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PREFACE

The National Earthquake Prediction Evaluation Council (NEPEC) was
established in 1979 pursuant to the Earthquake Hazards Reduction Act of
1977 to advise the Director of the U.S. Geological Survey (USGS) in issuing
any formal predictions or other information pertinent to the potential for
the occurrence of a significant earthquake. It is the Director of the USGS
who is responsible for the decision whether and when to issue such a
prediction or information.

NEPEC, also referred to in this document as the Council, according to its
charter, is comprised of a Chairman, Vice Chairman, and from 8 to 12 other
members appointed by the Director of the USGS. The Chairman shall not be a
USGS employee, and at least one-half of the membership shall be other than

USGS employees.

The USGS recently has begun to publish the minutes of NEPEC meetings. This
open-file report is the fourth in an anticipated series of routinely
published proceedings of the Council.
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National Earthquake Prediction Evaluation Council
Minutes of the Meeting
September 8 & 9, 1985
Anchorage, Alaska

Council Members Present
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SEPTEMBER 8
EXECUTIVE SESSION

Lynn Sykes opened the Council's Executive Session with a review of the
meeting's agenda. The principal objectives of the session include the
conclusion of unfinished business from the previous meeting (July,

Menlo Park, California); discussion of Alaskan seismicity and updating the
existing hazard letter from the U.S. Geological Survey to the State of
Alaska regarding the Yakataga Seismic Gap. Unfinished business from the
July meeting includes 1) conclusions about the San Andreas fault (froin Bear
Valley to the Mid-Peninsula) and the Calaveras fault; 2) reflections on the
Wyss-Burford prediction; and 3) conclusions about U.S. Geological Survey
(USGS) catalogues for central California and Parkfield.
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nigher seismic potential, but that the details are unknown, and is of
nigher concern than the Calaveras in terms of probabilities and expected
magnitudes and the societal impact should the earthquake be on the order of
a magnitude 7. However, there was still some disagreement and concern
regarding the significance of what is known. For example, Wesson was
uncomfortable that we don't know how strain buildup is transferred from the
San Andreas to the Hayward and Calaveras areas and that the Council did not
have enough time to adequately discuss all the available data on the area.

Sykes requested discussion of how the Council should respond to presenta-
tions forwarded to them that are or may be construed to be predictions;
such as the Wyss-Burford prediction or Carl Kisslinger's presentation
regarding Adak (which was given later that afternoon). Wesson offered that
there are two levels on which the Council should operate. The first level
is to review ongoing research, develop ideas, and make statements,
reflecting the consensus of the research community, regarding where the
next big earthquake is likely to occur. The other level is to respond to
specific predictions, Filson cautioned that the Council not become a super
review body for random research coming from the scientific community. He
suggested that perhaps a filter or screening process is needed to determine
which research should be reviewed. Kanamori and Dieterich agreed but noted
that it is unlikely that many researchers would request a Council review of
their research. Although a formal vote was not taken, the Council appeared
to be in agreement on Wesson's and Filson's points.

OPEN SESSION

Sykes outlined the purposes of this meeting of the Council as review of at
least two of the major seismic gaps in Alaska, estimates of repeat times of
large earthquakes, information on probability estimates of larye or great
earthquakes, and discussion of other faults near population centers in
Alaska such as Anchorage. The focus is on earthquake prediction and
adjacent topics such as earthquake risk or earthquake hazards.

Overview of Historical Seismicity

John Davies sketched the historic seismicity in Alaska. Three of the top
10 earthquakes of the world, in terms of M, energy, occurred in Alaska (in
1957, 1964, and 1965). Further, from 1904-1984 about 30 percent of the
world's seismic energy release took place in the Aleutian Islands. And,
the number of M 5.5 or greater earthquakes is greatest in Alaska compared
to the rest of the United States. About 75 percent of Alaska's M 7.2 or
greater earthquakes occurred along the Aleutian arc from Anchorage and
Valdez to Attu in the westernmost U.S. Aleutians; about 15 percent of the
events occurred in the transform zone from Yakataga to Juneau; and about 10
percent happened in the interior of Alaska. He discussed tectonic settings
in Alaska, focal mechanisms for the interior of the State, and whether
Alaska behaves as a single rigid plate or is actually comprised of two
plates. In the interior of Alaska the activity trends in a broad band from
north of Fairbanks to the Seward peninsula.



Aleutian Seismic Zone Focussing on Shumagin Islands Seismic Gap

Klaus Jacob began his presentation with a brief discussion of the entire
plate boundary from Canada to Kamchatka and conditional probabilities for
the occurrence of great earthquakes. Although these probabilities range
widely from their maximum to minimum at any given arc segment because of
the different data sets and methods used to calculate them, there exists a
pronounced segment of high probabilities in the eastern Aleutian arc.

Jacob focussed on the Shumagin Gap. The teleseismic data from the vicinity
of the Shumagin Gap show a significant redugtion in the rate of earthquakes
greater than or equal to M 5.5 since 1979, but the precursory implication
of this quiescence is difficult to determine. Jacob discussed the
seismicity patterns of rate changes and changes in focal mechanisms in
various sub-regions. Some of these changes [nay have resulted from stress
relaxation in the plate slab associated with a slip event in 1973 to 1980.
He suggests that monitoring of stress patterns may be useful for
identifying future slip events. The Shumagin Gap is centered on the
eastern Aleutian long-term probability high; there are conditiona!
probabilities for the next 20 years of 30 to 90 percent, some of the
highest known in the United States. There are no compelling data
suggesting that yet another slip event is imminent, and he does not feel
that presently there is sufficient evidence for a short-term precursor to a
great Shumagin earthquake. [Ed. note: See however, new information
submitted December 2, 1985, as per letter aﬂd short communication by J.
Taber and K. Jacob; Appendix D. 3. a.] j

Crustal Deformation Measurements in Shumagiﬁ Islands Seismic Gap

John Beavan described results from crustal deformation measurements taken
since 1972 to analyze regional subduction processes. The two lines with
the longest history in the Inner Shumagins show a tilt downwards towards
the trench, followed by a reversal from 1978 to 1980 and then again
downward tilt toward the trench. The rates for these three trends are -1.0
microradians per year; 2.7 microradians per year; and -0.4 microradians per
year; all with high confidence levels, for the periods 1972-78, 1978-80,
and 1980-85 respectively. A level line in the outer Shumagins also shows a
tilt reversal, but not a high confidence ievel. The 1978-80 reverse tilt
has been interpreted as a result of an approximately 1 meter aseismic
reverse slip episode between 25 km. and 70 km. on the Benioff zone; and the
1972-78 and 1980-85 data have been assumed to represent normal strain
accumulation in the area. There is also a suggested relationship between
the tilt reversal, the occurrence of deep edrthquakes, and the cessation of
activity at Pavlof Volcano. Surface displacements during strain
accumulation are calculated using a dislocation model with virtual slip at
the plate convergence rate on the main thrust zone. None of the wodels in
which the locked zone extends to the trench [fit the observed 1980-1985
data. The best fit occurs with the upper end of the zone at a depth of
25-30 kilometers and the lower end at 50-80 kilometers and implies that the
plate boundary shallower than about 25 km. may be slipping aseismically.
Alternatively, the model may be inadequate; for example, viscoelastic
effects may dominate. If the 1978-80 slip episode is a quasi-regular
feature of subduction, loading of the main thrust zone by a future similar
slip episode might trigger the expected great earthquake; nence monitoring
of the gap for the onset of reverse tilting may help-to forecast the
earthquake.



Strain Accumulation in the Shumagin and Yakataga Seismic Gaps

Jim Savage described strain accunulation in the Shumagin and Yakataga
seismic gaps as measured by deformation of trilateration networks fron
1980 to 1985. The results for the Outer Shumagin Islands may be corrupted
by the occurrence of two earthquakes in February 1983. For both the Inner
and the Quter Shumagin Islands there is no measured shear strain
accumulation. However, the situation is different in the Yakataga region
where significant strain has been measured. Data there show significant
compression perpendicular to the strike of the subduction zone. He'd
expect 0.2 microstrain compression and 0.26 is actually detected; therefore
he is satisfied that Yakataga is consistent with a Tocked main thrust
zone. At Cape Yakataga he observed a tilt array. The data there show a
good rate of tilt accumulation, about 1/2 microradian per year, that does
not appear to have been interrupted by the St. Elias earthquake of 1979.
The tilt is essentially perpendicular to the direction of plate
convergence, which does not fit the tectonic model. Jim comented that
while the rapid glacial retreat at Icy Bay may explain some of the uplift
and regional deformation, he is satisfied that the orders of magnitudes he
observes in this network will not be changed by the inclusion of that
effect.

Probabilistic Estimates of Great Earthguakes, South Alaska and Aleutians

Stuart Nishenko discussed probability modelling for the Queen Charlotte-
Alaska-Aleutian seismic zone. He suggests that one can constrain the
distribution of repeat times for earthquakes and if there is ample data, .
and actually attempt to model the distribution of repeat times. For a
first approximation, one can assume that the repeat times are normally
distributed about the mean repeat time. With more data one can try a
Weibull distribution and allow the data to define the distribution
function. 1In terms of conditional probability, this asks the question,
"given that we know the distribution function, what is the likelihood of
getting an event in some increment of time given that the earthquake has
not happened yet and that we know the time of the last large shock at that
location?"

Nishenko presented conditional probabilities for large and great
earthquakes along specific segments of the Queen Charlotte-Alaska-Aleutian
seismic zone for the period of 1985-2005. He showed three different models
for analyzing the data. One is using historic data and assuming that they
represent periodic occurrences and modelling them as a simple normal
distribution. For the Poisson model he took the same repeat time and put
it into another probability model. And, next he took the complete suite of
historic repeats and possible historic repeats and tried to model them
using Weibull functions. From this analysis he discerned areas of high and
low seismic hazards for the next 20 years. High hazard areas include the
Yakataga gap and a large portion of the Alaska Peninsula; low hazard areas
are the entire Queen Charlotte seismic zone, the 1964 Gulf of Alaska
rupture zone, and the 1965 Rat Island zone; and portions of the 1957
Central Aleutians are interpreted as zones of intermediate hazard. He
pointed out that the segments with the largest uncertainties also have the
highest probabilities or hazards reflecting a lack of data about the size
and location of previous earthquakes in those areas.



Seismicity of the Castle Mountain Fault

John Lahr reviewed source zones that could
area. He identified three zones:
thrust interface vetween the North Anerica
Benioff zone; and 3) the crustal portion o
plate.
interface of the Nortnh Awerican and Pacifi

kilometers pelow Anchorage, dipping about 10 degrees NANW.
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And, he concluded the following about these source zones.
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of 7.
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On Auyust 14, 1984, a inagnitude 5.7 iy earthquake occurred 14 kiloneters
north of Sutton near the trace of the Talkeetna segment of the Castle

Mountain fault.

The hypocenters for 49 aftersnocks define a 13 «iloneter x

5-6 kilometers planar zone parallel to the map trace and dipping steeply to
the NNW; the shallowest of these is at 11 kjilometers depth.

For the purpose of hazard evaluation for the Castle Mountain fault, the
maximum credible length of an earthquake should be assumed to be at l=2ast
130 kilometers, from the westernmost locatipn of Holocene offset near the
Susitna River through the region where seismicity is seen on the Talkeetna

segment.

Considering the distribution of magnitude versus rupture lenyth,

he concludes that the maximum credible earthquake would oe about 7.2 to 7.3

Ms .

Adak Seismic Zone - Seismicity Patterns and Short-Term Qutlook

1

Carl Kisslinger presented research results

as the likely site for an earthquake in the
Aleutians Network provides data for detaile
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the site of a likely imminent earthquake.
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events hefore the 1957 great earthquake. The Adak seismic zone seems Lo
have broken in major events around 1909, 1930, and on Marcn 9, .957. The
zone seems to have been gquiet for large shocks between those episodes. A
7.2 Mg event in May 1971 is the only recent earthquake of magnitude equal
to or greater than 7 since 1957. The locations of all earthquakes big
enough to be listed in the PDE reports from August 1974-June 1984
illustrate a clear deficiency of these modern earthquakes in the Adak
Canyon area, with a number of events occurring just outside this area.

The intervals between the large events are 21 years and 27 years, and it's
now 28 1/2 years since the 1957 event. Based on this and other avidence,
it is not unreasonable to expect another great earthquake in this area in
the not too distant future. The issue is what are the other things that
indicate an earthquake may happen soon. The seismicity data of the local
network, valid since 1976, shows that in September 1982 there began a
pronounced period of reduced activity continuing to late 1984. The
teleseismic data were then combined with the local network to try to
confirm this observation. The nucleation point of the next great
earthquake was identified as SWZ - a subregion of the Adak Canyon regional
thrust zone. This subregion is characterized by 4 years of increased
moderate activity, a low b-value, and higher stress microearthquakes
within a broader region of quiescence. If the single observed case of a
3-year precursory quiescence is characteristic, the most likely time of
occurrence is before November 1985. Kisslinger noted two other possible
outcomes. Either the quiescence will just disappear without a large ‘
earthquake suggesting that quiescence, if a precursor, is an unraliable
one. Or, the area entered a long period of decreased activity and the
recent up-turn in activity is a short-term perturbation. It was noted
that, based on the 1957 experience, a M 7 earthguake should not cause
extensive damage, although consideration should be given to possible
tsunami damage to military installations on Adak.

SEPTEMBER 9
EXECUTIVE SESSION

San Francisco Bay Area

The Council discussed how to conclude its deliberations on two faults
within the greater San Francisco Bay area - San Andreas, and Calaveras
faults - and whether there are significant other points of view that it
needs to hear. Jim Davis offered that the subject of mid-Peninsula
seismicity needs further discussion. Jim Dieterich essentially agreed, in
part because the Hayward fault was not discussed and an earthquake on the
Hayward fault can have significant impact on the heavily populated

region. Ellsworth suggested that an efficient manner for discussion of the
Hayward by the Council would be for the principal researchers to meet in a
workshop, reach some conclusion about the data, and present this iore
digested information to the Council. Sykes commented that this raises the
guestion of how the Council is to operate; whether it is to do more than
merely respond to committee reports for which the Council did not have the



advantage of hearing and challenging the presentations.
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Kisslinger Prediction
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Sykes proposed that the Council endorse the decision matrix concept with
agreed-upon delegated authority for very short time frames and agreed to
discuss it further at the next Council meeting. At this meeting the
Council will decide upon endorsement of the document. The motion will be
voted upon at the next day's Executive Session,

Intermediate-Term Precursors and Predictions

Sykes asked if there is any interest in having discussions about short-term
and intermediate-term precursors. He noted some interest by a few members
of the Council in achieving more balance between intermediate- and
short-term prediction and precursors, such as changes in creep rate and
changes in coda parameters, b-values, and rates of small earthquakes. And,
he questioned what, if anything, the Council would recommend on the use of
intermediate-term precursors, especially for Parkfield. He also noted that
this work would require more uniform earthquake catalogs and asked if there
is a role for the Council in providing or asking for better data collection
and catalogs. Wallace sees the catalog issue as but one approach to
intermediate-term prediction and suggests anotner as a general
encouragement for a statement of the need for techniques suitable for
intermediate-term prediction. Kanamori suggested that b-values, coda
parameters, etc., represent only one aspect of wave-form and cataloyging
problems, and he doesn't see how the catalog can be made uniform as there
are so many parameters involved. To him the most fundamental thing is to
have general seismic instrumentation prototype methodologies and more
fundamental data bases. Dieterich offered that he is hard pressed to think
of any methods of intermediate-term prediction that are, at this point,
anything more than untested ideas, and opined that this Council would have
a tough time usefully acting upon any methodology of which he is knowledge-
able. One case of useful intermediate-term modelling was noted, however.
One year prior to the 1980 Long Valley earthquake Allan Ryall was able to
show that the area is much inore active than it has been for quite some
time. Thatcher offered that the first step in looking for intermediate-
term precursors is making sure that there is intermediate-term stability in
the measurements which are being taken. The Council's role may be to
sponsor workshops, or other mechanisms, to help determine how to achieve
more stable and sensitive measurement systems. There was some discussion
about whether or not such a workshop is a proper role for the Council.
During the discussion Wesson offered that it would be helpful to the
Council to have some background discussion of these issues in preparation
for its debates about such earthquake predictions. Dieterich stressed that
the workshops should be a forum for the presentation of research problems
on intermediate prediction rather than individual researchers' latest
achievements. Filson suggested using the USGS "Red Book" farum, which
Teads to an open-file report. The Council approved Sykes motion that the
USGS conduct a “Red Book" workshop on research problems in short-tarm and
intermediate-term prediction.

