very small amplitude (aftershock excitation) reveals that 
much can be learned about structural dynamics without the necessity of capital investment 
for permanent recording devices. The records at 1100 Wilshire should allow the motions 
of this highly unusual structure to be investigated at a level of detail only rarely available.
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II. Superstition Hills

In terms of the richness of the processes at work and the completeness of the available data 
sets, U.S. scientists and engineers have not enjoyed earthquakes like these since at least the 
time of the 1971 San Fernando earthquake. These earthquakes presented us with two 
firsts: the activation of conjugate faulting sets, one being a garden-variety, strike-slip, 
northwest-trending fault (Superstition Hills fault) so typical of the San Andreas system, 
and the other being a set of northeast-trending faults nearly orthogonal to it; and the first 
simultaneous measurements of ground motion and pore-pressure at a site that liquefied 
massively during the second earthquake-but not the first.

Reports

Acosta, A., Nielson, J., and Switzer, J., 1988, Strong-motion data from the Whittier Narrows 
aftershock of February 11, 1988: U.S. Geological Survey Open-File Report 88-357, 27 p.

Andrews, M.C. Dietel, C., Noce, T., Sembera, E., and Bicknell, J., 1988, Preliminary analysis of 
digital recordings of the Superstition Hills aftershock sequence: Seismological Research 
Letters, v. 59, no. 1, p. 49.

Andrews, M.C., Dietel, C., Noce, T., Sembera, E., and Bicknell, J., 1989, Digital seismograms of 
the Superstition Hills. California, aftershock sequence: November 24 to December 8, 
1987: U.S. Geological Survey Open-File Report 89-___ , in preparation.

Bennett, Michael J., 1988, Sand boils and their source beds-November 24, 1987, Superstition 
Hills earthquake, Imperial Valley, California [abs.]: National Meeting of the Association 
of Engineering Geologists, October 16-21,1988, Kansas City, Missouri.

Boatwright, John, Budding, Karin E., and Sharp, Robert V., 1989, Inverting measurements of 
post-seismic slip on the Superstition Hills fault zone: Bulletin of the Seismological Society 
of America, Special Section, in press.

Bonamassa, Ornella (Istituto Nazionale di Geofisica, Rome, Italy) and Mueller, Charles, 1988, 
Source and site-response spectra from the 1987 Whittier Narrows, California, aftershock 
seismograms: Seismological Research Letters, v. 59, no. 1, p. 23.

Brady, A.G., 1988, An engineering assessment of the structural records from the USGS-main- 
tained strong-motion stations-Whittier Narrows, October 1, 1987: Seismological Re 
search Letters, v. 59, no. 1, p. 23.

Brady, A. Gerald, Etheredge. E.G., and Porcella, R.L., 1988, A preliminary assessment of the 
strong-motion records from the October 1, 1987 M5.9 Whittier Narrows, California, 
earthquake: submitted to Spectra, EERI.
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Brady, A.G., Mork, P.N., and Seekins, L., 1988, Processed strong-motion records, Whittier 
Narrows, California, earthquake October 1, 1987-Volume I: USGS-NSMIN stations 
within 15 km of the epicenter: U.S. Geological Survey Open-File Report 88-354, 277 p.

Brady, A. Gerald, Etheredge, Edwin C, Porcella, Ronald L., Mork, Peter N., and Seekins, Linda 
G, 1988, United States Geological Survey's records and processing from the Whittier 
Narrows, California, earthquake of October 1, 1987: 9th World Conference of Earthquake 
Engineering, Tokyo, Japan, August 2-10, 1988.

Budding, K.E., and Sharp, R.V., 1988, Surface faulting associated with the Elmore Desert Ranch 
and Superstition Hills, California, earthquakes of 24 November 1987: Seismological 
Research Letters, v. 59. no. 1, p. 49.

Celebi, M., Brady, A.G., and Krawinkler, H., 1987, Preliminary evaluation of structures: Whit 
tier Narrows earthquake of October 1, 1987: U.S. Geological Survey Open-File Report 
87-621,31 p.

Dietel, C., Glassmoyer, G., Bonamassa, O., Mueller, C., Noce, T., Sembera, E., and Spudich, P., 
1987, Digital recording of the aftershocks of the October 1, 1987 Whittier Narrows, 
California, earthquake: American Geophysical Union Fall Meeting, December 1987, San 
Francisco.

Etheredge, E., and Porcella, R., 1987, Strong-motion data from the October 1, 1987 Whittier 
Narrows earthquake: U.S. Geological Survey Open-File Report 87-616, 64 p.

Etheredge, E., and Porcella, R., 1988, Strong-motion data from the magnitude 5.5 (ML) Whittier
Narrows aftershock of October 4, 1987: U.S. Geological Survey Open-File Report 88-38, 
32 p.

Frankel, A., and Wennerberg, L., 1988, Rupture process of the November 24, 1987 Superstition 
Hills earthquake determined from strong-motion recordings: Seismological Research 
Letters, v. 59, no. 1, p. 48.

Frankel, Arthur, and Wennerberg, Leif, 1989, Rupture process of the Ms 6.6 Superstition Hills
earthquake determined from strong-motion recordings: application of tomographic source 
inversion: Bulletin of the Seismological Society of America, Special Volume, in press.

Hanks, T.C., Borcherdt, R.D., Celebi, M., Mueller, C.S., and Beck, J.L., 1987, The motion of 
Millikan Library at very small amplitudes during the October 1987 Whittier narrows, 
California, earthquake sequence: American Geophysical Union Fall Meeting, December 
1987, San Francisco.

599



V.I

Hauksson, Egill, Jones, Lucile M, Davis, Thomas L., Hutton, L. Katherine, Brady, A. Gerald, 
Reasenberg, Paul A., Michael, Andrew J., Yerkes, Robert F., Williams, , Patrick, Reagor, 
Glen, Stover, Carl W.. Bent, Allison L., Shakal, Anthony K., Etheredge, Edwin, Porcella, 
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to Science.
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Whittier Narrows earthquake of October 1, 1987: Seismological Research Letters, v. 59, 
no. 1, p. 24.

Porcella, R., Etheredge, E., Maley, R., and Switzer, J., 1988, Strong-motion data from the 
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Geological Survey Open-File Report 87-672, 56 p.

Sharp, Robert V., 1989, Pre-earthquake displacement and triggered displacement on the Imperial 
fault associated with the Superstition Hills earthquake of 24 November 1987: Bulletin of 
the Seismological Society of America, Special Volume, in press.

Sharp, Robert V., and Saxton, John L., 1989, Three-dimensional records of surface displacement 
on the Superstition Hills fault zone associated with the earthquakes of November 24, 1987: 
Bulletin of the Seismological Society of America, Special Volume, in press.

Sharp, R.V., Budding, K.E., Boatwright, J., Ader, M.J., Bonilla, M.G., Clark, M.M., Fumal, T.E., 
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Structural Response in Support of National 
Strong Motion Program

9910-02759

Erdal Safak, Mehmet Celebi, A. Gerald Brady, and Richard Maley 
Branch of Engineering Seismology and Geology

U.S. Geological Survey 
345 Middlefield Road, MS 977 
Menlo Park, California 94025 
(415) 329-5648, FTS 459-5648

Investigations

1. Implementation of structural instrumentation and design of instrumentation schemes for 
structures selected by instrumentation advisory committees.