GENERAL SESSION

Earthquake Potential and Recurrence in the Yakataga Seismic Gap

George Plafker discussed the marine terraces at Middleton Island and
between Yakataga and Ice Bay. Middleton Island is in the region of the
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Since 1974 the USGS has been operating a seismograph network in the
region. A critical limitation of the network is the wide spacing of
stations, which makes depth determinations difficult. Page noted that a
remarkable feature of the microseismicity since 1974 is its stationary
character in and around the Yakataga gap. The observed features both
before and after the St. Elias earthquake are: 1) much activity in the
St. Elias rupture zone with a peak in activity after the 1979 main shock;
2) a persistent, broad concentration of earthquakes near the center of the
gap at depths of 10-30 km.; and 3) on the western edge of the gap another
persistent area of seismicity at depths of 15-30 km.

Page divided the area into subregions based on observed spatial clustering
of seismicity for a first-order estimate of the temporal character of
seismicity. In the St. Elias region there is a general decay in the level
of seismicity since the 1979 earthquake on which are superposed pronounced
secondary or independent aftershock sequences. In the Waxell Ridge area
the Tevel of seismicity appears reasonably uniform with the exception of a
possible concentration of activity in time preceding the 1979 earthquake.
The Copper River delta area also is uniform in activity. In summary, Page
finds no first-order seismicity features in the gap that would indicate
that a gap-filling earthquake is more likely to occur within a year or 2
than would occur in a similar time interval in the next 1 or 2 decades.

Discussion on Yakataga

The Chairman asked the Council and speakers to consider what, if anything,
it should recommend to the USGS about the 1979 USGS hazard notice for the
Yakataga gap. Opinions included updating the letter with inore recent data,
for example, that strain data indicates accumulation of strain but noting
that there is no change in the long-term situation. Also, there are two
types or sizes of earthquakes to note. One is a M 8 eartnquake like the
two in 1899 which did not generate a tsunami, and the other is a M 9
earthquake breaking beyond the gap and posing a tsunami threat. The 1979
letter addressed shocks like those of 1899. There was some agreement that
tne Yakataga area, along with the Shumagin area, is the most likely place
to experience an M 8 earthquake, although there was also considerable
debate about the details of data interpretation for these areas. (Editor's
note: the Council discussed Yakataga further in its next Executive
Session.)

EXECUTIVE SESSION

This Executive Session included both discussion on Alaska seismicity and
followup to the Council's July 1985 meeting on central California
seismicity.

Parkfield Decision Matrix

The Council addressed the draft document on Parkfield earthquake prediction
scenarios and a statement describing its position on the document. The



Council voted to accept the general concept
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Alaska

In its discussion of the Shumagin Gap, the Council notes that spatial and
temporal patterns of seismic activity clearly show a seismic gap extending
200-250 km. along the Aleutian arc near the Alaska Peninsula. It also
notes that geodetic data indicate negligible strain accumulation in the
Shumagin gap while seismic data can be interpreted as signalling a high
potential for a great earthquake in the Shumagin gap in the next 20 years.
Since the Council can't resolve this conflict, it suggests that the USGS
advise the State of Alaska of the data and the prudence of considering
tsunami effects on coastal communities on the Alaskan Peninsula.
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OVERVIEW OF ALASKAN HISTORICAL SEISMICITY

Alaska is one of the seismically most a
of the 10 lafgest earthquakes in the world s
Alaska: vis: (1) the 1957 Andreanof-Fox Is
Sound, ang (3) the 1965 Rat Islands earthqua
Caiifornia (Figure 1) shows about 6 times as
during the 5 year ;eriod 1976-1980. Of the
Alaska (Figure 2 and Table 2) about 75% occu
subduction zone, 15% in the S.E. Alaska tran
occur in the Central Alaska seismic zone (a‘

north of Anchorage to Fairbanks and west of

ctive areas in the world. Three
ince 1904 have occurred in
lands, (2) the 1964 Prince William
kes (Table 1). A comparision with
many events of My > 5.5 in Alaska
major earthquakes (Ms > 7.0) in

r in the Alaska-Aleutian

s”u,m zone, and the remaining 10%

broad area of mainland Alaska

Fairbanks toward the Seward

Peninsula). The instrumental record for Alﬂska appears to be complete for Hs

> 7.0 events back to the turn of the century

noted that there are some 4,000 Alaskan even

for which no magnitudes have been assigned,

’

missing from Table 2. Using the number of e

assuming a "b" value of 0.9 one can calculat

occurence of potentially damaging earthquakeo

major seismic zones of Alaska. This compute

frequency for events of Mg > 7.0, and 7.8 ad

regions of Alaska and most magnitude categor
!
last event exceeds the mean Iinterevent time |

" for several cases it exceeds the interevent

(mean plus 1.645 times one standard deviatig

the Alaska-Aleutian subduction zone and the

(Figure 3); although it should be
ts listed in the NEIS data file
so there may be a few large events
vents of Mg > 7.0 (Table 2) and
e the expected frequency of
(Mg > 6.5) for each of the three
d frequency and the observed
e given in Table 3. For most
ies the elapsed time since the
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given in other presentations, so only the central Alaska seismic zone will be
discussed any further here. The central Alaska seismic zone is loosely
defined as the region of mainland Alaska, north of Anchorage where most of the
shallow (crustal) M > 6;0 earthquakes occur. Figure 4 shows the location of
these earthquakes (north of 63.5 N latitude) plotted on a representation of a
stress trajectory map for Alaska as propsed by Nakamura et al {1980). Focal
mechanisms (Figures 5, 6, and 7) for the central Alaska seismic zone are
generally consistent with the stress trajectories shown in Figure 3, showing
roughly NW-SE trending axes of maximum horizontal compression. If the basic
tenet of the stress trajectory model is correct, then the earthquakes in
interior, northern and western Alaska are the consequence of a far-reaching
regional deformation in response to the interaction of the Pacific and North
American plates in South-central Alaska. The seismicity patterns shown in
Figures 8, 9 and 10 also are consistent with this model of a regional
'7deférmation: (1) the overall pattérn is one of the greatest activity being
concentrated just north of the NE corner of the Pacific plate; (2) the larger
events are sub-parallel to the principal slip line which would emanate from
this corner if it were taken as a rigid indentor; and (3) there is a
suggestion that some of the lineations of epicenters correspond with the major
faults (Figure 11), in particular, the Kaltag and Tintina systems. The idea
that most of the Alaskan crust is deforming is response to a large-scale
right-lateral shear between the Pacific and North American plates has some
implications for earthquake prediction research in mainland Alaska. First and
foremost it underscores the need for a uniform long term seismic and geodetic
monitoring program in all of Alaska including northern and w-cote: . Aalaska,

areas which are now very inadequately instrumented. Secondly it points out
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the need for paleoseismic work on the major fault systems. These are large
-structures and might be capable of rare, gréat earthquakes, if we are to judge
on the basis of their length alone. Lastly it suggests some interesting besic
research questions which have to do with the seismotectonic framework. The
major implication of the copsistent pattern|of stress trajectorie; extending

clear across Alaska is that the crust must be decoupled from the upper

mantle.
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Table 1, The World’s Ten Largest Earthquakes

1904 - 1984
No. Locatiqn Year Mw Energy*
e
1. CHILE 1960 9.6 2000 SURTACE
2
2. ALASKA 1964 9.2 820 ///
__
%’
3.  ALASKA 1967 9.1 585 //
/%
7’
4. KAMCHATKA 1852 9.0 350 /
.
z.
5. ECUADOR 1906 8.8 204 Z
%
. 2
8. ALASKA 1965 8.7 125 g
Z
Z
7. ASSAM 1950 8.8 100 7
Z
. . 14
8. BANDA SEA 1838 8.5 70
0. CHILE 1922 8.6 69
10. KURILES 1963 8.5 87

AMAMNNN

*Energy in dyne-cm x 10?7

Source: Based on data from Kanamoril (1977)




Table 2

MAJOR SHALLOW ALASKAN EARTHQUAKES: 1897 -1980

(After Abe and Noguchi, 1981 and 1983)%
# YEAR MO DY TIME LAT. LONG. Ms LOCATION ZONE*
1 1898 6 29 1836 52. +172. 7.6 Near Is. S+
2 1898 10 11 1637 50. 180. 6.9 Rat/Andreanof Is. S-
3 1899 4 16 1342 58. -138. 6.9 S.E. Alaska T=-
4 1899 7 14 1332 (60.)% (-150.)* 7.2 (Kenai Penin.)* S+
5 1899 9 4 0022 60. -142. 7.9 Gulf of Alaska T+
6 1899 9 & 0440 60. -142. 6.9 Gulf of Alaska T-
7 1899 9 10 1704 60. -140. 7.4 S.E. Alaska T+
8 1899 9 10 - 2141 60. -140. 8.0 S.E. Alaska T+
9 1899 9 17 1250 59. -136. 6.9 S.E. Alaska T-
10 1899 9 23 1104 60. =143, 6.9 Gulf of Alaska T-
11 1899 9 23 1250 60. =143, 7.0 Gulf of Alaska T+
12 1900 10 9 1228 (60.)* (=142.)% 7.7 (Kodiak)* S+#
13 1901 1 18 0u39 60. -135. T4 S.E. Alaska T+
14 1901 12 3 0902 52. -177. T.1 Andreanof 1Is. S+
15 1902 1 1 0520 55. -165. 7.0 Unimak Is. S+
16 1903 1 17 1605 50. -170. 7.0 (Fox Is.) S+
17 1903 2 5 1826 52. +175. 6.8 Near/Rat Is. S-
18 1903 6 2 1317 57. -156. 6.9 Alaska Penin. S-
19 1904 8 27 2156 6u. -151. 7.3 Central Alaska M+
20 1905 2 14 n846 53. -178. 7.3 Andreanof Is. S+
21 1905 3 22 0338 50. 180. 7.0 Rat/Andreanef Is. S+
22 1905 9 15 0602 55. +165. 7.4 Komandorsky 0+
23 1905 12 10 1236 50. 180. 6.9 Rat/Andreanof Is. S-
24 1906 8 17 0010 51. +179. 7.8 Rat Is. S+
25 1906 12 23 1722 53. -165. 7.3 (Unimak Is.) S+
26 1907 9 2 1601 52. +173. - 7.4 Near Is. S+
27 1908 5 15 0831 59. =141, 7.0 S.E. Alaska T+
28 1909 4 10 1936 52. +175. 7.0 Near/Rat Is. S+
29 1910 9 9 0113 51.5 -176.. 7.0 Andreanof Is. S+
30 1910 11 6 2029 53. -135. 6.8 Queen Charlotte Is. O-
31 1911 9 17 0326 51. 180. 7.1 Rat/Andreanof 1Is. S+
32 1911 11 13 1613 52. +173. 6.9 Near Is. S-
33 1912 6 10 - 1606 59. -153. 6.9 Kodiak Is. S-
3% 1912 T 7 Q757 64, =147, 7.2 Central Alaska M+
35 1915 7 31 N 5y, +162. 7.6 Kamchatka 0+
36 1917 1 30 0245 56.5 +163. 7.8 Kamchatka 0+
37 1917 5 31 c8u7 54.5 -160. 7.9 Alaska Penin. S+
38 1923 5 4 1626 55.5 ~156.5 7.1 Alaska Penin. S+
39 1925 8 19 1207 55.25 +168. 7.0 Unimak Is. S+
40 1926 10 13 1908 52. -176. 7.0 Andreanof Is. S+
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# YEAR MO DY TIME LAT. LONG. LOCATION

41 1927 10 24 1559 57.5 -137. 7.1 S.E. Alaska

42 1928 6 21 1627 60. ~-146.5 6.8 Gulf of Alaska

43 1929 3 7 0134 51. -170. 7.5 Fox Is.

4y 1929 7 5 1419 51. -178. 7.0 Andreanof Is.

45 1929 7 7 2123 52. -178. 7.3 Andreanof Is.

46 1929 12 17 1058 52.5 +171.5 7.8 Near Is.

47 1933 4 27, 0236 61.25 -150.75 6.9 S. Central Alaska

48 1935 2 22 1705 52.25 +175. 7.1 Near/Rat Is.

49 1936 11 13 1231 55.5 +163. 7.1 Kamchatka

50 1937 7 22 1709 64.75 -146.75 7.3 Central Alaska

51 1938 11 10 2018 55.5 -158. 8.3 Alaska Penin.

52 1938 11 17 0354 55.5 -158.5 7.3 Alaska Penin.

53 1940 4 16 0607 52. +173.5 6.8 Near Is.

sS4 1940 4 16 0643 52. +173.5 7.1 Near Is.

55 1940 8 22 0327 53. -165.5 7.0 Unimak Is.

56 1943 11 3 1432 61.75 -151. T.4 S. Central Alaska

57 1944 12 12 o7 51.5 +179.5 6.9 Rat Is.

58 1945 4 15 0235 57. +164., 7.2 Komandorsky

59 1946 1 12 2025 59.25 -147.25 6.7 Gulf of Alaska

60 1946 4 1 1228 52.75 -163.5 7.3 Unimak Is.

61 1946 11 1 1114 51.5 -174.5 7.0 Andreanof Is.

62 1947 10 16 0209 64.5 -147.5 T.2 Central Alaska -

63 1948 5 14 2231 54.5 -161. 7.5 Alaska Penin.

64 1949 8 22 0401 53.75 -133.25 8.1 Queen Charlotte Is.

65 1949 9 27 1530 59.75 -149. 6.7 Kenai Penin.

66 1951 2 13 2212 56. -156. 7.1 Alaska Penin.

67 1953 1 5 0748 54, +170.5 T.1 Near Is.

68 1957 3 9 1422 51.3 -175.8 (8.1) Andreanof Is.

69 1957 3 9 2039 52.25 -169.5 7.1 Fox Is.

70 1957 3 M 0958 52.25 -169.25 7.0 Fox Is.

71 1957 3 N 1455 51.5 -178.5 6.9 Andreanof Is.

72 1957 3 12 114y 51.5 -177. 7.0 Andreanof Is.

73 1957 3 14 1447 51. -177. T.1 Andreanof Is.

74 1957 3 16 0234 51.5 -178.75 7.0 Andreanof Is.

75 1957 3 22 1k 53.75 ~165.75 7.0 Unimak Is.

76 1957 4 10 1129 56. -154, 6.9 Kodiak Is.

TT 1957 4 19 2219 52.2 -166. 6.5 Unimak Is.
1958 4 7 1530 65.5 -155.5 7.3 Central Alaska

79, 1958 7 10 0615 58.3 -136.5 7.9 S.E. Alaska
1960 1 13 0920 51.4 -168.9 6.7 Fox Is.