2. Develop methodologies and computer software to analyze ground motion and structural 
vibration recordings.

3. Develop methodologies to estimate response spectra from seismological models of ground 
motion.

4. Continue on site response studies and structural damage correlation during the 3 March 
1985 Chile earthquake.

5. Continue on structural characteristic evaluation during the 19 September 1985 Mexico 
earthquake.

6. Testing of the Salt Lake City and County building, which is the first building in the world 
to be retrofitted by base isolation.

Results

1. As part of structural response study efforts through strong-motion instrumentation, and in 
accordance with recommendations of committees, two new structures are now instrument 
ed. These are the 1100 Wilshire Building (33 stories) in Los Angeles and the Charleston 
Place Building (8 stories) in Charleston, South Carolina. A complete set of data has been 
obtained from the 1100 Wilshire Building during the October 1, 1987, Whittier Narrows 
earthquake.

2. A computer program is being developed to identify source and site amplification of 
earthquake motions from ground motion recordings, and frequency, damping, and mode 
shapes of buildings from the ambient and earthquake vibration recordings.
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3. A method based on the random vibration theory has been developed to estimate response 
spectra from seismological models of ground motion. Also, a simpler model that uses only 
four parameters of the ground motion has been introduced for response spectra.

4. After the 3 March 1985 Chile earthquake (Ms=7.8), and as a result of observation of
damages on ridges, as well as alluvial and sandy sites, site response studies were con 
ducted. The results showed that there were topographical and geological amplification and 
these two factors contributed to the patterns of responses observed during post-earthquake 
surveys. In addition, data obtained from structures are being studied.

5. Approximately 15 structures in Mexico City were tested in January 1986. Some of these 
structures were tested in 1962 also. Studies are being finalized on the changes of dynamic 
characteristics of these structures.

5. Prior to installation of base isolaters, a set of vibration data from the building was obtained 
in September 1987 during a nuclear explosion test at the Nevada test site. Another set will 
be obtained after the base isolaters are installed.

Reports

Safak, E., and Boore, D.M., 1988, On low-frequency errors of uniformly modulated, filtered, 
white-noise models for ground motion: Earthquake Engineering and Structural 
Dynamics, v. 16, no. 3, p. 381-388. (April, 1988).

Safak, E., 1988, Stochastic system identification in structural dynamics, Probabilistic Methods in 
Civil Engineering (Spanos, P.D., ed.): ASCE Specialty Conference on Probabilistic 
Mechanics, and Structural and Geotechnical Safety, Proceedings, VPI and State Univer 
sity, Blacksburg, Virginia, May 25-27, 1988, p. 269-272.

Celebi, M., Safak, E., and Mueller, C., 1988, Use of weak motions to quantify site amplification 
[abs.]: ASCE Engineering Mechanics Division Specialty Conference, VPI and State 
University, Blacksburg. Virginia, May 23-25, 1988.

£elebi, M., Bongiovanni, G., Safak, E., and Brady, G., 1988, Seismic response of a large-span 
roof diaphragm (paper accepted for publication in Earthquake Spectra).

Bongiovanni, G., and £elebi. M., and Safak, E., 1987, Seismic rocking response of a triangular 
building founded on sand: Earthquake Spectra, v. 3, no. 4, p. 793-809.

£elebi, M., Brady, G., and Krawinkler, H., 1987, Preliminary evaluation of structures: Whittier 
Narrows earthquake of October 1, 1987: U.S. Geological Survey Open-File Report 
87-621.
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£elebi, M. (coordinator), and others, 1988, Report on recommended list of structures for seismic 
instrumentation in the Los Angeles region: U.S. Geological Survey Open-File Report 
88-277.
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£elebi, M., 1988, Topographical amplification-a reality?: to appear in Proc. 9th. World Confer 
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STRONG-MOTION INSTRUMENTATION NETWORK 
DESIGN, DEVELOPMENT, AND OPERATIONS

9910-02764, 9910-02765 

Ed Etheredge, Dick Maley, and Ron Porcella

Branch of Engineering Seismology and Geology
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5667

Investigations

The Strong-Motion laboratory, in cooperation with federal, state, and local agencies and advisory 
engineering committees, designs, develops, and operates an instrumentation program in 41 states 
and Puerto Rico. Program goals include: (1) recording of potentially damaging ground motion 
in regional networks, and in closely spaced sensor arrays; and (2) monitoring the structural 
response of buildings, bridges and dams using sensors placed in critical locations. The present 
coordinated network consists of approximately 1,000 recording units installed at 600 ground 
sites, 27 buildings, 5 bridges, 56 dams, and 2 pumping plants.

New Instrumentation

A 15-channel structural instrumentation system was installed in Tang Hall, a 24-story student 
dormitory located on the campus of MIT in Cambridge, Massachusetts. The building, con 
structed of reinforced concrete with shear walls, was selected by the USGS Structural Instru 
mentation Advisory Committee for the Boston region as one of several in the region that would 
be appropriate for structural response studies during a strong local earthquake. Five accelero- 
graphs were installed in the building: one each on the 12th and 24th floors and three in a tripartite 
arrangement in the basement. The instrumentation scheme was designed to record the first few 
translational modes as well as rocking (no significant torsional response is expected).

A ground station was established in Sterling, Virginia, 20 miles west of Washington, D.C.

The $300,000 upgrading of the Sacramento District Corps of Engineers modest strong-motion 
instrumentation program has been completed. Work completed includes the installation of: 25 
modern accelerographs to replace obsolete models, numerous solar panels and time code gener 
ators, and small fiberglass housings for instrument shelters.
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Recent Earthquake Records.

LIVERMORE AREA EARTHQUAKES OF APRIL 10, 1987 (ML = 3.6) and OCTOBER 22, 
1987 (ML = 4.4).
Recorded by accelerographs located at the top and bottom levels of the six-story reinforced 
concrete Veterans Administration Hospital. Peak acceleration at the roof level was 0.19 g for the 
second earthquake. A minor set of records was obtained from the toe and crest of nearby Del 
Valle Dam, a facility of the California Department of Water Resources.

TRES PINOS EARTHQUAKE OF FEBRUARY 20, 1988 (near Hollister, CA).
An ML = 5.3 earthquake on February 20, 1988, 0839 G.m.t., triggered the Hollister Differential
Ground Motion Array. Twenty-one channels of data were recorded with maximum acceleration
of0.17g.

ALUM ROCK EARTHQUAKE OF JUNE 13, 1988 (near east San Jose, CA). 
Eight accelerograph stations were triggered by the ML = 5.4 Alum Rock earthquake. Four of 
these stations had been installed only recently as part of the Calaveras Fault Array. A maximum 
ground acceleration of 0.10 g was recorded.