- 81 1964 2 6 1307 55.7 -155.9 7.0 Alaska Penin.
g2 1964 3 28 0336 61.1 -147.5 ( Gulf of Alaska
83 1965 2 4 0501 51.3 +178.6 (8.2)% Rat Is.

84 1965 2 4 0840 51.4 +1(vy.6 T.0 Rat Is.

85 1965 3 30 0227 50.3 +177.9 T.4 Rat Is.

86 1965 7 2 2058 53.0 -167.6 6.5 Fox/Unimak Is.
87 1965 7 29 0829 51.1° -171.3 6.7 Fox Is.

88 1965 9 4 1432 58.3 -152.5 6.8 Kodiak Is.



# YEAE MO DY TIME . LAT. LONG. M LOCATION ZONE*

89 1966 T 4 1833 52.0 +179.9 6.8 Rat Is. S-

90 1966 8 7 0213 50.6 -171.2 6.4 Fox Is. S-

91 196¢ 11 22 2309 57.7 +163.6 7.1 Kamchatka 0+

92 1971 12 15 0829 56.0 +163.2 7.5 Kamchatka 0

93 1972 7 30 2145 56.8 -135.9 7.4 S.E. Alaska T+

94 1975 2 2 0843 53.1 +173.6 7.4 Near Is. S+

95 1979 2 28 2127 60.6 -141.6 7.0 S.E. Alaska T+

. .

Explanation:

(1) Data for 1897-1912 from Abe, K. and S. Noguchi, "Review of magnitudes of
large shallow earthquakes, 1897-1912", Physics of the Earth and Planetary
Interiors, 33, 1-11, 1983.

(2) Data for 1913-1917 from Abe, K. and S. Noguchi, "Determinations of magnitude

(3)

(%)

(5)

for large shallow earthquakes, 1898-1917", Physics of the Earth and Planetary
Interios, 32, 45-59, 1983.

Data for 1918-f980 from Abe, K., "Magnitudes of large shallow earthquakes
from 1904 to 1980", Physics of the Earth and Planetary Interiors, 27, 72-92,

1981.

The following notes apply to the respective earthquake number:

4 - location very uncertain, felt reports suggest a more westerly epicenter,
perhaps near the Shumagin Islands

12 - location very uncertain, felt reports suggest a more westerly epicenter,
perhaps near Kodiak Island

68 - moment magnitude 8.7

82 - moment magnitude 9.2

83 - moment magnitude 8.7

Earthquake zones were defined as follows:

= Alaska-Aleutian subduction zone
= S.,E. Alaska transform zone

Mainland Alaska
Outside of Alaska (Kamchatka, Komandorsky, Queen Charlotte)

= Mg greater than or equal to 7.0
Mg less than 7.0

+ OX 3 Wn
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Information Service (NEIS).
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Table 3
Alaskan Earthquake| Statistics
January 1897 - August 1985
Region Damaging Major Creat
(Mg > 6.5) (Mg > 7.0) Mg > 7.8)
Alaska-Aleutian Subduction Zone
Number in 88.7 years 130 46 7
Mean repeat time (years) 0.7 1.9 11.3
Time since last event (years) 2.5 4.6 20.6
Time, for 95% of cases (years) 1.9 5.7 22.3
Date of the last event 2<14-83 1-30-81 2-4-65
S.E. Alaska Transform Zone
Number in 88.7 years 28 10 3
Mean repeat time (years) 3.4 8.5 28.7
Time since last event (years) 6.6 6.6 27.1
Time for 95% of cases (years) 9.0 25.3 771
Date of the last event 2-28-79 2-23-79 7-10-58
Central Alaska Seismic Zone
Number in 88.7 years 17 6 0
Mean repeat time (years) 5.2 13.5 >100
Time since last event (years) 6.8 27.4 >100
Time for 95% of cases (years) 13.8 30.1 >265
Date of last event 10r28-68 4-7-58 ?
All of Alaska .
Number in 88.7 years 175 62 10
Mean repeat time (years) 0.5 1.4 8.6
Time since last event (years) 2.5 4,6 20.6
Time for 95% of cases (years) 1.3 4,2 20.3
Date of last event 2-14-83 1-30-81 2-4-65
NOTES
1) The data base for these calculations is the catalog .¢ Ms > 7.0 events
based on the papers of Abe and Noguchi given in Table 2 augmented by data
for the period Jan. 1981 - Aug. 1985 from the National Earthquake

The statistics for M 6.5 are calculated from the Gutenberg and Richter

relation:

log N = a - b M, assuming a "b" value of 0.9 and using the

data for Mg > 7.0 events from Table 2 for the period 1897 - 1980.

3) The mean repeat time for Mg > 6.5 is 88.7 years divided by the number of
events during that period; for Mg > 7.0 and M > 7.8 it is the average of
the observed interevent times, including the time since the last event as
one of the interevent times.

4) The "time for 95% of cases" is the mean interevent tir~ pi.. 1.645 times
one standard deviation of the interevent times abou* tne mean.




Figure Captions

Figure 1. International Seismological Center reports for earthquakes greater
than or equal to magnitude 5.5 during the 5-year perioa from LY¥76 to
1980.

Figure 2. Tne dots show the epicenter locations ot all shallow (depth less
than 70 km) earthquakes in Alaska of magnitude 7.2 or more from 1897
through 19su. The map shows 31 events, but two aots in the Yakutat-
Yakaaga area actually represent two events each, and two in the
westernmost Aleutians are off the map. The 83-year record thus inaicates
that Alaska had 35 earthquakes of at least magnitude 7.2, or one every
2.3 years.

Figure 3. Histogram of the number of large, shallow earthquakes in Alaska,
1897-198U. In the top graph six events are plotted with g 2 8.0; in the
bottom graph oot events with Mg > /.U are plotted. The ratio of about
10:1 for the number of events with Mg > 7.U vs. those with kg > 8.V
implies the record of Mg > 7.U is probably complete. This assumes that
all events of M. > 5.0 have been detectea and that the "p" value for all
of Alaska is close to 1l; both reasonable assumptions. wote, also tnutl
the distribution in time of the Mg > 7.U events is reasonably uniform.
The adata for this histogram are from Abe ana woguchi; see Table ¢ for
references.

Figure 4. Stress trajectory map from tstabrook, (1965). >Stress
trajectories, heavy broken lines, after Nakamura et al (198U).
Earthquake epicenters for M > 6.U events, solia dots, frowm National
Earthquake Information Service (NELS). The 50 km depth contour ot the
Wadati-benioff zone, meajum heavy lines, from Stone (1Y83) ana Stepnens
et al (19s64). The RM-1 line and the plate convergence rate are after
Minster et al (1974). The rigid indgentor, shown by stipplea area between
the trench and the 50 km aepth contour, is after vavies (19s3).

Figure 5. Focal mechanisms in Interior Alaska, from Geaney (198<¢).
Mechanisms are shown by lower hemisphere, stereograpnic plots of first-
motion airections where the shadea quaarants represent compressions and
the unshadeu represent rarefactions.

Figure o. Focal mechanisms in Northern Alaska from Estabrook (1Yob).
Mechanisms are as shown in Figure 4. Also shown are M > 4,U earthquakes,
open circles (NEIS); ana faults atter King (1YeY). Mechanisms are
plotted with north up, not parallel to the map grid.

Figure 7. tocal mechanisms in western Alaska, from Biswas (1i965).
Mechanisms are upper hemisphere, sterographic plots of first-motion where
the shadea quaarant represent raretactions and the unsnaaed ones
represent compressions.

Figure 8. tpicenter map for northern Alaska from Lstabrook (1985). The opcun
circles represent epicenters for all M > 5,0 events in the NEIS files ror

this region through 1983.

Figure 9. Etpicenter map for northern Alaska from tstabrook (L9s5). The open
circles represent epicenters for all M > 3.U events for the years 1970-
1979, a time period of relatively good station coverage.
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Figure 10. Epicenter map for northern Alaska from Estabrook (1985). The
open circles represent the relocated epicenters of all earthquakes
located by the Geophysical Institute for the period 1967-1983. Note NW-
SE trending lineation of epicenters at about 65.5 N and 145 W which is
coparallel with the trace of the Tintina Fault.

Figure 11. Map of major fault systems in Alaska from Estabrook (1985) after
Stone (pers. comm., 1985).
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APPENDIX A. 2.
Results from Earthquake Research on the Alaska Aleutian Seismic Gap

K. Jacob, J. Taber, and T. Boyd
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RESULTS FROM EARTHQUAKE RESEARCH ON THE ALASKA ALEUTIAN SEISMIC ZONE WITH
SPECIAL FOCUS ON THE SHUMACIN ISLANDS SEISMIC GAP

Klaus Jacob, John Taber, and Tom Boyd
Lamont-Doherty Geological Observatory of Columbia University
Palisades NY| 10964

Extended Abstract

High probabilities in the Eastern Aleutians

Various estimates of the long-term probabilities for the occurrence of great
earthquakes (Mw 2 7.8) in the Alaska-Aleutian seismic zone reveal a broad region
in the Eastern Aleutian with moderate to| high probabilities for great earth-
quakes during the next two decades (Figure 1). The probabilities range from
less than 30% to more than 907 for the 20 year period from 1985 to 2005 (Jacob,
1984). These values are among the highest| probabilities presently observed in
the entire U.S. for great earthquakes. They are distinctly higher than the 5 to
307 probability range obtained for the adjacent zones that ruptured in 1964 and
1957 by Mw = 9.2 and Mw £ 9 earthquakes, respectively. The high-probability
region in the Eastern Aleutians is centered on the Shumagin Islands Seismic Gap
and covers the zones of the 1938 (Mw=8.2) rupture, the Shumagin Seismic Gap,
the 1946 (Ms=7.4, Mt=9.3) highly tsunamigenic event, and possibly the Unalaska
Seismic Gap, a 200 km long segment that may or may not have broken in the
1957 (Mw =9) rupture.

Local studies in the Shumagin Seismic Gap

The broad region of the Eastern Aleutian probability high is about 1000 km
long, of which only the central 300-350 km |long segment within the Shumagin
Islands Seismic Gap is being currently monitored. Monitoring in this section of
the arc includes a high-gain seismic network, strong motion stations, precision
level lines, a tiltmeter and sea level gauges.| Net strain is also calculated using
laser distance measurements collected every two years by the USGS. The
Shumagin seismic network consists of 18 telemetered stations with a variety of
instrumentation (Figure 2) so that earthquakes can be recorded onscale over a
wide range of magnitudes. There are alsol 12 strong-motion accelerographs
(Kinemetrics SMA-1, 1g), 10 of which are co-located with seismic stations.

Figure 3 shows a map view and cross section of well located earthquakes
recorded by the Shumagin network since 1979. There is relatively little activity
along the shallow part of the main thrust zone but there is a cluster of events at
the lower end of this probably locked zone. Below 40 km there is a clear double
Beniofl zone, with most of the events occurring in the upper plane. The
apparent bend in the slab at ~130 km is due mainly to mislocations arising from
the relatively high velocity of the descending slab (Hauksson, 1985).

The upper crustal seismicity is also concentrated above the downdip edge
of the main thrust zone. This forms a band of seismicity parallel to the main-
land and about 100 km offshore. There is very little shallow seismicity on the
mainland itself. Further west, in the area of the 1946 Ms=7.4 event, the rate of
seismicity increases and the events are spread over a larger portion of the dis-
tance between the volcanic arc and the offshore trench.

Quiescence. In the Shumagin Seismic| Gap a reduction in the rate of
moderate-magnitude seismicity (M 2 5.5) has|been observed since 1979 (Hauks-
son et al, 1984). This reduction has now become significant at the 98-997%



39

confidence level according to the Z test as used by Habermann (1981). The level
of significance depends on the choice of endpoints for the gap. Figure 4 shows
the location of both 5.5+ events (solid circles) and all other events 2 5.0. The
cumulative rate is shown in Figure 5 while a time vs distance plot is shown in Fig-
ure 8. The latter plot shows that while the decrease is statistically significant,
there are other periods of quiescence for only slightly shorter time periods and
arc segments that did not end in a major earthquake. A more statistically
significant rate change is shown in Figure 7 for a smaller section of arc and a
smaller minimum magnitude. This arc length corresponds in part to the aft-
ershock zone of the 1948 Ms=7.4 earthquake. In both cases the sampling period
is too short to allow us to make a prediction based merely on the time since the
rate change.

Effects of a deep slip event. Changes in focal mechanisms, rates of seismi-
city and volcanicity were observed in the Shumagin segment of the arc since
1978 and correlated in time approximately with a tilt reversal observed between
1978 and 1980 (Figure 8)(Beavan et al, 1983). These events were interpreted as
being jointly related to a deep-seated (at 30-80 km depth) slip event in which the
descending slab slipped down-dip by about 80 cm beneath the overriding plate,
but remained locked to the upper plate at the shallow thrust interface. If this
interpretation is correct, then the shallow locked portion of the thrust zone may
have been further stressed by the deep-seated slip event. The 80-cm slip ampli-
tude corresponds to about 10 years of accumulated plate motion. Recent
refinements show that the seismicity rate changes from this event may have
been restricted to the 150 km long central portion of the gap (Figure 9), and
thus the slip event may have been also limited to this portion of the gap.

During the slip event (1978-80) the state of stress in the descending slab (at
depths 50-120 km) was inferred from composite focal mechanisms. Downdip-
tension dominated in the upper zone and downdip-compression in the lower
zone of a double-planed seismic zone (Reyners and Coles, 1982). This stress pat-
tern is opposite what is usually observed globally in double-planed Benioff zones,
including the Aleutians (Figure 10)(House and Jacob, 1983). Normally the upper
zone shows downdip compression and the lower one downdip tension, which is in
accordance with both unbending and thermal stress calculations (House and
Jacob, 1982). The anomalous stress pattern was originally interpreted as an
anomaly or a possible precursor to an impending rupture and was thought to be
related to the dominance of slab pull over unbending, while the shallow thrust
zone remains locked. Composite focal mechanisms for 1981 (after the termina-
tion of the slip event) showed that the stress pattern almost reversed to what is
globally typical (Hauksson, et al, 1984). Events consistent with down-dip ten-
sional focal mechanisms were not as frequent in the upper seismic zone as they
were during the slip event (Figure 11). The change in focal mechanisms may
have been due to the relaxation of stresses in the slab after the slip event. Focal
mechanisms from 1982-1984 are similar to the results from 1978-79, i.e. pri-
marily downdip tension in the upper plane, though as in the 1981 data set, the
composite results are not as consistent as the results from events that occurred
during the slip event. If the pattern repeats itself, a lining up of down-dip ten-
sion axes would be expected before or during the next slip event. The monitor-
ing of these stress patterns continues and may be used for comparison with tilt
(leveling) data to identify future slip events, one of which may trigger, or
accelerate into, a larger rupture at the locked shallow thrust zone.

Stress Drops. Two moderate sized (M~6) high stress drop events (600-900
bars) were observed at the 40 km downdip end of the main thrust zone in 1974
(House and Boatwright, 1980). In 1983 two moderate stress drop events (70-80
bars, Ms =5.9 and 6.2) were observed at 26 km depth at the eastern edge of the
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Shumagin Seismic Gap. Obviously neither sequence triggered a larger rupture.
The earlier sequence of events occurred bef«Fre the proposed 1978-79 slip event.
If the slip event brought the shallow portion of the thrust zone closer to failure,
one might have expected the later sequence of events to produce even higher
stress drops. The later events occurred, however, at a much shallower depth
(Figure 12) and thus it appears that high stresses are limited to the base of the
thrust zone.