SOUTHERN CALIFORNIA EARTHQUAKE OF JUNE 26, 1988 (near Upland, CA). 
This small earthquake (ML = 4.5) triggered nine instruments (36 data channels); seven of which 
recorded accelerations greater than 0.10 g. The San Antonio Dam crest station recorded 0.26 g 
and 0.48 g horizontal motion and 0.33 g vertically. Two other accelerograph data sets are of 
noted interest; the Weymouth Filter Plant accelerogram from the top of a large water tank and the 
Live Oak Reservoir accelerogram with 15 data channels installed on the reservoir embankment.

OTHER EARTHQUAKES
Numerous small amplitude accelerograms have been recorded from unidentified or small local
earthquakes.

09/88
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General Earthquake Observation System (GEOS) 
GEOS Analysis and Playback Systems (GAPS)

9910-03009

Gary L. Maxwell and Roger D. Borcherdt 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5618 or (415) 329-5619

Investigations

1. Development, construction, and deployment of a portable, broad band, high-resolution 
digital data acquisition capability (GEOS) for seismology and engineering applications.

2. Development of mini- and micro-computer systems (hardware and software) (GAPS) for 
retrieval, processing, and archival of large volumes of digital data.

3. Development of hardware and software components to improve functionality, versatility, 
and reliability of digital data acquisition and retrieval systems.

4. Investigations of current and new computer and electronics technologies with applications 
in the field of low-power, general purpose, seismic data acquisition systems.

Results

Design features and modifications to the General Earthquake Observation System (GEOS) 
incorporated or being investigated during this report period with assistance from M. Kennedy, J. 
Sena, C. Dietel, E.G. Jensen, and J. VanSchaack include:

1. Final testing has been completed for a low-power data buffer capable of storing up to one 
million digital samples of seismic data, to be used in fifty-five GEOS units under con 
struction, for use in extreme environments or in applications requiring a large pre-event 
memory window.

2. Field testing is underway of new software modules to be incorporated into all GEOS 
systems, including the following new features: "watchdog" support function to detect 
system failures and perform recovery actions; programmable triggering algorithm designed 
to detect long-period teleseismic ground motion using digital signal processing techniques, 
including Finite Impulse Response filtering methods; support for communications with
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remote GEOS locations utilizing standard RS232 protocols to examine system status and 
change operating parameters; support for one-way communications via GEOS satellite to 
determine system status; improved system time synchronization functions with external 
time standards, such as NBS WWVB radio, to provide more accurate timing for seismic 
data; and additional improvements to error detection and recovery. Programmability by 
field operators to improve data quality, using higher density memory modules for con 
taining GEOS software components.

3. Design and testing of a low noise, solid state, gain switchable broad range amplifier 
module, which if successful, can be utilized in future instrumentation.

Reports Utilizing Data Recorded by GEOS and Processed by GAPS

No reports published during this period. Several reports by other projects are in progress which 
utilize data recorded by GEOS and processed by GAPS.

09/88
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Physical Constraints on Source of Ground Motion

9910-01915

DJ. Andrews 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5606

Investigations

Implications of fault geometry for earthquake mechanics.

Modeling closure of rough surfaces in contact.

Results

A boundary integral method in two-dimensional plane strain to model interacting frictional 
surfaces in quasistatic equilibrium was reformulated in a second order approximation, in order to 
calculate stress interaction at fault junctions more accurately. Numerical modeling has shown 
that a fault junction provides a natural realization of barrier and asperity models without appeal 
ing to arbitrary variations of fault strength.

Slip at a triple junction of faults will produce a volume change at the junction. The energy 
absorbed due to the volume change is proportional to the slip increment times the total past slip 
at the junction. The energy absorbed at a new junction is a small fraction of the energy released 
by slip on the fault system, but after a number of earthquakes the junction becomes a strong 
barrier to further slip. Although slip occurs more easily on old rupture surfaces than on fresh 
fractures, the changing barrier strength of junctions requires that there be some fresh fracture in 
earthquakes. Fresh fracture on a small fraction of the surface that slips could provide the in 
stability needed to explain earthquakes.

A numerical relaxation method is being developed to model the closure of rough surfaces of two 
elastic half spaces pressed together. This will be used as a tool in future investigations.

Reports

DJ. Andrews, 1988, Stress interaction at fault branches, in Scwartz, D. and Sibson, R., eds., 
Proceedings of Workshop on Fault Segmentation and Controls of Rupture Initiation and 
Termination: US. Geological Survey Open-File Report, in preparation.
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Anelastic Wave Propagation

9910-02689

Roger D. Borcherdt 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5619

Investigations:

Interpretation of colocated measurements of sealer volumetric strain and vectorial seismic 
displacement fields to infer additional characteristics of anelastic seismic wave fields.

Results:

Exact anelastic solutions incorporating inhomogeneous waves were used to numerically model 
5-1 and P waves incident on the free surface of a low loss anelastic half-space. Anelastic 
free-surface reflection coefficients were computed for the volumetric strain and displacement 
components of inhomogeneous wave fields. For the problem of an incident homogeneous 5-1 
wave in Pierre shale, the largest strain and displacement amplitudes for the reflected P wave is 
elliptical (minor/major axis = 0.6), the specific absorption (QP' ! ) is greater (300 percent) and the
velocity is less (25 percent) than those for a corresponding homogeneous P wave, the direction of 
phase propagation is not parallel to the free surface, and the amplitude of the wave shows a 
significant increase with depth (6 percent in one wavelength). Energy reflection coefficients 
computed for this low loss anelastic model show that energy flow due to interaction of the 
incident and reflected waves reach maxima (30 percent of the incident energy) near large but 
non-grazing angles of incidence, for the problem of an incident homogeneous P wave in Pierre 
shale, the inhomogeneity of the reflected S wave is shown not to contribute to significant vari 
ations in wave field characteristics over those that would be expected for a homogeneous wave. 
Examples of simultaneous volumetric strain meter and seismometer measurements are used to 
derive single-station estimates of free-surface reflection coefficients for P and S waves.

Reports

Borcherdt, R.D., 1988, Volumetric strain in relation to particle displacements for body and 
surface waves in a general viscoelastic half-space, Geophys. J. R. astr. Soc., 93, 215-228.
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Borcherdt, R.D., Johnston, M.J.S., Glassmoyer, G., and Myren, D., 1988, Observations of 
anelastic free-surface reflection coefficients using borehole volumetric strain meters, 
Seismol. Res. Lett., 59, 27.

Borcherdt, R.D., Glassmoyer, G., and Johnston, M.J.S., 1988, An exact anelastic model for the 
free-surface reflection of P and S-I waves as detected by volumetric strain meters and 
seismometers, submitted Bull. Seismol. Soc. Am.

(See project (Borcherdt, 9910-02089) for related reports.) 
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Ground Motion Prediction for Critical Structures

9910-01913

D. M. Boore 
W. B. Joyner

Branch of Engineering Seismology and Geology
U. S. Geological Survey 

345 Middlefield Road, MS 977 
Menlo Park, California 94025

Investigations:

1. Study the source scaling of earthquakes in the Northwest Territories of Canada. 

Results:

Spectral ratios of P-waves from a suite events occurring near the Nahanni River in 
the Northwest Territories of Canada have been studied. Spectral ratios were computed 
using Western Canadian Telemetered Network (WCTN) data and data from the short 
period channels of the Global Digital Seismic Network (GDSN). Included in the data were 
WCTN records of the large event that occurred in March, 1988. Seismic moments were 
estimated from comparison of long period GDSN data. The spectral ratios were compared 
to theoretical predictions. The source scaling found from the Nahanni events was compared 
with the scaling found by Choy and Boatwright for intraplate events.