Short-term vs. Long-term Potential of the Shumagin seismic gap. At
present we consider that the computed condjtional probabilities for great earth-
quakes in the Shumagin Gap constitute a long-term moderate to high level of
earthquake potential for great events. The mentioned onset of "quiescence” for
M > 5.5 earthquakes in 1979/80 could be a candidate for a medium-term precur-
sor, but not knowing what false alarm probability should be assigned to quies-
cence, we do not know how much, if at all, this quiescence constitutes a tem-
porary probability gain. If another tilt or slip event should occur in the future,
we may assign a possible false to true ala rate of 8:1, based on the assump-
tion that slip events release 10 years worth of plate motion at depth, and that
the average recurrence times for great earthquakes is 80 years. Thus on average
every 8th event should trigger a great earthquake. Other than a 1 year quies-
cence of Pavlof volcano, we do not have any| data suggesting that another slip
event is about to begin. Thus we do not think that at present we have any evi-
dence of short-term or even of intermediate-term precursors for an impending
great Shumagin earthquake. Since the other regions in the Eastern Aleutian pro-
bability high are presently unmonitored, except for teleseismic activity, we do
not know whether any intermediate to short |term precursors have taken place
there. But if they do occur there and only th#re, and if they precede a rupture
that extends then into the Shumagin Gap, welmay not be able to predict such a
Shumagin-Gap-rupturing event. ‘

Maximum Sizes of Future Events. Various scenarios must be considered
for future great events in the Shumagin Gap proper, and for the entire Eastern
Aleutian probability high. Depending on whether and how much the Unalaska
Gap broke in 1957, 1902, 1878, or earlier (prior to 1776), the Unalaska segment
may at present sustain at most a Mw=8.0 to 8.8 event, unless it is a permanent
seismic gap with aseismic release of plate motion, a most unlikely possibility
(Boyd and Jacob, 1988).

The 1946 event off Unimak Island had an apparently low seismic moment
release (Ms=7.4), but may have triggered a large underwater landslide leading to
a gigantic tsunami (Mt=9.3)(e.g. Davies et al.,1981). If this assumption is correct
the <150 km long section off Unimak may at present be able to sustain a Mw=8-

8.5 event.

The 300-350 km long Shumagin segment ruptured in great earthquakes,
either entirely or partly, during the July and August 1788 events, in 1847,
perhaps (but not likely) in 1903 ( M=8.3?, depth=100km?, uncertain location
probably farther east), in 1917 (Ms<7.8?), and had its last large (7.5) earth-
quake in 1948 (Figure 13)(Davies et al, 1981). Given the low moments of the two
most recent events, and assuming that the 1903 event did not rupture the shal-
low thrust zone, the maximum event that the entire gap may sustain is probably
near Mw=8.6 to 8.8.

The ~300 km long segment of the 1938-rupture (Mw=8.2) should be able to
sustain a Mw<8.5 event.

Several of the adjacent high-probability regions may rupture together and
thus their moments could be combined to give higher magnitudes than the ones
quoted. For instance, the July 1788 event may have broken the Kodiak section
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of the 1964 event, the 1938 segment, and the eastern half of the Shumagin Gap,
probably representing a Mw=8.7-8.8 earthquake. In an extreme scenario one
may consider the unlikely case that the entire Eastern Aleutian high-probability
zone from west of Kodiak to Unalaska will break in a single giant event; we esti-
mate its magnitude could measure Mw=8.9 to 9.0.

Miscellaneous arc-wide observations

Moment Release. The 3800 km long plate boundary between Yakutat Ba
and Kamchatka had a moderate cumulative seismic moment release (~25x10%®
dyn-cm) during the period 1898-1807, low seismic release (<15x10%® dyn-cm)
from 1908 to 1956, very high moment release (~100x10%® dyn-cm) from 1957
through 1965, and practically none (<1x10?® dyn-cm) during the last 20 years
(1966-1985). Except perhaps for a 22-year period from 1907 to 1929, that may or
may not have been shortened by a possible 7.8 event in 1917 near the Shumagin
Islands, never since the beginning of the instrumental record in 1898 has the
Aleutian arc been quiescent for great earthquakes for as long as in the last 20
years (Figure 14). Thus an increase in major activity is likely in the future
somewhere in the arc. Besides the Eastern Aleutians, the Yakataga and Kom-
mandorski seismic gaps are estimated to be the most likely future sites of great
earthquakes. A possible ~150 km long seismic gap in the Queen Charlotte Sound
segment, south of the 1949 rupture zone, has been suggested by Canadian
researchers.

Repeat times. The combined historic and instrumental seismicity record of
large and great earthquakes for the entire Alaska-Aleutian arc, when analyzed as
a single data population irregardless of systematic regional differences, suggests
that on average one Mw=7.8 event should occur every 60+20 years per 300-km
arc segment, or one Mw=9.2 event every 360+100 years per 800-km arc seg-
ment. Average repeat times for any great earthquake (Mw27.8) are expected to
recur (at the same arc segment) about every 80 years, but one standard devia-
tion from the mean allows a range of ~45 to 135 years. The data also suggest
that only a 5% probability that great earthquakes repeat earlier than 30 years
and longer than 200 years. This result needs to be reconciled with geologic
observations of ages of uplifted marine terraces (e.g. on Middleton Island) and
interseismic subsidence rates from sediments that have been interpreted to
indicate that repeat times of several hundred years, and coseismic slip of a few
tens of meters are not uncommon there.

Interseismic moment rates and extrapolations to great earthgquakes. Fig-
ure 15 shows the moment-release rate of shallow (<50 km deep) seismicity along
the entire northern Pacific plate boundary over the past 16 years. During this
time interval there have occurred no great earthquakes along the Alaska-
Aleutian arc. These moment-release rates, therefore, are due to interseismic
background activity. Except locally, the moment-release rate due to interse-
ismic processes is from 1 to 2.5 orders of magnitude lower than the rates
estimated from plate-kinematic parameters. The latter usually measure several
102* dyn-cm/yr/km arc length, while the former measure between a few 10?2 to
10% dyn-em/yr/km.

Since the interseismic activity is accommodating very little moment-
release along the main plate boundary, b-values estimated from individual arc
segments for this short-term data set cannot be extrapolated to obtain the
correct recurrence rates of the great events which relieve most of the moment
accurnulation along the arc. If one did, the estimated repeat times for the great
events would be too long. Similar observations were initially made by Wesnousky
et al. (1983) for Japanese intraplate earthquakes and have been extended to the
Alaska-Aleutian arc by Davison and Scholz (1985).
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Strong spatial fluctua-

only between but also within the rupture zones of the most recent series of
great earthquakes. A typical wavelength of these seismicity fluctuations meas-
ured along the arc is about 150 km. This wavelength does not appear to be an

artifact of the moving average window length
out the possibility that it is due to poor sp

(90 km), although we can not rule
atial sampling of the release rate

along the arc. If, however, this periodicity is inherent in the data, it may be del-
ineating the characteristic length of the seismotectonic building blocks along

the northern Pacific plate boundary.

If the latter is the case, great earthquakes rupturing along this plate boun-
dary break several seismotectonic blocks. For example, the 1964 and 1957 rup-
ture zones are much longer than 150 km and are characterized by large

amounts of interseismic moment-release near
amounts in their central portions. This obse
slip occurring between these blocks during th

their western extremes and small

rvation may relate to differential
e respective great earthquake. If

this is the case, one would expect different times to elapse before the next great

earthquake not only for different rupture zon
within any one previous rupture zone. As a cd

es, but also for different sections

nsequence of this, the next series

of great earthquakes to affect the northern Pacific plate boundary may define
diflerent rupture zones from those observed during the previous series.
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Figure Captions

Figure 1. Top: Aftershock areas of earthquakes of magnitude M 2 7.4 in the Aleu-
tians, southern Alaska and offshore British Columbia from 1938 to 1979. Heavy
arrows denote motion of Pacific plate with respect to North American plate. Two
thousand fathom contour is shown for Aleutian trench. (from Davies et al., 1981)
Bottom: Conditional probabilities for great earthquakes (Mw 2 7.8) in all major
segments in the Aleutian arc in the next 20 years. Open blocks and diagonal
hatching are the minimum and maximum values, respectively, calculated from
recurrence times and the slip of the last event. Solid bar is the value calcu-
lated for a Poisson distribution.

Figure 2. The Shumagin seismic network, Alaska. Filled circles are short period,
single (vertical) component stations. The hexagons are short period, three com-
ponent stations. An inverted triangle indicates a low-gain site with a three com-
ponent force-balance accelerometer (FBA). Strong motion accelerographs
(SMA's) are also located at the seismic stations SNK, DRR, DLG, SGB, SAN, NGI,
BKJ, IVF, and CNB. Upward triangles denote SMA’'s only. At SAN we also operate
a digitally recording PDR-1 strong motion recorder with FBA sensors.

Figure 3. Map view and cross section of well located events recorded by the
Shumagin seismic network from 1979-1984. Note concentration of seismicity at
the base of the main thrust zone and the double Benioff zone beneath it.

Figure 4. All events with Mb 2 5.0 and shallower than 70 km as recorded in PDE
catalogue from 19683-84. Solid circles are events 2 5.5. The sections of arc from
B to B' and B to B" correspond to the areas of quiescence shown in Figure 5.
Also shown is the area that displays a reduced rate for events with Mb 2 5.2.

Figure 5. Cumulative number of PDE epicenters in the Shumagin region for
earthquakes of Mb 2 5.5. Beginning in late 1979 the rate of occurrence of events
is significantly lower at the 99% confidence level.

Figure 6. Time-distance plot of events with Mb 2 5.5 that were plotted in the pre-
vious figure. Statistical significance of a reduced rate is 99% for part of the
Shumagin region and 987 for the entire region.

Figure 7. Time-distance plot of events with Mb 2 5.2. Statistical significance of a
reduced rate is still 99% but the arc length is much smaller than in the previous

figure.

Figure B. Tilt, seismicity rates, Pavlof eruptive activity, and deep earthquakes in
the Shumagin region for the time period 1972-1985. At the time of the tilt rever-
sal in 1977-80, the seismicity rate for microearthquakes was higher, Pavlof vol-
cano was not erupting, and most of the teleseismically recorded deep earth-
quakes occurred in a cluster behind Pavlof. Deep earthquakes are from PDE
catalogue with x's being events with no calculated magnitude.

Figure 9. Top: Subdivision of the Shumagin gap into 3 subregions. Bottom: The
cumulative number of events in each of the boxes in the top figure is plotted
against time for the period 1979-1984. The rate decrease in 1979 in region B at
the end of the tilt reversal is not evident in regions A and C.
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Figure 10. Side view of well-located intermediate-depth earthquakes and focal
mechanisms for the Aleutian arc from 155-176° W. Focal mechanisms are plot-
ted in back hemispheres. Larger symbols denote earthquakes with recalculated
depths. Depths of remaining earthquakes are from the ISC, based on reported
pP arrivals. Symbol types distinguish events within the western (triangles, 172-
176°), central (squares, 162-172°), and eastern (circles, 155-162°) segments of
the Aleutian arc. Magnitudes range from 5.5 to 6.5. Larthquakes are plotted
with reference to the volcanic line. The dotted line indicates the approximate
location of the inferred main thrust zone. Dashed line connects earthquakes
inferred to be within the lower zone of seismicity. (Figure from House and

Jacob, 1983.)

Figure 11. Composite focal mechanisms for intermediate depth events that are
part of the double Benioff zone in the Shumagins. Left: Upper and lower zone
mechanisms calculated by Reyners and Coles | (1982). The upper zone exhibits
downdip tension while the P axis lies within the plane of the lower zone. Dotted
lines show the trace of the dipping plane. Right: Mechanisms calculated by
Hauksson et al.,(1984) after the proposed slip event. P and T axes appear to be
reversed from the 1979 results but note that the upper and lower planes are not
clearly separated ( x's are events defined to be in the lower plane for the pur-
pose of the focal mechanisms) and the number of inconsistent polarities is much

higher.

Figure 12. Cartoon showing relative locations of high and average stress drop
events. The high stress drop events occurred|at the base of the locked main
thrust zone while the average stress drop events were located at a much shal-

lower depth. |

Figure 13. Space-time plot of instrumental (1898 to 1982) and historical (1788 to
1897) seismicity of the Aleutian arc for great |(Mw27.8) earthquakes. We have
omitted a Mw=7.9 event in 1929 that occurred presumably as normal faulting in
the trench near the eastern end of the 1957 rupture zone. Each event is labeled
by year, Mw, and where applicable for historic events, tsunamis reported (T).
Magnitudes computed for historic events (from ‘time-predictable’, plate
kinematic models are indicated in parenthesis. Uncertain rupture zones are

indicated by broken lines.

Figure 14. Seismicity (Mw 2 7) of the Aleutian arc {(140°W to 169°E versus time
for the instrumental period 1898 to 1885. Top: The number of events per year is
differentiated for great (Mw 2 7.8) and large (Mw < 7.8) events by solid and
hatched symbols, respectively. Bottom: Histogram for the periods (years)
between subsequent great earthquakes (Mw 2 7.8 along the arc. Note the long

recent quiescence of 20 years.

Figure 15. Bottom: Map indicates the epicentral locations of the shallow (depth <
50.0 km) thrust-zone earthquakes with mb 2 5.0 occurring along the Alaska-
Aleutian arc from 1968 through 1984. Numbers indicate the distance along the
arc in thousands of kilometers and are for reference to the top figure. Top: Plot
of the interseismic moment-release rate along the arc as determined from the
events plotted in the lower figure. Moments were determined from Ms using the
relationship between Mo and Ms of Purcara and Berckhemer (1978). If no Ms was
reported, mb was converted to Ms using the relationships derived by Geller
(1976). The moment rate was smoothed with a 90 km long, trapezoidal moving
average window. Solid horizontal lines are the predicted moment-release rates
from plate kineratics, while dashed horizontal lines are the average rates

determined from the interseismic activity.
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APPENDIX A. 3.

Results from 13 Years Crustal Deformation Measurements
in the Shumagin Islands Seismic Gap
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RESULTS FROM 13 YEARS CRUSTAL DEFORMATION MEASUREMENTS IN THE
SHUMAGIN ISLANDS SEISMIC GAP

John Beavan, Ken Hurst and Roger Bilham

Lamont-Doherty Geological Observatory of Columbia University
Palisades NY 10964

Extended Abstract

Measurements

The Shumagin Islands (Figure 1) have been identified as a mature seismic
gap based on studies of historical seismicity and on estimates of great earth-
quake recurrence rate for the Aleutian arc as a whole (Kelleher 1970; Sykes
1971; Sykes et al 1980, 1981; Davies et al 1981; Jacob 1983). We have been mak-
ing crustal deformation measurements since 1972 in order to learn more about
the subduction process in the region. One short (~1km) level line has been
measured since 1972, two additional ones since 1978 and six more since 1980
(Figure 2). Sea level has been measured since 1972 at one site (SDP) by the
National Ocean Survey. We installed three additional sea level sites in 1981,
increasing to four by 1985 (Figure 3). A continuously recording two-component
short-baseline mercury-level tiltmeter has been running at one site (SCT) since

1984 (Figure 3). Related work is being done by the USGS (Savage et al, 1985)

who have measured a trilateration network several times since 1980, and by
NASA who began annual very-long-baseline-interferometry measurements at one
site (SDP) in 1984.

Leveling Data

Data from the level line measurements are shown in Figures 4 and 5. The
two lines with the longest history in the Inner Shumagins (SQH and SDP) show a
pronounced tilt reversal between 1978 and 1980. Prior to 1978 the tilt was down
towards the trench at 1.0 + 0.3 urad/yr; since 1980 it has been down towards the
trench at 0.4 + 0.2 urad/yr. Between 1978 and 1980 the tilt was down away from
the trench at 2.7 + 0.5 urad/yr. All these rates are significantly different from
zero at high confidence levels (Table 1). It is not possible to fit a single straight
line through either the SQH or the SDP data set; a statistical test (Crow et al
1960, pp 166-187) shows the data to differ from linearity with 99.5% and 99%
confidence, respectively. A line in the Outer Shumagins (SIM) also shows a tilt
reversal in 1980, though not at a high confidence level. Between 1978 and 1980
the tilt was down away from the trench at 0.7 + 0.6 urad/yr; since then it has
been down towards the trench at 0.3 + 0.2 urad/yr. Other lines oriented in a
NW-SE direction generally show slow tilt down towards the trench since 1980,
though there are one or two anomalous data points.

The 1978-1980 reverse tilt has been interpreted as resulting from an ~1m
aseismic reverse slip episode on the Benioff zone at depths between ~25km and
~B80km (Beavan et al 1983, 1984). The 1972-1978 and 1980-85 data have been
assumed to represent the normal strain accumulation in the area. We discuss
each of these interpretations below.
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1978-80 reverse slip

Figure 6 re-plots the SQH and SDP leveling data along with seismicity rates,
activity of Pavlof Volcano and occurrence of deep (>160km) earthquakes. The
spatial extent of the tilt reversal (both inner and outer islands), and the tem-
poral coincidence between the tilt reversal-and changes in seismicity rates and
volcanic activity imply that all may be related to|a single deep-seated process.
We have assumed that this process is aseismic slip occurring on the plate inter-
face over a zone ~100km along strike centered on the Shumagin Islands. The
100km length is suggested by the along-strike extent of deep earthquakes (Fig-
ure 7), and by along-strike changes in seismicity patterns (Taber and McNutt
1984). We have modeled the slip as a dislocation in an elastic half space; the
duration of the tilt reversal is < 2 years implying that viscoelastic effects are
unimportant. The plate interface is taken from Reyners and Coles (1982). It
dips 11° between the trench and 30km depth, then approximately beneath SIM it
steepens to 30° (Figure B), passing through a zone of high stress-drop inter-plate
earthquakes at about 45km depth. Below this it follows the top of the zone of
seismicity, which is assumed to be mostly internal to the subducting slab. Fig-
ure 8 shows surface uplift, tilt and linear strain in the direction of plate motion
for various dislocation models. The model results are compared with observa-
tions in Table 2; the uplift observation in the Inner Shumagins is taken from the
sea level data at SDP which shows < 100mm change between 1978 and 1980. The
only models that fit the observations require about 1m of slip on a plane
between ~25km and ~80km depth. Davies et al (1981) and House and Jacob
(1983) suggest that the main thrust zone (the zone |that will fail in a major earth-
quake) extends from the trench to ~45km depth. Hence the slip episode

appears to have broken into, and therefore relieved stress on, part of the main .

thrust zone. |

The postulated slip episode provides a possible explanation for the cessa-
tion of activity at Pavlof Volcano (McNutt and Beavan 1985). Figure 9 plots the
volume strain changes due to the slip. In the region of mantle beneath Pavlof
that may be supposed to be the "feeder” volume for the volcano, the average
volume extension is 0.8 ustrain. This may tend to relieve the stresses that force
magma out of the volcano, or may provide greater volume for storage of magma
within the mantle; either mechanism could provide a temporary lull in eruptive
activity. Any physical connection between the slip episode and the deep earth-
quakes remains enigmatic.

Strain accumulation

Savage (1983) proposed a simple elastic rebound model for strain accumu-
lation in subduction zones. The main thrust zone is assumed to remain locked
while the remainder of the plate interface slips steadily and aseismically. Strain
therefore accumulates in precisely the reverse of the pattern in which it is
released in the eventual earthquake. The surface displacements during the
strain accumulation phase can be calculated by applying a dislocation model
with virtual slip at the plate convergence rate on the main thrust zone. Thus our
Figure 8 can be used to model strain accumulation by changing the sign and
multiplying the vertical scales by 0.075 (to match the Minster and Jordan (1978)
75mm/yr plate convergence rate). Table 3 summarizes our observations,
Savage et al's (1985) strain observations and varjous model predictions. The
uplift observations are taken from our sea level measurements, and are based
on < 100mm change in sea level over the 1981-1985 period. None of the models
in which the main thrust zone extends to the trench fit the observed data. The
best fit is obtained with the upper end of the zone at 25-30km and the lower end
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at 50-80km. This is not inconsistent with the available seismic evidence and
implies that much of the shallow dipping part of the plate boundary is slipping
aseismically. It is generally accepted that aseismic slip plays a role near the
Earth’'s surface for many faults; however, whether such a mechanism could
operate to 25km depth in a subduction zone remains an open question. An alter-
native explanation of the discrepancy between model and observation may be
that the model is inadequate and that viscoelastic effects {e.g. Thatcher and
Rundle 1985) are of dominant importance.

Implications for a future major earthquake

If the 1978-80 slip episode is a rare event then it is of scientific interest, but
may not have any direct bearing on Shumagin earthquake risk. However, if it is
a quasi-regular feature of subduction in this region, it may be very important.
We speculated previously (Beavan et al 1983, 1984) that loading of the main
thrust zone by a future similar slip episode might trigger the expected great
earthquake, and that such an episode may occur around 1990 based on the
75mm/yr convergence rate and the ~1m size of the previous slip event. If the
plate interface is locked shallower than 25km then this remains a valid
hypothesis.

However, the post-1980 data collected by Savage et al {1985) and ourselves
suggest that the upper part (shallower than 25km) of the plate interface may
not be storing elastic strain energy for release in a future earthquake. Further-
more, the fairly close coincidence between the fault plane that best fits the
1978-80 reverse tilt data and the locked zone that best fits the 1980-85 strain
accumulation data suggest that the entire plate motion in this region may be
accommodated aseismically.

Since structural and seismic evidence (Taber and McNutt 1984) suggest
that a region 100km along strike centered on the Shumagin Islands may be
anomalous, it is possible that aseismic slip may be confined to the Shumagins
themselves. The remainder of the Shumagin seismic gap could be storing strain
in a manner that would eventually lead to a major earthquake, as is suggested
by the historic record.

Future Instrumentation

Our recent aim has been to install continuously recording instrumentation
for monitoring future crustal deformation activity within the gap. The sea level
data are continuous but to date have been rather noisy; with improved instru-
mentation installed in 1985 we hope to obtain ~20mm accuracy in relative sea
level between sites. Data from the continuously recording tiltmeter are shown
in Figure 10. The tilt records show typical initial settling curves and both com-
ponents presently show long-term rates < 3 urad/yr. This is still substantially
above the rate that would enable us to detect anything but a very rapid reverse
slip event in real time. We believe that the only continuously recording instru-
mentation available that will adequately monitor tilt in this seismic gap are a
deep borehole pendulum-type instrument or a long-baseline water-tube tiltme-
ter (Wyatt et al 1985).

Acknowledgments. Our thanks to Jim Savage for making available a pre-print.
The work is supported by U.S. Geological Survey grant 14-0001-08-G-944 and by
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INNER
SHUMAGINS

OUTER
SHUMAGINS

* Positive rates indicate that the tilt is
azimuth.

TIME
PERIOD

1972-78
1978-80
1980-85

1978-80
1980-85

TABLE 1

SHUMAGIN TILT RATES

RATE®*
purad a~

-1.0£0.3
2.71£0.5
-0.410.2

0.7£0.6
-0.310.2

AZ IMUTH*
degrees

Nt
-27121
-58+38

w!
-65¢37

CONF IDENCE
LEVEL

952
992
902

downwards towards the given

! Level line only measured in one azimuth, so tilt azimuth is indeterminate.

INNER SHUMAGINS
TILT prad
UPLIFT wm

OUTER SHUMAGINS
TILT prad
UPLIFT mm

INNER SHUMAGINS
TILT purad/yr
STRAIN pystrain/yr
UPLIFT mm/yr

OUTER SHUMAGINS
TILT urad/yr
STRAIN pstrain/yr
UPLIFT om/yr

TABLE 2

1978-80 I m SLIP EPISODE IN SHUMAGINS

OBSERVED

+5.4¢1.0
-100<u<100

+1.4¢1.2

30-50 =

0.6
-35

+0.6
+249

TABLE 3

DISLOCATION MODEL
for fault depth:

b c
25-50 k= 30-80
-1.0 +4.13
-45 +46
+5.1 -1.4
+150 +370

STRAIN ACCUMULATION IN SHUMAGINS

OBSERVED
1980-85

-0.4£0.2
+0.01£0.03*
-25¢<u25

-0.310.2
-0.03£0.05%
-25¢<u<25

a
30-50 km

+0.05
+0.02
+2.6

-0.04
-0.04
~-18.7

ELASTIC REBOUND MODEL

b c
25-50 km 30-80 kn
+0.07 -0.32
-0.05 +0.03
+3.4 -3.5
-0.38 +0.56
-0.01 -0.13
-11.2 ~-271.7

* from Savage et al. [1985], assuming zero strain aloag strike of arc.

for locked zone in depth range:

d
kn 25-80 lm
+3.8
+36
+1.4
+272
d e
25-80 km 0-30 km
-0.29 +0.04
-0.04 -0.15
-2.7 +1.0
-0.11 -0.05
-0.10 -0.23
-20.4 +13.6
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Figure 1. Recent earthquakes (shaded) and seismic gaps in the Aleutian arc
arrows show the relative plate

(adapted from Davies et al (1981)). The hea
motion direction. The rectangle shows the area of Figure 3.
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Figure 2. 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 esiirnate the tilt direction in the
Inner Shumagins. The resultant of SIM and SMH is used for the Outer Shuma-

gins.



69

' LN 1 o
MT. VENIAMINOF %‘é{ -3¢
55¢°
“SHISHALDIN
VOLCANO
&
B 6000 @ﬁ/ 54°
8800
% TILTMETER UTIAN °
® SEA LEVEL GAUGES) Jlf:\&@ (‘.’/ 1
164°W 162° 160° 158°

Figure 3. Location of the Shumagin Islands with respect to the trench and the
volcanic arc. Depth contours are in metres. Note the locations of Pavlof Vol-
cano and the Inner and Outer Shumagins. Also shown are the sites of sea-level
gauges operated by Lamont-Doherty and by the National Ocean Survey (SDP),
and the site of a short-baseline tiltmeter (SCT). Station SAD is no longer opera-
tive because of storm damage. Station CHN is not operating this year.
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Figure 4. See also Figure 5. All data (1972-1985) from level lines in the Shuma-
gin Islands. All lines except SMH are oriented approximately in the direction of
relative plate motion. The two data points each+year represent the forward and

backward runs of leveling. The error bars are +1a, based on variations in multi-
ple readings of each stadia rod from each| tripod position. The height
differences between the ends of the lines have been converted to slope by divid-
ing by the line length; changes in slope from year to year are due to ground tilt.
Several benchmarks are set at each end of each line to guard against bench-
mark instability. Lines SIM and SAD have only one data point plotted for each
year; this is because they have benchmarks between almost every tripod posi-
tion and the overall tilt is estimated by averaging tilts between adjacent bench-
marks.

Note particularly the 1.0 £ 0.3 urad/yr tilt down toward the trench between
1972 and 1978 on line SQH. The resultant of lines SQH and SDP shows a reversal
of tilt (2.7 + 0.5 urad/yr down away from the trench) between 1978 and 1980,
and a return to tilt down towards the trench (0.4 + 0.2 yrad/yr) between 1980
and 1985. The line at SIM in the Outer Shumagins may also show a tilt reversal
in 1980, though not at high confidence level.
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Figure 5. See Figure 4. Most of the NW-SE oriented lines show coherent behavior
since 1980, with slow tilting down towards the trench. Clusters of microseismi-
city at shallow depths below KOR in 1978 through 1880 may contribute to its
noisy behavior. The 1980 measurement on CHN was made immediately after set-
ting the benchmarks, so there may be some settling error due to hardening of

the concrete.
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Figure 7. Teleseismic data from the PDE catalog. Note the locations of the deep
earthquakes in a band ~100km along strike of the arc, centered on the Shuma-
gin Islands.
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Figure 8 (a,b). Dislocation models showing erface uplift (U), tilt in the plate
convergence direction (T), and horizontal linear strain in the plate convergence
direction (E), for 1m reverse slip on the fault plane shown. Table 2 gives uplift
and tilt at the positions of SDP and SIM, and average strain over the intervals
marked as the "inner'" and "outer" islands. These are compared wilh our tilt and
uplift observations, and with Savage et al's (1985) strain observations in Table 2.

The figures can also be used to show strain accumulation using Savage's
(1983) model. The polarity of uplift, tilt and strain should be changed, and the
vertical scales multiplied by 0.075 to give annual deformation rates assuming a
75 mm/yr plate convergence rate. This comparison is made in Table 3.
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APPENDIX A. 4.
Strain Accumulation in the Shumagin and Yakataga Seisanic Gaps

J. C. Savage



STRAIN ACCUMULATION IN THE
YAKATAGA SEISMIC

J. C. Savage

Strain accumulation in the Shumagin and

measured from the deformation of trilateratid

interval.

The measured rates are shown in Ta

80

SHUMAGIN AND

GAPS

Yakataga seismic gaps has been
»n networks during the 1980-1985

3ible 1. No significant deforma-

tion was detected in the Shumagin gap although the detection threshold was

well below the expected strain accumulation rate.

strain accumulation in the Shumagin gap is ei

The presumption is that

ither aseismic or episodic.

The strain rate in the Yakataga gap is consistent with that expected for the

60 mm/a plate convergence rate, although the

observed transverse component

of shear may suggest a somewhat more westerly direction of convergence than

expected. Surveys of a l-km—-aperture tilt ar
relatively uniform tilting at the rate of 0.7

of N53°E, roughly perpendicular to the rate g

FIGURE CAPTIONS

Fig. 1. Trilateration network in the Shumagi
taken as the boundary between the inner and g

Fig. 2. Line length L less a nominal length
for the lines in the Shumagin trilateration 1

Fig. 3. Accumulation of shear strain (Y1 and
and outer Shumagin Islands as a function of t

'ray at Cape Yakataga indicate a
urad/a down in the direction

f plate convergence.

n Islands. Nagai Island has been
uter Shumagin Islands.

Lo plotted as a function of time
etwork.

Yz) and dilatation in the inner
ime.

Fig. 4. Trilateration network near Cape Yak
Fig. 5.

for 18 of the lines in the Yakataga network. |
|

taga (Station Furr is on the cape).

Line length L less a constant nominal length L, as a function of time

Fig. 6. Accumulation of tensor strain as a function of time as indicated by

the 18 lines in the Yakataga network shown i

Fig. 7. Velocity vectors for stations in th
Fig. 8.
triangles) used to determine tilt in the two

are shown in the bottom sketch.

Tilt measured at Cape Yakagaga 1974-

Figure 5.
Yakataga network 1979-1984.

1983. The tilt arrays (solid
intervals (1974-1979 and 1979-1983)
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Table 1. Surface strain rates measured in the Shumayin and
Yakataga seismic gaps. The 2-axis is oriented parallel to the
direction of plate convergence (N30°W in the Shumagin gap and
M20°W in the Yakataga gap) and the l-axis directed into the NE
quadrant. Extension is reckoned positive. The quoted uncer-

tainties are standard errors.