The seismic moments found by the relative scaling of SV and Love waves on the long 
period GDSN seismograms were similar to one another, and furthermore the moments 
agreed with those events for which centroid moment tensor solutions were published. This 
gives us confidence that the moment determinations are robust and that focal mechanism 
differences will not produce an appreciable bias in the determinations. Given the moments, 
more detailed analysis of the spectral ratios can be made than was possible in other studies 
using the spectral ratio technique to study source scaling. We found that a wide range 
of models, characterized by different high-frequency decay of the spectra and different 
dependencies of corner frequency on moment, could equally well fit the ratios. The 
implied ground motions for this range of models were quite dissimilar. Assuming that 
Choy and Boatwright's acceleration spectrum for the reference (largest) earthquake, which 
they derived from teleseismic data, is correct, we used our ratios to derive approximations 
of absolute acceleration spectra for the events. We found that none of the models that 
we had fit to the spectral ratios agreed either in shape or level with the derived absolute 
spectra. We are currently exploring the ramifications of this important finding.
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Reports:

Boore, D. M. (1987). Quantitative ground motions estimates, Proceedings Symposium 
on Seismic Hazards, Ground Motions, Soil-Liquifaction and Engineering Practice 
in Eastern North America, National Center for Earthquake Engineering Research 
Technical Report NCEER-87-0025, 248-258.

Boore, D. M. (1988). The Richter scale   Its development and use for determining 
earthquake source parameters, Physics of the Earth and Planetary Interiors, (in press).

Boore, D. M. and G. M. Atkinson (1988). Spectral scaling of the 1985 Nahanni, Northwest 
Territories, earthquakes (abstract), Seismological Research Letters 59, 45.

Boore, D. M. and G. M. Atkinson (1987). Notes on the prediction of ground motion and 
response spectra at hard-rock sites in eastern North America, Proceedings, Earthquake 
Ground-Motion Estimation in Eastern North America (R. K. McGuire and J. F. 
Schneider, eds), Electric Power Research Institute NP-5875, 16-1 - 16-16.

Hutton, L. K. and D. M. Boore (1987). The ML scale in southern California, Bull. Seism. 
Soc. Am. 77, 2074-2094.

Joyner, W. B. and D. M. Boore (1988). Measurement, characterization, and prediction 
of strong ground motion, Proc. Earthquake Engineering and Soil Dynamics II, GT 
Div/ASCE, 43-102.

§afak, E. and D. M. Boore (1988). On low-frequency errors of uniformly modulated 
filtered white-noise models for ground motions, Earthquake Engineering and Struct. 
Dynamics 16, 381-388.
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Velocity and Attenuation Measurements 
in Engineering Sesimology

9910-02413

Hsi-Ping Liu 
Branch of Engineering Seismology and Geology

UT S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5643

Investigations

1. Computation of zero-offset vertical seismic profiles including near-field effects for 
a horizontal point force acting (1) in an anelastic whole-space and (2) on the surface of 
an anelastic half-space. The results have been applied to the investigation of shear-wave 
pulse broadening due to anelasticity in the seismic near-field.

2. Construction and installation of one borehole seismometer in the Kaiser- 
Permanente quarry located in Cupertino, California, for USGS Project 9930-01173 
"Microearthquake Data Analysis". The borehole seismometer contains three orthogonal 
geophones having natural period of 0.5 s. The horizontal gepphones are leveled to 0.1°, 
which is necessary to avoid nonlinear response and asymmetrical clipping.

Results

1. Synthetic seismograms as described in Item 1 under Investigations are required 
for data interpretation of seismic anelastic-attenuation measurements by the pulse rise- 
time method, using an artificial source. Case (1) is applicable to the inhole configuration, 
in which source and receivers are placed in the same borehole within a subsurface rock 
layer such that reflections from the boundaries arrive later than the first extremum in the 
seismograms; case (2) is applicable to the downhole configuration for measurements in 
near-surface rock or sediment. Impulse responses including the near-field term have been 
obtained for accurate calculation of pulse rise times. For a horizontal point force acting 
in a whole-space, the Fourier transform of the corresponding elastic impulse response 
can be evaluated in closed form. Applying the correspondence principle and substituting 
the elastic velocities by the complex velocities determined from a linear anelastic model, 
the Fourier transform of the anelastic impulse response is obtained. For the case of a 
half-space, the Fourier transform of the elastic solution cannot be evaluated in a closed 
form; a different approach is adopted. Through transformation of variables, the elastic 
impulse response is put in a form such that the Fourier transform of the corresponding 
anelastic impulse response can be evaluated numerically for any given angular frequency. 
A numerical example using U(t) - sin(27r50tf), where U(t) is the unit step function, as 
source time function gives the following results: at distances less than one wavelength, 
shear-wave pulse broadening due to anelasticity is reduced significantly by the near-nela 
term. Comparing the two cases, the reduction is higher for case (2).

2. The borehole seismometer has been fabricated and pressure tested in a pressure 
vessel in our laboratory. It has been calibrated and installed in a 220-m deep Borehole 
drilled in highly deformed limestone beds in the Kaiser-Permanente quarry located in 
Cupertino, California.

Reports

Liu, H.-P., 1988. Effect of source spectrum on seismic attenuation measurements using the 
pulse-broadening method: Geophysics, in press.
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Liu, H.-P., 1988, Computation of Zero-offset Vertical Seismic Profiles Including Near-field 
Effects for a Horizontal Point Force Acting (1) in an Anelastic Whole-space and (2) 
on the Surface of an Anelastic Half-space: abstract submitted to the AGU 1988 fall 
meeting.
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Seismic Properties of the Carbonate Accumulation Layer 
in Quaternary Fans: Potential for Macroscopic Dating Technique

9910-04193

Hsi-Ping Liu 
Branch of Engineering Seismology and Geology

U. S. Geological Survey
345 Middlefiekf Road, MS 977
Menlo Park, California 94025

(415) 329-5643

Investigations

Calcareous soils found in alluvial fans cut by normal faults have been used to determine 
the ages and amounts of Quaternary faulting (e.g., Machette, 1978). "Soils age, and hence 
fault ages, can be calculated by measuring the total pedogenic calcium carbonate content 
in a section of buried paleosols and by using an independently established maximum soil 
formation rate." Carbonate cementation also increases the shear rigidity of the soil; the 
product of shear rigidity and thickness of a paleosol is likely proportional to the length of 
period of tectonic stability during which the soil layer was exposed at the surface. The 
research objective of this project is to determine the shear rigidity of calcareous soils of 
known age by seismic methods using the shear-wave generator developed by Liu et al. 
(1988). The shear rigidity determined by the seismic methods will be correlated with the 
thickness and the known age of the paleosols.