Network Interval n-= éll‘égg Yp = 2¢) a = éll * é22

Shumagin Islands

Al 1980-85 -0.01 + 0.03 -0.03 + 0.03 -0.12 £ 0.07
Inner 1913-80 0.06 ¢+ 0.06 -0.01 ¢+ 0.05 -

1980-85 -0.01 + 0.03 -0.02 + 0.03 -0.12 + 0.07

Outer 1981-85 0.03 £ 0.05 -0.05 ¢+ 0.06 -0.20 £ 0.10

Yakataga 1979-84 0.26 £ 0.05 0.19 ¢+ 0.04 -0.11 + 0.08
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HAZARDS EVALUATION FOR LARGE AND GREAT EARTHQUAKES ALONG THE
QUEEN CHARLOTTE -~ ALASKA - ALEUTIAN SEISMIC ZONE: 1985-2005

by

Stuart P. Nishenko
National Earthquake Information Center

U.S. Geological Survey, Denver, CO 80225

Klaus Jacob
Lamont-Doherty Geological Observatory
of Columbia University

Palisades, NY 10964

INTRODUCTION

Conditional probabilities for the ocurrence of large, great (and giant)
earthquakes along specific segments of the Queen Charlotte-Alaska—-Aleutian
(QC-A-A) seismic zone are presented for the time interval 1985-2005. Time-
dependent recurrence models are combined with simplg Gauss and Weibull
distribution functions to forecast the likelihood of future events in this
region. At present, areas of high seismic hazard include the Yakataga gap as
well as a large portion of the Alaska Peninsula (including the 1938, Shumagin
gap and 1946 segments as well as possibly the Unalaska gap). Areas of low
seismic hazard include the entire Queen Charlotte seismic zone (1949
[excluding the possible Cape St. James gap], 1972 and 1958 rupture zones), the

1964 Gulf of Alaska, portions of the 1957 Central Aleutian and the 1965 Rat

Islands zones.
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The QC-A-A seismic zone is divided into 17 segments based on (1) the rupture

-
-

zones of the most recent large or great eart

hquakes, as defined by aftershock

distributions, and (2) variations in the amount of coseismic displacement

within individual rupture zones.

For each individual segment or gap along the
the time-dependent Gaussian model consists o
earthquake, the estimated repeat time and th
intervals between events (the coefficent of
the QC~-A-A seismic zone, the date and size o
Estimates of repeat time are calculated by d
in the previous event by
do not account for the effects of aseismic s
hence, represent minimum repeat time and max
available, repeat time estimates are supplim
data as well. The coefficent of variation a
poorly known, and we uniformly assign a stan
estimated repeat time in our estimates. A s

similar to that found in studies along other

plate boundaries (Sykes and Nishenko, 1984;

For comparison to the above evaluation, we h

historic repeats (and possible repeats) from

the A-A seismic zone using a Weibull distrib

the rate of fault motion.

QC-A~A seismic zone, input for
f the date of the last large

e standard deviation of time
variation). For the majority of

f the last event is known.

ividing the coseismic displacement
Note that these estimates
lip on recurrence intervals, and
imum ptobability estimates. Where
Lnted by historic and geologic
long any segment of the margin is
dard deviation equal to 33% of the
tandard deviation of 33%Z is

simple transform and convergent

Lishenko, 1985) .

ave also modeled the catalog of
Jacob (1984) along sections of

ution function.
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Both of these time-dependent descriptions of earthquake hazard (or conditional
probability) are compared and contrasted to estimates of seismic hazard baed
on a Poisson model of recurrence. The Poisson based estimates of conditional
probability are termed time-independent or static, as they do not include the
amount of time elapsed since the previous shock. In general, conditional
probabilities based on the Poisson model cluster around 10-40% for a 20-year
time window .throughout the entire QC-A-A seismic zone. Estimates of seismic

hazard based on all 3 models are presented in Table 1 and Figures ! and 2.

Overall, as seen in Table 1 and Figures 1 and 2, recurrence time estimétes
based on both the last shock and historic/geologic data vary by a factor of
two, while the range of probability estimates for each model, are wifhin 10~
20% of each other. This reflects the fact that 2/3 of the margin has ruptured
within the last 20-30 years, and is now within the first 1/3 or less of a new
seismic cycle. The segments with the largest uncertainties (and possibly the
highest probabilities) are along the Alaskan Peninsula (the 1938 and Shumagin
gaps). The poor resolution reflects a fundimental lack of data concerning the

sizes and locations of previous earthquakes in this area.

Time-dependent estimates of conditional probability that are lower than the
Poisson estimates for any particular segment are suggested to indicate a low
level of seismic hazard. Areas of low hazard (i.e. less than 10-20% for the
next 20 years) presently include the entire Queen Charloﬁte seismic zone (1949
[excluding the possible Cape St. James gap], 1972 and 1958 rupture zones), the
1964 Gulf of Alaska, portions of the 1957 Central Aleutians and the 1965 Rat
Islands zones. Note that while the hazard for Mw>9 earthquakes along the 1964

Gulf of Alaska zone is presently low, we cannot rule out the possibility for



the ocurrence of smaller (Mw7.5-8) events in this area, as is seen

historically for the Kodiak Island region.

Time-dependent estimates that are

greater than the Poisson estimates are judged to indicate a high level of

seismic hazard.

Areas of high seismic hazard (i.e. greater than 50% for the

next 20 years) presently include the Yakataga gap as well as a large portion

of the Alaska Peninsula (including the 1938
well as possibly the Unalaska gap). While
for some of these gaps, the spatial proximi
along the Alaskan Peninsula raises the scen
may trigger activity in adjacent segments a
one single segment., Historically, this sec
to the Shumagins, was ruptured by a great (

estimated rupture length of at least 600 km

the westernmost Aleutians, presently has a |

based on the extrapolation of the Weibull data.

exist to independently constrain the hazard

area.
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FIGURE 1: Conditional probability estimates for large

and great interplate earthquakes along the Queen Charlotte—Alaska-
Aleutian seismic zone: 1985-20085. Encircled numbers refer to fault
zones or segments listed in Table 1. Foe each segment, the percentages
and the height of box represent represent the range of calculated
probabilities based on Gaussian, Poisson and Weibull models (see bottom

of figure for appropriate symbol). Dates and vertical bars at the top
of the histogram refer to the time and lateral extent of the last large
or great earthquake in each segment. For zone 9 (Kodiak Island),

probabilities are presented for rerupture as a part of the 1964 zone
and as an independent unit. Mote that the zones with the highest
overall probabilities also have the largest uncertainties.
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FIGURE 2: Comparison of conditional probability estimates
for large and great interplate earthquakes along the Queen Charlotte-—
Alaska—-Aleutian seismic 1one. 1985-2005. Encircled numbers refer to
the fault 1ones or segments listed in Table 1. The percentages beside
each zone represent the range of calculated probabilities from Gaussian
(top), Poisson (middle) and Weibull (bottom) models. The shading of
each fault segment corresponds to the mean probability estimate (see
bottom of figure for key). Blank areas denote segments with lack of
sufficent data for a particular recurrence model,
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APPENDIX A. 6.

Evidence for Activity of the Castle Mountain Fault System:
A Review for the 1985 NEPEC Workshop

J. C. Lahr and R. A. Page
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6338F 9/3/85

EVIDENCE FOR ACTIVITY Of THE

CASTLE MOUNTAIN FAULT SYSTEM: REVIEW F

J. C. Lahr and R. A,

According to one tectonic model for southern
1980), the part of the North American plate bord

is divided into three subblocks. The Castle Mou

OR 1985 NEPEC WORKSHOP

Page

Alaska (Lahr and Plafker,

ering on the Gulf of Alaska

ntain fault lies within the

Wrangell block of this model and is shown along yith the principal regional

tectonic features of southern Alaska in Figure 1
|

A schematic cross section

of the Aleutian arc from Mount Spurr volcano to Fhe Aleutian trench, with

selected routinely located earthquakes auperimpo%ed, appears in Figure 2.

The three source zones for potentially damaging Larthquakea in this region

are: 1) Aleutian megathrust - earthquakes on t
between the North American plate and the Pacific
Prince William Sound earthquake; 2) Benioff zon
within the subducted Pacific plate; and 3) crus
to faulting and volcanic processes in the overri
During the past thirteen years of regional monit
been the principal seismic source near Anchorage
magnitude 4, including 5 larger than magnitude 5,
depth within 100 km of Anchorage. In contrast,

few crustal (depth less than 30 km) shocks, incl
magnitude 4. The largest of these was the 1984

epicenter is located just north of the trace of

.
9

he inclined thrust interface

plate, such as the 1964

e - earthquakes which occur
tal - shallow events related
ding North American plate.

oring, the Benioff zone has

141 earthquakes larger than

have occurred below 30 km

there have been relatively
uding only 11 larger than
Sutton earthquake whose

the Castle Mountain fault.

The Castle Mountain fault system extends abJut 200 km from the Susitna

River ENE across the Susitna Lowland and along t

he southern margin of the



105
Talkeetna Mountains to the edge of the Copper River Basin (Figure 3). The
fault system passes 40 km from Anchorage, 15 km from Palmer, and 10 km from
Wasilla. Because of its proximity to the principal population center of
Alaska, the seismic potential of the fault system is an important issue.
Although future earthquakes as large as magnitude 7.25 to 8.5 (Ms) have
been postulated for the this fault system in various seismic hazard studies
(Patwardhan and others, 1980; Thenhaus and others, 1985), this is the first
study in which specific earthquakes have been unequovically associated with
the fault system.

The Castle Mountain fault system is divided into two segments (Detterman
and others, 1974): the western, or Susitna segment, and the eastern, or
Talkeetna segment. Although the Susitna segment of the fault system has long
been recognized as active on the basis of Holocene scarps (Detterman and
others, 1974), definitive geologic or seismic evidence concerning the
activity of the Talkeetna segment has been lacking (Detterman and others,
1976).

On August 14, 1984, a magnitude 5.7 B, (5.2 Mg) earthquake occurred
14 km north of Sutton in the vicinity of the mapped trace of the Talkeetna
segment. No surface breakage was discovered in an aerial recomnaissance and
ground inspection of the fault conducted two weeks after the earthquake
(T. P. Miller, U.S. Geol. Survey, oral comm., August 29, 1984). Well-located
hypocenters for 49 aftershocks (Figure 4) occurring between August 14 and
December 18 define a buried planar zone striking parallel to the mapped trace
and dipping steeply to the NNW, with dimensions of 10 km along strike and 5
or 6 km down dip. The shallowest of these events is located at 11 km depth;
the absence of shallower events is consistent with the lack of observed
surface breakage. The main shock is located at 19 km depth, near the depth
of the deepest aftershocks. Within the uncertainty of the data, the main

shock and aftershocks can be associated with a single, steeply
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north—-dipping fault, consistent with the mapped ‘race of the Talkeetna
segment,

The focal mechanism of the main shock was determined from 65 P-wave first
motions, primarily at regional distances (Figure 5). The slip plane is
inferred from the close correspondence between the ENE~striking nodal plane
and the attitude of the aftershock zone. Thus, the earthquake involved
dextral slip on the ENE nodal plane, consistent th the sense of lateral
Holocene offsets on the Susitna segment (Detterman and others, 1976). Based
on the orientation of convergence between the Pacific and North American
plates with respect to the Castle Mountain fault, thrust rather than lateral
displacement would have been expected. The dextral slip requires a
compressive stress direction rotated counterclockwise from the plate-
convergence direction. This rotation may be due}to variation in the level of
nvergent stresses along the

convergent stresses along the Gulf of Alaska. C

eastern Gulf of Alaska, within the zone of collision between the Yakutat and

—w o

Wrangell blocks, may be higher than those to the 'west, where a normal
subduction process occurs. This may be particularly true now, due to the
recent release of compressive stress by the 1964 | Prince William Sound
earthquake.

The closest large historic earthquake (Figur# 6) to the Castle Mountain
fault system is a magnitude 7.0 in 1933 with an #picenter 16 km south of the
Susitna trace, which was followed by a prominent{aftershock sequence. Within
the uncertainty in the epicenter location, this event may have occurred on
the fault. Another large event (magnitude 7.3) occurred 40 km north of the
Susitna trace in 1943. There are few aftershocks reported for this event, an
obgervation which could indicate a Benioff zone source.

The Sutton earthquake sequence supports the conjecture of previous

authors (for example, Woodward-Clyde Consultantﬂ, 1980; Thenhaus and others,

1985) that the Talkeetna segment of the fault system is active. In additiom,



a re-examination of the locations of small earthquakes recorded since 1971 by
the southern Alaska regional seismograph network suggests the association of
a few scattered earthquakes with that part of the Talkeetna segment west of
the bifurcation of the Castle Mountain and Caribou faults (see Figures 7 and
8). For the purpose of hazard evaluation, therefore, at least 130 km of the
Castle Mountain fault system should be considered active, from the
westernmost location of Holocene offset near the Susitna River, to the
bifurcation of the Caribou fault at about 148.5°W. Considering the
distribution of magnitude versus rupture length for previously studied
earthquakes (Slemmons, 1977; Bonilla and others, 1984), we conclude that if

this length of the fault were to rupture in one strike-slip event, the

magnitude would be within the range 7.2 to 7.8 M,
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Figure 4. Hypocenters of 1984 Sutton mainshock (star) and 49 aftershocks (circles)

located with a nearly homogeneous set of P and S phases and with a local velocity model

and associated station corrections.

Mountain fault (CMF).

in (c), (d) and (e).
fault strike.

Vertical section of hypocenters in plane

a) Map of epicenters in relation to trace of Castle

Solid squares, temporary stations GHO and MSE.
confidence ellipses for epicenters in (a).

b) Map of 68 %

Letters indicate end points of cross sections
c) Vertical section of hypocenters in plane A - A' perpendicular to
d) Vertical section of 68% confidence ellipses in plame A - A'.
B - B' paraliel to fault strike.

e)
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CNF
o=

Figure 5. First-motion focal-mechanism solution (equal-area lower-hemisphere projection) for
1984 Sutton earthquake. Triangles, dilatations; circles, compressions; solid symbols, data
from long-period teleseismic records; open, from shart-period regional records; smaller
symbols, nodal first motion. Symbols "P" and "T" indicate P and T axes. Strike (@) and

dip () of nodal planes are given, as well as strike of Castle Mountain fault (CMF) and strike
of relative motion vector between Pacific and North American plates (RM1).




113

"(946T) uewyyag 133je umoys s} J[neJ saduey 1apiog 9yl ‘wajsis IInes;
UFBIUNOK 3TI8E) 9yl 03 UOTITPPE U] ‘jJunow® [lRWS B Aq pa313Tys Afwopuel 31k ‘d2189p [° I0
39139p 1831B3U 03 UOTIED0T 03 anp ‘juyod swes ay3 A730exa 3w joTd pnom 3eyy s133juadjdy
*A3% uy se ‘apnjjulew 03 [euofjiodoid 9ZF8 {pPalinddo JUIA3 YOFyM UT IPedIP ‘Isquny *8681
Ul P31INn300 uMmoys 3JuaAd 3Isaf[aey °* [/ 13quaizdeg ysdnoayl 3ujianddo wy ¢¢ Tenba 10 ueys
§§3T yadap yim sodenbyjzaes 103 (4Qqd) °TTd eied 3enbylieg yyoN woaj siajusojdyg ‘9 N4

olPl o6 M olSL
ol 9 ﬂ c m s % 3 / 9 N
9 9 9 9 )
. L @ 9 m@eio\zoﬂwam P

/
/

N 029

[ ]

X - 00°S X - 00%¢

X - 00°0

X 00°6- 00°L
X - 00°9

X - 00°h

HANLINOVR




*0T @an%}4 U] UOFIVSS JO UOFIBIOT *,y¥ ‘WY Of -~ 07 *Snid Suwy 0Z - 0T ‘°@1211d

fwy 0T - ¢ ‘puowelp :yidap Yifm aduapuodsaiiod Joquiks °(ygeT ‘%T Isngny) ojenbyiaes
u0313NG dY3l pue T/6] 12q0IDQ UIIMII - PAIINID0 IBYI WY ¢ Tenba 10 ueyi ssa syidap
Yiim sajenbyjaes papaodaa A1reuof8aa zz(‘T 103 siojuaojda pajedofaa jo dey °/ 2andyg

114




*wy GZ 03 pajeduniay ie s3xe IsdFI[? IBae - (sduanbas

uo33Ing sIPNTOUf eyl pojiad 3wyl snid ; IINYJJ] UF UMOYS SIUIAD T]® S3apNTIUYT) %861
13quwad9( Y3no1yl [/eT 19q0ID0 WOIJ P3iinddo Yl Wy (Of ueyl ss3a| syida yiym sayenbyizies
P318O0T31 #gT°‘1T 3yl 103 s3SA[[2 IJUIPTIUOD 10113 [BIJUIDFAd 389 Jo de °g 3Indyj

115

L{
Ay 09




116

| l
B )11 L0 1111
i e b ¢ E
oy bk t.o° :

1+ 0O . ? k |

] i x E - O r

] i ! F { .

21y e ko1 9 o

" i { P + :
> ] ‘ [ : [ DEPTHS
X b . i : e}

3 O . : i L .
T , { : é - O oo
o ] : x O 10.0¢
Z ] . X
< ] 1 ; ’ ‘ + 20.0¢
Ic; 30 3 4 ; + MAGN 1 TUDES
= @ ¢ : +
Q ] : d o -9.0+

20 3 , 1 N . O 1.0+

5 o) ‘ + ol O s

] @) q O 5.0+

10 i © + b
] + t
+
B T T T T T T T T T T 1
1972 '1973 '1974 '1975 '1976 '1977 '1978 '1979 ‘1980 '1981 l1982 19e3 {198y
1 JAN 72, 00 //——T—l"'ﬁ/
B - Vv by by by b b b b by g by 1o
50 -
50 -
2 ] E
b4 ] r
w 40 -
o ] © o
- 30 0l %, Pr
(/) ] . I od L
= o = & i
5 @ g
20 —j [ (<] o F
] O o .
3 0 s
] o |
10 + 2
] [
] b
13 :
B 0 T l L I T 1 L ] R ] T 7T ' LI l T T T f] T T l T 1 ] A
1984 FEB MAR APR MAY JUN JuL AUG SEP ocrt NOV DEC
] JAN 84, 0O TIME
Figure 9. Space-time plot of the 137 events within box BB' shown in Figure 8. Upper -
January 1, 1972 through December 31, 1984; lower - January 1 through December 31, 1984.
Shaded bands indicate the major gaps in data processing.




117

S )}
A S equence A
0
0
i
s
X
n
-
o
11}
o
100 L

Figure 10. Vertical hypocentral section of 2,447 relocated earthquakes for October 1971
through December 1984, Location of section is given in Figure 7. Section 1is parallel to
local dip direction of Benioff zone.



‘ 4 *uUOTINQTIISTP

3}do0ysiaije uo paseq UOTIBDOTSTP H9T JO 98pg *uUMOYS ST 9UOZ JJOJuay JO DB INS

1addn uo inojuod yadap-wi-G¢ *HgeT AIeniqag ysnoiyi /eI Alenuer WOolJ Pparxindd0 eyl
sayenbyiiea pajedso Arsuyinoxa (wy (g ueyl ssay 8Yyidap) MOTTeEYS JO SI23uadTdy [ SInd|4g

= s8Rl .02 .0h o6hl .02 .Oh oOSI .02 .O0h oIS1 .02 .Oh o251 .0z .oh .ccl
- . . . 0€

3 v i

+0°S 3 ‘a® Wy b 3
3 S8 F .om

+0°h E 3
0t [ E .05

3 o

W02 O : 3
..l.u mllo_w

+0°1 o 3 3
+0°0 o ° - .01
S30NLINIYH 3 E 02
3 N5

02-61 Vv 3 3
I.u. "y -O—.—

001 O F 3
+0°§ 0 m.u.om

+0°0 + 3
.m, +w|on

SH1d30 3 -
E E .01

m + O + AUV a W
??i}ééggi .02

8 944 - 1 Z NVIr SD3 /¢¢€1



119

APPENDIX A. 7.

Seismicity Patterns in the Adak Seismic Zone and
Short-term Outlook for a Major Earthquake

C. Kisslinger
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Seismicity Patterns in the A
and the Short-terms Outlook for

Carl Kisslinge
CIRES/Department of Geolog
University of Colorado

The prediction of earthquakes in an isl
be based primarily on the information provi
occurrence and physical characteristics of
Because the epicenters of the earthquakes i
interested occur under several kilometers o

|
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L, Rlaska, September B, 198%
dak Seismic lone

8 Major Earthquake

r
ical Sciences
y Boulder

and arc subduction zone must
ded by the patterns of

the earthquakes themselves.
n which we are most

f water, other approaches to

prediction, found promising in continental environments, cannot be

applied to the subduction zone associated w

arc with present technology and limited res

The Adak Seismic Zone and the Central A

Fig. t. The network provides data for moni

segment of the arc about 230 ke long, betwes

The catalogue assembled since August, 1974
Mo 2.3.

Some seismotectonically significant feat
1. Adak Canyon is a promi
It is the easternmost of
canyons that cut the arc from here out to 170°f,
revealed by our studies to separate regions with

also shown in Fig.
important feature.

th a typical island

purces.

eutians Network are shown in
toring in fair detail a

en about 175°W and 178.8°W.

s homogeneous down to about

of the seafloor are
and tectonically
transverse

and has been

quite different

tures
nent
the

f

characterisitics along the main seismic zone.
The framework for our attempts at prediction is provided by the

history of major earthquakes within the mai

thrust zone since 1900,

shawn for M: 7 in the lower part of Fig. 2, and moderate activity

since 1974,—§hown in the upper part.

The locations, magnitudes

and fault break lengths shown are very uncertain for events prior
to the 1937 great earthquake, with the 1901 event carrying a

location uncertainty of 5e,
able to assemble from available catalogues.

This is the best record we have been

it shows three

episodes during which the whole length of the Adak seismic zone

seems to have broken in major events, aroun
and in the great event of March 9, 1957.
years and 27 years. Since it is now 28 1/2
event, it is not unreasonable to anticipate
greater events beginning in the near future
evidence that the region may be in the late
for renewed major activity. The upper part
the marked deficiency of msoderate magnitude
years.

We noted a pronounced decrease in the n
with the local network, starting in Septemb
lasted until late in 1984, when the rate of
slowly. Because the drop in occurrence rate
magnitude bands was so pronounced, we have ¢
detail. Because of lingering doubts that tt
unknown change in our detection capability,

!

1909, around 1930,

The intervals are 21

years since the 1857
a series of 7 or

if there is other
stages of preparation
of the figure shows
events in the past 11

mber of events being located
r, 1982, a decrease that
activity began to recover

of earthquakes in all
examined the phenomenon in

e quiescence was due to some
we have compared the Adak

. catalogue with the PDE reports of earthquakes for the same interval, a
completely independent data set. This study also provides a test




of the utility of teleseismic catalogues for detailed monitoring
in small regions.

Because of the well-known bias in PDE locations of earthquakes in
this region, due to the effect of the subducting Pacific plate, as well
as the location errors typical of teleseisamic hypocenter work, there
are difficulties in using the PDE data directly for high-resolution
seismicity pattern studies. We have relocations using local network data
for PDE-reported events since August, 1974, For earlier events, back to
1963, we applied a mean shift in longitude, 0.18° to the east, to all
PDE epicenters. The latitude and depth errors are larger and aore
erratic, so we have considered activity within narrow strips extending
north-south across the arc, rather than trying to assign specific
locations to these events, and assumed that all events with PDE
depths given as less than 100 ke were in the main thrust zone.

We then compared the PDE-reported activity with the local
catalogue for the whole region and for various sub-regions. The
regionalization used is shown in Fig. 3. The West region lies
mostly in the Delarof Islands block, and was examined, but is not
included in the rest of this discussion. "All-Adak" here means
sub-reqions East, Central, SW2 and Canyon. The catalogues were
purged of swarmes and aftershocks, and only events stronger than
Mo 4.5 were retained in the PDE set and duration magnitudes 2.3
and greater for the local catalogue.

The resultcs are shown in the form of cumulative number plots against
time in Figurec 4-10. The All-Adak PDE events since 1963 show the
strong quiescence discovered by Habermann as a precursor to the
February/May strong earthquakes in SW2 and Adak Canyon (6.7/7.2).

There is a suggestion of a rate decrease prior to the 1977 event
in the east part of the Central region, but this decrease is not
highly significant statistically. There it no sign of gquiescence
beginning 1n the fall of 1982. When the data for sub-region SW2
are removed, a clear decrease in the remaining data set is seen
at the same time as the beginning of the local data guiescence.
SW2 became more active since July, 1980, with a steady production
of moderate events since, so that the quiescence in the rest of
the zone is masked. On the basis of this activation, we
correctly forecast the location of a m, 5.8 event within SW2 that
occurred on May 4, 1984, We conclude that SW2 marks an asperity
on the thrust zone that has continued to be active.

The comparison of local and PDE data is valid only since May, 1976.
Ac shown, although the nuabers of events in the PDE set in these small
regions is too small to permit robust conclusions about rate changes,
the data do permit interesting comparisons. The data for the East
region, 1n which the number of events is very small, track well,
including the recent increase. A significant decrease in the local data
began in late 1981. The two data sets for the central region are in
very good agreesent, and the highly significant drop in the local
network rate is confirmed. The rate decreases in SW2, though not as
strongly ac in the other regions; the activation seen in the PDE data
does not appear in the local data. This means that the b-value in this
subregion, known for a long time to be the lowest within the study
region, has dropped even lower.

The data for Adak Canyon confirm our previous qualitative estimate,
that this sub-region has had a deficiency of teleseims since 1974 (top
of Fig.1), but the rate of microearthquakes has been steady during thic



time. A 5.7 event occurred in the eastern

part of Adak Canyon in June,

1982, and there have been several more moderate earthquakes here since.
This activity may be part of the activatiod seen in nearby SN2,

The clustering of teleseisms and higher
1984 eve

around the epicenter of the May 6,
figure, taken from published papers.

Conclusions.

1. The quiescence detected in the local
beginning in September, 1982,
began at different times in different sub-r
began to return to the previous rate in par
1984. The question remains as to whether t
signals the end of a pronounced quiescence
or is an increase just prior to a big earth

2.
the teleseismic data since 1963.

Canyon. The second (1974-77) is weaker, an
Ma 6.7. The third is recent and its signif
determined.

3. SW2 is a small region characterized
of increased moderate activity, a low b-val
microearthquakes., It is a likely nucleatio
earthquake.

4. Given: the historv of =trong earthqgu
basis; the quiescence lasting three years b
Canyon earthquake of May, 1971, which was p
SW2; the deficiency of moderate earthquakes
the past 11 years; the activation of SHW2 si
recent activation of the eastern part of Ad
pronounced quiescence over the zone that be
present the following hypothesis:

An earthquake with surface-wave magnitu
the Adak seismic zone in the near future.
of a three-year precursory quiescence is ch
time is before the end of October, 1985. A
initiation of rupture is at the acperity in
main break occuring either immediately or s

is a real geo

Three intervals of reduced rate of o
One (1948
pronounced and ended with the 1971 ctrong e

stress microearthquakes
nt are shown in the last

network data,

logical occurrence. It
egions. The activity
ts of the zone in late
he recent behavior
with no major event,
quake.
ccurrence are seen in
-71) is very
arthquake in Adak
d ended with the 1977
icance is still to be

by four years
ue and higher stress
n point for a strong

akeec since 1900 as a
efore the 1971 Adak
receded by a 6.7 in
within Adak Canyon in
nce 1980 and the more
ak Canyon; and the

gan in 1982, we

de 7 or greater will occur in
If the single observed cace
aracteristic, the most likelyv
likely place for the
sub-regicn SW2, with the

oon after under Adak Canyon.




Figqure Captions.

1.

2l

(2}

-10. Comparicson of local and FDE data csince 1976 for the whole zone and

The Adak Seismic Zone, showing the 14 stations of the local network
and the bathymetry.

Top: Local network locations of events in the PDE catalogue, August,
1974 - June 1984. The epicenters of the May 2, 1971 and November 4,
1977 events (Mg 7.2 and &6.7) are marked by stars. The deficiency of
teleseismically located events in Adak Canyon is apparent.

Bottow: Time-space plot of major earthquakes (M7 and greater), since
1900, Lengths of fault breaks are estimates, locations of events
before 1957 are highly uncertain.

Regionalization used for the seismicity analysis. The small
rectangles are the sub-regions adopted for local analysis, the broad
north-south strips are those used for comparison of FDE and local
data. The Wect region is thought to be outside of the region of
current special interest,

Independent PDE events 1963-May, 1985, cumulative number ve. tiame.
The arrowheads mark: the 197! events in SW2 and Adak Canyon, the
November ,1977 event, the 1980 start of activation in SW2, the 1982
start of quiescence across the zone, and the 1984 5.8 event in SW2,
The All Adak data show no quiescence beginnng in 1982, the data with
SW2 removed show it clearly, and the SW2 data show the activation of
this eite cince July, 1980.

for the <cubregions. The locel data figures include a running
ecstimate of the significance of the difference of the mean number of
earthquakes during the 52 weeks before and after the point plotted;
peaks correcspond to rate decreases, troughs to rate increases. The
99.7% significance levels for the differencec in meanc are marked by
the horizontal lines at 2.57. The arrowheads mark the same times acs
those in the later part of Fig. 4.

11. Seismicity in SW2, showing (top) the cluster:ng of moderate

earthquakes (squares) around the epicenter of the May 6, 1984 event
(Bowman and Kisslinger, BSSA, February, 1985) and (bottom) the
concentration of higher stress microearthquakes with a similar
distribution (Scherbaum and Kisslinger, BSSA, December, 1984).
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Expanded abstract for NEPEC
meeting, Anchorage, Alaska,
Sept. 8-9, 1985

Geologic Studies Related to Earthhuake Potential and

Recurrence in the "Yakataga Seismic Gap"
George Plafker

U.S. Geological Survey

345 Middlefield Rpad

Menlo Park, CA 94025

Geologic data relevant to earthquake recurrence times in the "Yakataga

seismic gap" are primarily the ages of coseismic marine terraces at Middleton
Island in the Gulf of Alaska and along the maiLland coast between Yakataga and
Icy Bay (Plafker and Rubin, 1967, 1978; Plafker, 1969; Plafker and others,
1981). These terraces are believed to record pne or more abrupt coseismic
uplifts of the shoreline relative to sea level following long periods of
interseismic strain accumulation and relative stability with respect to sea
level.

Middleton Island, near the margin of the continental shelf in the

northern Gulf of Alaska, has emerged from the sea during six major episodes of
coseismic uplift from oldest to youngest of about 7 my, 8 my, 6 my 9 m, 7.5 m,
and 3.5 m which are recorded by exceptionally well-exposed and preserved
marine terraces (fig. 1). A1l but the youngest uplift have been dated by
radiocarbon methods at roughly 5,090, 3,890, 3,500, 2,420, and 1,290 (all +
250) calendar years before present, respectively, and the most recent uplift
occurred during the great March 27, 1964 Alaska earthquake. The radiocarbon-
dated material is either driftwood or the oldest peat on the terrace

surface. Recurrence time for these movements/is on the order of 400 to 1,300
years. During this period, the eustatic leve] of the sea was either slowly
rising or stable; thus the episodic nature of the emerging terraces requires

that the pre-1964 terraces are also primarily| tectonic in origin. Average
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uplift rate is approximately 10 mm/yr since the island first emerged from the
sea 5,090 years ago and there appears to be an abrupt decrease in the rate of
uplift to 6 mm/yr in the interval preceding uplift of the 1964 terrace.
Independent evidence for the long strain accumulation period that preceded the
1964 event comes from radiocarbon dating of shorelines that were tectonically
submerged in the eastern part of the earthquake focal region (throughout
Prince William Sound, the Copper River Delta, and Cape Suckling). These data
indicate that submergence occurred throughout this region and that at Montague
Island it was continuous for at least 1,180+70 calendar years prior to the
earthquake at an average rate of 6 mm/yr. (fig. 2). These data preclude the
possibility that a 1964-type event involving significant uplift affected the
Mentague Island area for at least 1,180 years prior to 1964.