Results

Contacts have been made with Western Technologies, a geotechnical firm in Abu- 
querque, New Mexico, regarding drilling a 25-m hole for downhole shear-wave velocity 
measurements in the Llano de Abuquerque at a site studied by Machette (1978). The 
work has been temporarily suspended because of a shortage of branch operating funds.

Reference Cited

Liu, H. P., R. E. Warrick. R. E. Westerlund, J. B. Fletcher, and G. L. Maxwell, 1988, 
An air-powered impulsive shear-wave source with repeatble signals: Bulletin of the 
Seismotogical Society of America 78, p. 355-369.

Machette, M. N., 1978, Dating Quaternary faulting in the southwestern United States by 
using buried, calcic paleosols, Journal of Research, U.S. Geological Survey, 6, p.369- 
381.
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Strong Ground Motion Prediction in 
Realistic Earth Structures

9910-03010

P. Spudich 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5654

Investigations

1. Interpolation of empirical Green's functions (aftershocks) of the 1986 North Palm 
Springs, California, earthquake for use in analysis of the main shock recordings.

Results

1. Empirical Green's functions (EGFs) are being used extensively to simulate the ground 
motions expected from large earthquakes, and they are beginning to be used in inversions 
of ground motions to obtain the rupture characteristics of observed earthquakes. Such 
studies are commonly limited because only a sparse set of EGFs are available for the fault 
in question. We have developed a method for interpolating between observed EGFs. 
More specifically, we addressed the following question: Given recorded ground motions 
from a set of earthquakes having known locations and mechanisms in some volume, can 
we derive the ground motions that would result from an earthquake source occurring 
somewhere in the same volume but having a location and mechanism that are different 
from all the recorded events? Although many factors will cause two distinct micro- 
earthquake sources to have different seismograms at a common station, in this work we 
concentrate only upon the differences caused by the variation of incidence angle of the 
seismic waves upon the site. We specifically ignore the effects of waves scattered from 
heterogeneities in the geologic structure away from the seismic site. Our approach is to 
allow the site impulse response to exhibit a a combination of isotropic, monopolar, and 
dipolar dependences upon incidence angle. Each of these is allowed to be an independent 
function of time. Given a set of seismograms observed at the site, we set up a linear 
system of equations that can be solved for the time dependences of each of the isotropic, 
monopolar, and dipolar terms. The linear system is solved using a tomographic method 
that employs Chebyshchev acceleration to speed convergence. Once the solution time 
series are obtained it is straightforward to use them in a forward calculation to calculate 
the seismograms that would have resulted from an earthquake having arbitrary mechan 
ism and location. This step is the interpolation. We have applied this technique to 
seismograms from aftershocks of the 1986 North Palm Springs earthquake in California.
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These seismograms were recorded by portable digital recorders located 0 to 30 km from 
the aftershocks. Our interpolation technique worked fairly well within the volume 
occupied by the recorded events, but the method is not very successful at providing an 
accurate seismogram for a hypothetical earthquake source located well outside the 
aftershock volume. The primary causes if the inaccuracy are the likely scattering of 
seismic waves by geological heterogeneities away from the seismic station, and the 
inadequacy of our chosen angular functions to model the site response fully. Additional 
errors are caused by poor knowledge of the observed earthquakes' moments and mech 
anisms. Our inversion and interpolation methods could easily be used in principal to 
determine the effects of single scattering from lateral heterogeneities in geologic struc 
ture, although the computational burden would be much greater.

Reports

Miller, David P., and Spudich, P., 1988, Seismic site effects and the spatial interpolation of 
empirical Green's functions: EOS, Transactions, American Geophysical Union, in press.

09/88

617



V.2

Deep Continental Studies Potpourri 
in Engineering Seismology and Geology

9910-04189

Ray Weldon 
Branch of Engineering Seismology and Geology

U.S. Geological Survey
345 Middlefield Road, MS 977
Menlo Park, California 94025

(415) 329-5658

Investigations

1) North Branch of the San Andreas fault, Santa Ana Canyon. The project is funded by the 
Army Corps of Engineers to determine the activity of the North Branch, which passes a 
few 100 meters from their proposed Seven Oaks Dam across the upper Santa Ana River.

2) Geologic setting of the DOSECC Cajon Pass hole. The project is jointly funded by NSF 
and the Survey to better characterize the geologic setting of the Cajon Pass well by map 
ping, core characterization, paleontology, and integration of the geological and geophysical 
observations.

Results

1) Army Corps Project: Several exposures were excavated across the fault where it is crossed 
by the Santa Ana River Valley. In one exposure, two strands of the fault were found to 
offset a Pleistocene strath terrace, overlying fluvial gravel and a colluvial cap. This was a 
surprise because previous studies had inferred that the strath was not displaced, based on 
its constant height above the active wash across the fault zone. The combined displace 
ment of the two faults yields little net vertical separation, whereas each fault has several 
meters of vertical separation and obvious facies differences across it. It is therefore 
tentatively inferred, pending more study, that the sense of displacement across the zone is 
strike slip.

Ten soil pits have been described and collected on the offset terrace and the terraces 
immediately above and below it by Les McFadden and Bruce Harrison of the University of 
New Mexico. Laboratory work is being carried out. The field descriptions suggest that 
the offset terrace is on the order of 50,000 years old; which is basically consistent with its 
geomorphic position and other estimates of the age of similar terraces in the Transverse
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Ranges. C-14 samples have been submitted to help date the younger terraces. The soils are 
somewhat unusual in that their development is heavily influenced by colluvium shed off 
the very steep hillslopes. To determine the effect of this process on the inferred ages of the 
surfaces, Bruce Harrison is also describing soils on terraces close to steep slopes in Cajon 
Pass, where the age and soil development are better understood.

2) DOSECC Project: Mapping near the well has demonstrated that the local structure is more 
complex than previously believed. In particular, a tight anticline-syncline pair that trends 
north to northwest parallel to the nearby Squaw Peak fault passes right through the drill 
site. It probably overlies a basement reverse fault, related to the Squaw Peak thrust, that is 
responsible for the difference in depth of various sedimentary and plutonic units recogniz 
ed in both the DOSECC and earlier ARKOMA wells. Ongoing mapping in the area will 
lead to a better understanding of the late Miocene compressional deformation that is 
principally responsible for the complexity in structure near the well and should eventually 
lead to better cross-sections through the area.

Preliminary analysis of core and cuttings from the DOSECC hole suggest that the lowest 
sedimentary unit (referred to as a "mystery unit") encountered in the well is not the Mio 
cene Crowder Formation as had been speculated from the cuttings and geophysical logs 
from the ARKOMA well. The leading candidate for this unit is the top of member 3 of the 
Miocene Cajon Formation, which would suggest that the fault between it and the overlying 
Cajon Formation is quite minor. However, the mystery unit bears some similarities with 
continental facies of the Oligocene Vaqueros Formation, which outcrops in the area. 
Microvertebrate fossils recovered from cuttings of the mystery unit have been examined by 
Bob Reynolds of the San Bernardino County Museum (the local microvertebrate expert). 
A key species suggests member 3 of the Cajon Fan, but other fossils make an Olisocene 
age possible. More work on recovered fossils is underway.

Work is also underway to integrate the geophysical observations with the local geology. 
One of the most interesting results so far from the project is that the stress orientation in 
the well is most consistent with the Cleghorn fault, the closest active fault to the well, and 
not the San Andreas fault, which is 4 km away, suggestive of a highly variable stress field 
near the San Andreas fault. In Weldon and Springer we place the stress orientation in a 
regional context derived from secondary faulting. We have assisted Art Lachenbruch's 
group in developing an uplift and erosion history of the well site to correct the heat flow 
observations for these surficial effects.

Reports

Weldon, R.J., and Springer. J.E., 1988, Active faulting near the Cajon Pass well, southern 
California; implication tor the stress orientation near the San Andreas fault: Geophysical 
Research Letters, in press.

619



V.2

Liu, W., Weldon, R.J., and Kirschuink, J.L., 1988, Paleomagnetism of sedimentary rocks from 
and near the DOSECC Cajon Pass well, southern California: Geophysical Research 
Letters, in press.

Pezard, P.A., Weldon, R.J.. Anderson, R.N., Wilkinson, C.R., and Oilier, G.R., 1988, Constraints 
on a structural model for the sedimentary section at the Cajon Pass scientific drill site, 
California: Geophysical Research Letters, in press.

Reynolds, R.E., and Weldon. R.J., 1988, Vertebrate paleontologic investigation, DOSECC "deep 
hole" project, Cajon Pass, San Bernardino County, California: Geophysical Research 
Letters, in press.

10/88

620



INDEX 1 

INDEX ALPHABETIZED BY PRINCIPAL INVESTIGATOR

Algermissen, S. T. 
Alien, C. R. 
Alien, C. R. 
Alien, R. V. 
Anderson, R. E. 
Andrews, D. J. 
Arabasz, W. J. 
Atwater, B. F.

Bakun, W. H. 
Ballantyne, D. 
Beavan, J. 
Beavan, J. 
Beavan, J. 
Berger, J. 
Birkeland, P. W. 
Boatwright, J. 
Bock, Y. 
Bonilla, M. G. 
Boore, D. M. 
Borcherdt, R. D. 
Borcherdt, R. D. 
Bourgeois, J. 
Brady, A. G. 
Brady, A. G. 
Brown, R. D. 
Buchanan-Banks, J. 
Bucknam, R. C. 
Bufe, C. G. 
Bull, W. B. 
Bundock, H. 
Burford, R. 
Burford, S. S. 
Butler, H. M. 
Byerlee, J. D. 
Byerlee, J. D.

Campbell, R. H. 
Carlson, M. A. 
Castle, R. O. 
Celebi, M. 
Chan, W. W. 
Choy, G. L. 
Choy, G. L. 
Choy, G. L. 
Clark, H. E. 
Clark, M. M. 
Clough, G. W.

M,

	Page
U.S. Geological Survey 439
California Institute of Technology 1
California Institute of Technology 282
U.S. Geological Survey 181
U.S. Geological Survey 443
U.S. Geological Survey 608
University of Utah 5
U.S. Geological Survey 116

U.S. Geological Survey 283
Kennedy/Jenks/Chilton 516 
Lament-Doherty Geological Observatory 182 
Lamont-Doherty Geological Observatory 183 
Lamont-Doherty Geological Observatory 285
University of California, San Diego 286
University of Colorado 117
U.S. Geological Survey 53 
Massachusetts Institute of Technology 189
U.S. Geological Survey 119
U.S. Geological Survey 611
U.S. Geological Survey 292
U.S. Geological Survey 609
University of Washington 121
U.S. Geological Survey 587
U.S. Geological Survey 589
U.S. Geological Survey 123
U.S. Geological Survey 445
U.S. Geological Survey 124
U.S. Geological Survey 446
University of Arizona 8
U.S. Geological Survey 591
U.S. Geological Survey 295
U.S. Geological Survey 199
U.S. Geological Survey 549
U.S. Geological Survey 382 
U.S. Geological Survey . 384

U.S. Geological Survey 513
U.S. Geological Survey 551
U.S. Geological Survey 448
U.S. Geological Survey 593
Teledyne Geotech Alexandria Labs 450
U.S. Geological Survey 59
U.S. Geological Survey 208
U.S. Geological Survey 553
U.S. Geological Survey 555
U.S. Geological Survey 126
Virginia Polytechnic Institute 454

621



Crone, A. J. 
Crosson, R. S. 
Crosson, R. S. 
Currey, D. R.

Darienzo, M. 
Dewey, J. W. 
Dieterich, J. H. 
Diment, W. H.

Emmi, P. C. 
Engdahl, E. R. 
Espinosa, A. F. 
Etheredge, E. 
Evans, B. 
Evernden, J.

Fletcher, J. B.

Galehouse, J. S. 
Gibbs, J. F. 
Gladwin, M. T.

Haimson, B. C. 
Hall, N. T. 
Hall, W.
Hamburger, M. W. 
Hanks, T. C. 
Harding, S. T. 
Harp, E. L. 
Hart, G. C. 
Hauksson, E. 
Heaton, T. H. 
Hebenstreit, G. T. 
Helmberger, D. V. 
Herring, T. A. 
Hill, D. P. 
Hoffman, J. P. 
Holzer, T. L. 
Hushmand, B.

Irwin, W. P.

Jacoby, G. C. 
Jachens, R. 
Jensen, E. G. 
Johnston, M. J. S. 
Jones, L. M. 
Julian, B. R.

U.S. Geological Survey 518
University of Washington 11
University of Washington 55
University of Utah 457

Oregon State University 128
U.S. Geological Survey 556
U.S. Geological Survey 385
U.S. Geological Survey 521

University of Utah 539
U.S. Geological Survey 558
U.S. Geological Survey 462
U.S. Geological Survey 604 
Massachusetts Institute of Technology 388
U.S. Geological Survey 390

U.S. Geological Survey 210

San Francisco University 302
U.S. Geological Survey 542
University of Queensland 309

University of Wisconsin 392
Earth Sciences Associates 145
U.S. Geological Survey 13
Indiana University 61
U.S. Geological Survey 596
U.S. Geological Survey 465
U.S. Geological Survey 574
Englekirk & Hart, Inc. 523 
University of Southern California 66
U.S. Geological Survey 214 
Science Applications International Co. 467 
California Institute of Technology 70
Harvard University 218
U.S. Geological Survey 219
U.S. Geological Survey 576
U.S. Geological Survey 543 
Earth Technology Corporation 470

U.S. Geological Survey 74

Lamont-Doherty Geological Observatory 149
U.S. Geological Survey 315
U.S. Geological Survey 220
U.S. Geological Survey 316
U.S. Geological Survey 221
U.S. Geological Survey 393

622



Kanamori, H. 
Kanamori, H. 
Keller, E. A. 
King, C. -Y. 
King, K. W. 
Kirby, S. H. 
Kisslinger, C. 
Kisslinger, C. 
Klein, F. W. 
Knuepfer, P. L. K, 
Koesterer, C.

Lahr, J. C. 
Lajoie, K. R. 
Langbein, J. 
Langer, C. J. 
Lee, W. H. K. 
Lee, W. H. K. 
Lester, F. W. 
Levi, S. 
Levine, J. 
Leyendecker, E. V. 
Lienkaemper, J. J, 
Lienkaemper, J. J. 
Lindh, A. G. 
Liu, H. -P. 
Liu, H. -P.

Machette, M. N. 
Madole, R. F. 
Madden, T. R. 
Madsen, G. 
Maxwell, G. L. 
May, P. J. 
McCalpin, J. 
McEvilly, T. V. 
McEvilly, T. V. 
McKeown, F. A. 
Mortensen, C. E. 
Mueller, C. S.

Namson, J. S. 
Nelson, A. R.

Obermeier, S. F. 
Olsen, B. C. 
Oppenhe imer, D. H.

Park, R. B. 
Park, S. K. 
Pavlis, G. L.

California Institute of Technology 225 
California Institute of Technology 321
University of California, Santa Barbara 153
U.S. Geological Survey 228
U.S. Geological Survey 472
U.S. Geological Survey 396
University of Colorado 15
University of Colorado 76
U.S. Geological Survey 230
State Univ. of New York, Binghamton 399
U.S. Geological Survey 232

U.S. Geological Survey 17
U.S. Geological Survey 154
U.S. Geological Survey 327
U.S. Geological Survey 82
U.S. Geological Survey 23
U.S. Geological Survey 334
U.S. Geological Survey 24
Oregon State University 157
University of Colorado 233
U.S. Geological Survey 475
U.S. Geological Survey 85
U.S. Geological Survey 86
U.S. Geological Survey 336
U.S. Geological Survey 613
U.S. Geological Survey 615

U.S. Geological Survey 478
U.S. Geological Survey 483 
Massachusetts Institute of Technology 235
Utah State University 545
U.S. Geological Survey 606
University of Washington 548
Utah State University 486
University of California, Berkeley 87
University of California, Berkeley 347
U.S. Geological Survey 525
U.S. Geological Survey 354
U.S. Geological Survey 491

Davis & Namson Consulting Geologists 140
U.S. Geological Survey 492

U.S. Geological Survey 96
Bruce C. Olsen 528
U.S. Geological Survey 239

U.S. Geological Survey 578
University of California, Riverside 242
Indiana University 97

623



Perkins, J. A. 
Person, W. J. 
Peterson, J. 
Power, M. S. 
Prescott, W. H.

Qamar, A.

Reasenberg, P. A, 
Reilinger, R. E. 
Reimer, G. M. 
Rice, J. R. 
Robertson, E. C. 
Ross, D. C. 
Rudnicki, J. W. 
Rymer, M. J.

Safak, E. 
Sass, J  H  
Sato, M. 
Savage, M. K. 
Savage, M. K. 
Schwartz, D. P. 
Schwartz, D. P. 
Segall, P. 
Sharp, R. V. 
Shaw, H. R. 
Sieh, K. 
Silverman, S. 
Simpson, D. W. 
Simpson, R. W. 
S ims, J. D. 
Sipkin, S. A. 
Smith, R. B. 
Somerville, P. 
Spence, W. 
Spence, W. 
Spudich, P. 
Spudich, P. 
Stauder, W. V. 
Stein, R. S. 
Stewart, S. W. 
Stone, D. B. 
Stover, C. W. 
Stuart, W. D. 
Swanson, M. T. 
Sylvester, A. G.

U.S. Geological Survey 102
U.S. Geological Survey 579
U.S. Geological Survey 562
Geomatrix Consultants 498
U.S. Geological Survey 248

University of Washington 500

U.S. Geological Survey 252 
Massachusetts Institute of Technology 255
U.S. Geological Survey 356
Harvard University 403
U.S. Geological Survey 409
U.S. Geological Survey 103
Northwestern University 411
U.S. Geological Survey 532

U.S. Geological Survey 601
U.S. Geological Survey 415
U.S. Geological Survey 258
University of Nevada 28
University of Nevada 105
U.S. Geological Survey 533
U.S. Geological Survey 535
U.S. Geological Survey 358
U.S. Geological Survey 108
U.S. Geological Survey 419 
California Institute of Technology 165
U.S. Geological Survey 363 
Lamont-Doherty Geological Observatory 422
U.S. Geological Survey 424
U.S. Geological Survey 365
U.S. Geological Survey 563
University of Utah 111 
Woodward Clyde Consultants 503
U.S. Geological Survey 436
U.S. Geological Survey 566
U.S. Geological Survey 368
U.S. Geological Survey 616
Saint Louis University 32
U.S. Geological Survey 370
U.S. Geological Survey 36
University of Alaska 173
U.S. Geological Survey 570
U.S. Geological Survey 425 
University of Southern Maine 427 
University of California, Santa Barbara 373

624



Taber, J. 
Taber, J. 
Taggart, J. N. 
Teng, T. 
Thurber, C. H. 
Tinsley, J. C. 
Tullis, J. 
Tullis, T. E.

Unger, J. D.

Van Schaack, J. 
Vincent, K. R.

Weaver, C. S. 
Weldon, R. 
Wesnousky, S. G, 
White, R. A. 
Wilson, R. 
Wyatt, F. 
Wyatt, F. 
Wyatt, F.

Yeats, R. S. 
Yeats, R. S. 
Yerkes, R. F.

Zirbes, M. 
Zoback, M. L.

Lament-Doherty Geological Observatory 38
Lament-Doherty Geological Observatory 268
U.S. Geological Survey 584
University of Southern California 41
University of New York, Stony Brook 115
U.S. Geological Survey 507
Brown University 429
Brown University 433

U.S. Geological Survey 511

U.S. Geological Survey 46
University of Arizona 178

U.S. Geological Survey 48
U.S. Geological Survey 618
Memphis State University 175
U.S. Geological Survey 271
U.S. Geological Survey 572
University of California, San Diego 274
University of California, San Diego 375
University of California, San Diego 380

Oregon State University 176
Oregon State University 514
U.S. Geological Survey 537

U.S. Geological Survey 585
U.S. Geological Survey 278

625



INDEX 2 

INDEX ALPHABETIZED BY INSTITUTION

Alaska, University of

Arizona, University of 
Arizona, University of

Brown University 
Brown University

California Institute of Technology 
California Institute of Technology 
California Institute of Technology 
California Institute of Technology 
California Institute of Technology 
California Institute of Technology

California, University of, Berkeley 
California, University of, Berkeley

California, University of, Riverside

California, University of, San Diego 
California, University of, San Diego 
California, University of, San Diego 
California, University of, San Diego

California, University of, Santa Barbara 
California, University of, Santa Barbara

Colorado, University of 
Colorado, University of 
Colorado, University of 
Colorado, University of

Davis & Namson Consulting Geologists

Earth Sciences Associates

Earth Technology Corporation

Englekirk & Hart

Geomatrix Consultants

Harvard University 
Harvard University

Indiana University 
Indiana University

Stone, D. B.

Bull, W. B. 
Vincent, K. R.

Tullis, J. 
Tullis, T. E.

Alien, C. R. 
Alien, C. R. 
Helmberger, D. V. 
Kanamori , H . 
Kanamori, H. 
Sieh, K.

McEvilly, T. V. 
McEvilly, T. V.

Park, S. K.

Berger, J. 
Wyatt , F . 
Wyatt , F . 
Wyatt, F.

Keller, E. A. 
Sylvester, A. G.

Birkeland, P. W. 
Kisslinger, C. 
Kisslinger, C. 
Levine, J.

Namson, J. S.

Hall, N. T.

Hushmand , B .

Hart, G. C.

Power, M. S.

Herring, T. A. 
Rice, J. R.

Hamburger, M. W. 
Pavlis, G. L.

Page 
173

8 
178

429 
433

1 
282 
70 

225 
321 
165

87 
347

242

286 
274 
375 
380

153 
373

117 
15 
76 

233

140

145

470

523

498

218 
403

61 
97

626



Kennedy/Jenks/Chi1ton Ballantyne, D. 516

Lamont-Doherty Geological Observatory 
Lamont-Doherty Geological Observatory 
Lamont-Doherty Geological Observatory 
Lamont-Doherty Geological Observatory 
Lamont-Doherty Geological Observatory 
Lamont-Doherty Geological Observatory 
Lamont-Doherty Geological Observatory

Massachusetts Institute of Technology 
Massachusetts Institute of Technology 
Massachusetts Institute of Technology 
Massachusetts Institute of Technology

Memphis State University

Nevada, University of, Reno 
Nevada, University of, Reno

New York State, University of, Binghamton 

New York State, University of, Stony Brook 

Northwestern University 

Olsen, Bruce C.

Oregon State University 
Oregon State University 
Oregon State University 
Oregon State University

Queensland, University of

Saint Louis, University of

San Francisco State University

Science Applications International Corp.

Southern California, University of 
Southern California, University of

Southern Maine, University of

Teledyne Geotech Alexandria Laboratories

U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey

Beavan, J. 182
Beavan, J. 183
Beavan, J. 285
Jacoby, G. C. 149
Simpson, D. W. 422
Taber, J. 38
Taber, J. 268

Bock, Y. 189
Evans, B. 388
Madden, T. R. 235
Reilinger, R. E. 255

Wesnousky, S. G. 175

Savage, M. K. 28
Savage, M. K. 105

Knuepfer, P.L.K. 399

Thurber, C. H. 115

Rudnicki, J. W. 411

Olsen, B. C. 528

Darienzo, M. 128
Levi, S. 157
Yeats, R. S. 176
Yeats, R. S. 514

Gladwin, M. T. 309

Stauder, W. V. 32

Galehouse, J. S. 302

Hebenstreit, G. T. 467

Teng, T. 41
Hauksson, E. 66

Swanson, M. T. 427

Chan, W. W. 450

Algermissen, S. T. 439
Alien, R. V. 181
Anderson, R. E. 443
Andrews, D. J. 608
Atwater, B. F. 116

627



U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.
U.S.

Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological
Geological

Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey
Survey

Bakun, W. H. 283
Boatwright, J. 53
Bonilla, M. G. 119
Boore, D. M. 611
Borcherdt, R. D. 292
Borcherdt, R. D. 609
Brady, A. G. 587
Brady, A. G. 589
Brown, R. D. 123 
Buchanan-Banks, J.M 445
Bucknam, R. C. 124
Bufe, C. G. 446
Bundock, H. 591
Burford, R. 295
Burford, S. S. 199
Butler, H. M. 549
Byerlee, J. D. 382
Byerlee, J. D. 384
Campbell, R. H.. 513
Carlson, M. A. 551
Castle, R. O. 448
Celebi, M. 593
Choy, G. L. 59
Choy, G. L. 208
Choy, G. L. 553
Clark, H. E. 555
Clark, M. M. 126
Crone, A. J. 518
Dewey, J. W. 556
Dieterich, J. H. 385
Diment, W. H. 521
Engdahl, E. R. 558
Espinosa, A. F. 462
Etheredge, E. 604
Evernden, J. 390
Fletcher, J. B. 210
Gibbs, J. F. 542
Hall, W. 13
Hanks, T. C. 596
Harding, S. T. 465
Harp, E. L. 574
Heaton, T. H. 214
Hill, D. P. 219
Hoffman, J. P. 576
Holzer, T. L. 543
Irwin, W. P. 74
Jachens, R. 315
Jensen, E. G. 220
Johnston, M.J.S. 316
Jones, L. M. 221
Julian, B. R. 393

628



U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey 
U.S. Geological Survey

King, C. -Y. 228
King, K. W. 472
Kirby, S. H. 396
Klein, F. W. 230
Koesterer, C. 232
Lahr, J. C. 17
Lajoie, K. R. 154
Langbein, J. 327
Langer, C. J. 82
Lee, W. H. K. 23
Lee, W. H. K. 334
Lester, F. W. 24 
Leyendecker, E. V. 475 
Lienkaemper, J. J. 85 
Lienkaemper, J. J. 86
Lindh, A. G. 336
Liu, H. -P. 613
Liu, H. -P. 615
Machette, M. N. 478
Madole, R. F. 483
Maxwell, G. L. 606
McKeown, F. A. 525 
Mortensen, C. E. 354
Mueller, C. S. 491
Nelson, A. R. 492 
Obermeier, S. F. 96 
Oppenheimer, D. H. 239
Park, R. B. 578
Perkins, J. A. 102
Person, W. J. 579
Peterson, J. 562
Prescott, W. H. 248 
Reasenberg, P. A. 252
Reimer, G. M. 356 
Robertson, E. C. 409
Ross, D. C. 103
Rymer, M. J. 532
Safak, E. 601
Sass, J. H. 415
Sato, M. 258
Schwartz, D. P. 533
Schwartz, D. P. 535
Segall, P. 358
Sharp, R. V. 108
Shaw, H. R. 419
Silverman, S. 363
Simpson, R. W. 424
Sims, J. D. 365
Sipkin, S. A. 563
Spence, W. 436
Spence, W. 566
Spudich, P. 368
Spudich, P. 616

U.S. GPO:l 989-686-1 62/1 9037

629



U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey
U.S. Geological Survey

Utah State University 
Utah State University

Utah, University of
Utah, University of
Utah, University of
Utah, University of

Virginia Polytechnic Institute

University of 
University of 
University of 

Washington, University of 
Washington, University of

Washington, 
Washington, 
Washington,

Wisconsin, University of 

Woodward-Clyde Consultants

Stein, R. S. 370
Stewart, S. W. 36
Stover, C. W. 570
Stuart, W. D. 425
Taggart, J. N. 584
Tinsley, J. C. 507
Unger, J. D. 511
Van Schaack, J. 46
Weaver, C. S. 48
Weldon, R. 618
White, R. A. 271
Wilson, R. 572
Yerkes, R. F. 537
Zirbes, M. 585
Zoback, M. L. 278

Madsen, G. 545
McCalpin, J. 486

Arabasz, W. J. 5
Currey, D. R. 457
Emmi, P. C. 539
Smith, R. B. Ill

Clough, G. W. 454

Bourgeois, J. 121
Crosson, R. S. 11
Crosson, R. S. 55
May, P. J. 548
Qamar, A. 500

Haimson, B. C. 392

Somerville, P. 503

630