The accumulated Middleton Island terrace data suggest recurrence
intervals of 400 to 1,300 years for large arc-related events of the 1964
type. The data from terrace uplift steps and rates at Middleton Island,
together with the results of triangulation resurveys in the earthquake-
affected region, suggest that at least half of the strain accumulated during
the 1,300 years that preceded the 1964 earthquake has yet to be released,
assuming no significant aseismic prequake creep. The accumulated strain could
be released either by aseismic creep or in one or more large earthquakes over
a time interval that is short, relative to the interval between successive
terrace uplifts. Because the tide gage data indicate recovery rather than
continued gradual strain release since the 1964 earthquake, it appears more
likely that any residual accumulated strain at Middleton Island will be
released during future earthquakes.

Along a heavily forested segment of the mainland between Cape Yakataga in
the west and Icy Cape, four marine terraces have been dated by their included

peat, wood and organic sediment layers. Radiocarbon dates obtained on organic



material from these raised shorelines provide
6,520, 4,990, 2,820 and 1,400 (all + 250) cal

average uplift of about 63 m, 37 m, 21 m and

13 m (fig. 3).
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approximate terrace ages of

endar years for corresponding

The terraces have

similar depositional sequences, with thin deposits of beach and lagoon facies

overlying surfaces cut into both unconsolidated sediments and bedrock.

The

terrace sequences are commonly overlain and concealed by thick fluvial and

fluvioglacial deposits; dated material comes
terrace.

The average uplift rate (corrected for e
isostatic uplift) for the past 6,500 years is

approximately half this amount at Cape Yakata

ga.

from the lagoonal facies on each

ustatic sea level rise but not

about 10 mm/yr near Icy Cape and

The upward slope in

elevation of the terraces eastward towards Icy Cape may be due to an isostatic

component related to deglaciation at Icy Bay.
uplift occurred as discrete major coseismic s
from oldest to youngest would be 1,530, 2,170

years, with steps of about 15.5, 17, 7.5, and

Assuming the entire terrace

teps, the recurrence intervals

, 1,420, and 1,400 calendar

13.5 meters. However, because

of the dense vegetation cover and poor exposure on the terraces, it is

probable that not all terrace steps above the

identified.

stage IIl terrace have been

The plate-convergence rates along this part of the Pacific margin

are 50-60 mm/yr so that the terraces record only part of the tectonic

deformation in this structurally complex and

tectonically active region.

The last uplift step of about 13 m that formed the stage IV terrace

occurred about 1,420 years ago. Thus, if the
major terrace-forming earthquakes in this are:
suggested by the interval between the stage I
suggest that the next uplift event in the Cape

imminent.

In summary, terrace data suggest that te

2

average recurrence interval for

3 is about 1,400 years, as

[I and IV terraces, the data

Yakataga-Icy Cape area may be

ctonic uplift rates in both the
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Cape Yakataga-Icy Cape and Middleton areas near both ends of the "Yakataga
seismic gap" lag behind the long-term average rates. Future uplift of these
areas most probably would occur during one or more major earthquakes along the
convergent boundary between the Yakutat and Wrangell blocks which extends
northeastward from the eastern end of the Aleutian Trench along the Pamplona
zone to the Fairweather transform fault. Because major earthquakes along this
boundary are also 1ikely to be accompanied by large vertical displacements on
the continental shelf, they could generate seismic sea waves capable of

causing coastal damage far from the earthquake focal region.
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Review of Seismicity and Microseismicity of the Yakataga Seismic Gap, Alaska
by

Robert A. Page, John C. Lahr and Christopher D. Stephens
U.S. Geological Survey, 345 Middlefield Road, Menlo Park, CA 94025

Summary Review of available seismicity and microseismicity from the
vicinity of the Yakataga seismic gap provides no indication that a
great, gap-filling earthquake is 1ikely to occur sooner rather than
Tater in the next decade or two. First-order features of
microseismicity monitored since 1974 within and adjacent to the gap
have been remarkably stable,

The Yakataga seismic gap is bounded on the west by the aftershock zone of
the 1964 Prince William Sound earthquake, on the east by the aftershock zone
of the 1979 St. Elias earthquake, on the south by the continental shelf edge
and the Pamplona zone -- the deformational front within the accreting Tertiary
Yakutat block -- and on the north by the 40-km isobath of the NNE-dipping
Wrangell Benioff zone (Fig. 1). The seismic gap lies in a region of great
tectonic complexity (Fig. 2). North-northwestward motion of the Pacific plate
relative to the North American plate results in predominantly dextral slip
along the Fairweather fault system in southeastern Alaska and subduction along
the Aleutian Islands, the Alaska Peninsula and the Kenai Peninsula. The gap
lies in the transitional zone between these two tectonic regimes.

Seismicity (magnitude m_ 4.5 and larger)

The Yakataga gap was ruptured by an M¢ 8.5 shock on 4 September 1899
(McCann and others, 1980). A second great (Mg 8 4) earthquake occurred on
September 10 on the eastern edge of the gap with the most severe effects
reported around Yakutat Bay (McCann and others, 1980). For 1900 to 1958 the
known seismic history includes no earthquakes larger than magnitude 6.0 within
a distance of about 100 km of the gap, as depicted in Fig. 1. In July 1958,
an Mg 7.9 shock broke the northern Fairweather fault; a pronounced group of
aftershocks near 60.3 N, 140 W marked the northern end of the inferred rupture
(Tobin and Sykes, 1968). A few months later, in September, a magnitude 6.3
event occurred on the southern edge of the gan. No other shocks of magnitude
6.0 or larger occurred in or near the gap prior from 1958 to the time of the

1964 earthquake.

The eastern end of the 1964 rupture zone is commonly identified with the
eastern 1imit of the dense concentration of aftershocks near Kayak Island, at
about long. 144 5°W (Fig. 3, upper left), but many shocks occurred in 1964 and
1965 both perpheral to and within the Yakataga gap. McCann and others (1980)
interpret these shocks to be a surge of triggered activity rather than
evidence of the 1964 rupture extending into the gap. However, observations of
coastal unlift (Plafker, 1969) and later geodetic resurveys in an area north
and west of Cape Yakataga (Lisowski and Savage, 1980) indicate that
significant slip on the megathrust extended about 50 km east of Kayak Island,
as far as long. 143°W. Thus, the 1964 shock may have relieved some of the
accumulated strain within the western part of the gap.
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The seismicity in and around the Yakataga gap since 1960 for magnitudes

larger than my 4,5 (Figs. 3 and 4) is dominated by the aftershock activity
following the 1964 earthquake which decays inversely with time after the main

shock (Fig, 4). A second prominent feature

in the seismicity is the

persistent activity on the eastern edge‘of the gap in the Icy Bay-St. Elias

region, around long. 141°W,
site of 1979 St. Elias earthquake (M, 7.6);
Some of the earthquakes that have occurred i
since 1979 have been followed by pronounced
a pair of my 5.0 shocks on 2 and 3 May 1982;
been followed by relatively few shocks (for
June 1983). Elsewhere on the periphery of t
occurred since 1965, the most noteworthy bei
sequence on the southeastern edge of the gap
Ms 6.8 and mb 5.8, In contrast to_ the activ
only one shock has been located well within
1967 -- and two shocks (my 4.6 and 4.5) near

The pattern of seismicity in the vicinit
resembles that which has preceded major shoc
prominent earthquake sequences as well as is
perimeter of the gap. However, no cluster o
considered as diagnostic of an impending gre
on the northern edge of the gap -- the downd

where a gap-filling earthquake would likely o

This area was active prior to 1964; it was the

nd it remains active todav,
the St. Elias-Icy Bay region

ftershock sequences (for example,
see Fig. 10), while others have

xample, an m, 6.0 shock on 28
e gap, several shocks have

g the 1970 Pamplona Ridge
including events as large as

ty around the gap, since 1965
he gap -- an m, 4.8 event in
the boundary of the gap.

of the Yakataga gap since 1965

s elsewhere to the extent that
lated events have occurred on the
seismicity that could be
t earthquake has been recognized
p edge of the postulated thrust--
riginate. The only concentration

along the downdip boundary is the mainshock and a large aftershock of the 1979

St. Elias sequence, but no sizable shocks ha
1979, Within the gao, no shock larger thanr

Microseismicity since 1974

The USGS regional seismograph network wa
William Sound through the area of the Yakata
numhber of stations and the area being monito
constant from 1974 until the summer of 1985,
because of budget constraints. Microearthqu
seismic gap is shown in Figures 6 through 9
including annual intervals since October 197
one must allow for three facts. First, the
shocks within a 150-km-wide band landward fr
occurring either offshore or farther inland.

:

ve occurred in that area since
Ny 4.5 has occurred since 1979.

5 extended eastward from Prince
ga gap in the summer of 1974,
red (Fig. 5) remained nearly
when 13 stations had to be closed
ake activity in and around the
for several consecutive periods,
9. In interpreting these plots,
etection threshold is lower for
m the coast than for shocks
Second, east of about long.

The

145°W, all sufficiently well-recorded shocks have been located; whereas, west
of that longitude, only those events larger than a threshold magnitude have

been located. The threshold increased from

about 2.0 in October 1980, or from about my

April 1984, shocks in the St. Elias aftersho
magnitude 1.0, or my 1,0, have not been loca
based on coda duration are generally low com
preliminary analysis, the empirical relation
magnitude my  §s mh = 1.3 mp - 0.39).

coda magnitude of about 1.5 to
1.7 to mh 2.3. Third, since
ck zone smaller than about coda
ted. (Estimates of magnitude
pared to my, Based on a
between my and duration

The most striking feature of the microseﬂsmicity since 1974 (Figs. 6-9) is

the stability of the gross features of the a
another. The spatial pattern of shocks in

tivity from one interval to
he 4 1/2 .years before the 1979



147

earthquake (Fig. 6, top) is remarkably similar to those in the six l-year
intervals after the earthquake (Figs. 7-9).

Within the Yakataga gap, a diffuse concentration of seismicity has
persisted since 1974 in the middle of the gap beneath Waxell Ridge, amidst a
75-km-wide band of scattered activity paralleling the coast. Details of the
Waxell Ridge activity have not been resolved because of the lack of
seismographs in the area. The largest events range up to about my 4.0.

Focal depths for the better-quality hypocenters lie in the range Y0-30 km;
however, depths are not well constrained because of the lack of close stations
and uncertainties in the velocity model. Within the 1imits of the data, these
shocks could be associated with a subhorizontal fault -- a patch on the
inferred megathrust. Alternatively, they could be related to faulting within
either the subducting or overriding plate. Along the eastern margin of the
gap, seismicity associated with the Icy Bay-St. Elias zone of activity laps
into the gap. Elsewhere within the gap, there are only scattered minor
clusters of shocks and isolated events.

Along the northern boundary of the gap, very few shocks have occurred
except in the epicentral ‘area of the 1979 St. Elias earthquake. Activity in
the epicentral area has been gradually declining since 1979 to the present.
Note that a low level of activity was observed in this area before 1979 (Fig.
6, top). On the eastern, southern and western boundaries of the gap, there
have been both persistent concentrations of seismicity and isolated events.
The most notable concentration is the seismicity in the Icy Bay-St. Elias
area, which was active before, as well as after, the 1979 earthquake. The
rate of activity in this area has been decreasing slowly since 1979 (Fig. 10,
top). The Icy Bay-St. Elias area is characterized by shallow, low-angle
thrusting, as observed for the 1979 earthquake. The seismicity is confined to
shallow (less than 20 km) depths but is laterally distributed over a broad
area. In general, it has been impossible to delineate buried faults in this
area by mapping hypocenters, because the spacing between seismograph stations
exceeds the depth of the shocks and thus precludes sufficiently precise focal
depths. After the 1979 earthquake, however, temporary stations augmented the
permanent network and permitted precise location of aftershocks occurring near
the center of the rupture zone. The precise hypocenters define a horizontal
or very gently dipping failure zone less than about 2 km thick in the depth
range 10-15 km, which is inferred to be the principal slip surface in the St.
Elias mainshock. No evidence of an upward bend or of surface-directed splays
in the southern part of the rupture zone has been found in the microearthquake
data, although a few small events have been located above the main thrust zone.

A second persistent concentration of seismicity’along Ehe boundary of the
gap is near the mouth of the Copper River near 60.5 N, 145'W. This activity
is confined to the depth range of about 15-30 km. The pattern of first
motions for two of the largest events suggests normal slip on a moderately to
steeply inclined fault, but the broad horizontal extent of shocks within a
narrow depth range suggests that low-angle faulting (thrusting 2) may also be
occurring. Recently obtained microearthquake and seismic refraction data in
this region may help to resolve the tectonic details. Elsewhere along the gap

boundary, an my 5.2 shock in Segtember 1980 near the edge of the continental
shelf was neither preceded nor followed by locatable earthquakes.
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In the area surrounding the gap, concentrations of pers1stent sexsm1c1ty
are also observed, notably a northeast-trending zone near 61.5° N, 146.5°W and
a more diffuse pattern near the head of Yakutat Bay. North and south of the
gap, the seismicity is more diffuse and sppradic. The continental shelf area
is characterized by scattered events. The segment southwest of the gap
consistently has been more active than thaﬁ to the southeast, but it has been
conspicuously quiet over the last several months (Fig. 9, bottom). North of
the gap, a large number of shocks have occurred near the northwestern end of
thg Duke River segment of the Denali fault system, approximately in the region
61°N - 62°N, 140°W - 142°W. The act1v1ty, which includes an my 5 3
mainshock and aftershock sequence in 1983, has fluctuated in both space and

time.

Histograms of earthquake occurrence within selected regions (Fig. 10) show
the general stability in the rates of microseismicity within the Waxell Ridge,
Copper River delta and western continental shelf areas and also the overall
decay in activity within the St. Elias area since the 1979 earthquake.

Outside the St. Elias area, no first-order changes in rates of seismicity are
observed. At magnitudes below the completeness threshold, an apparent
temporary increase in activity occurred in the Waxell Ridge, Copper River
delta and St. Elias areas between about November 1980 and September 1981;
however, since 1981, the activity has continued at about its previous, lower
level. The patterns of seismicity observed since 1979 do not suggest to us
that a gap-filling earthquake is imminent. We find no indication that a
gap-filling earthquake is more likely to occur within the next year or two
rather than in a comparable interval in tFe next decade or two.

|
|

|
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Fig. 1. Yakataga seismic gap (dashed boundary) in relation to aftershock
zones of principal earthquakes since 1900 (solid boundaries). Heavy
line, 40-km-depth contour on top of Wrangell Benioff zone.
CRD=Copper River Delta; IB=Icy Bay; KI=Kayak Island; MI=Middleton
Island; PWS=Prince William Sound; SE=Mount St. E11as V=Valdez;

Y= Yakataga, YB=Yakutat Bay.
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Fig. 2. Seismotectonic setting of Yakataga gap. Pacific plate motion vector
relative to North American plate from RM1 pole of Minster and others
(1974), Principal faults with known or suspected Cenozoic motion;
barbs on upthrown side of reverse faults. Shading within the
Aleutian volcanic arc and Wrangell Mountains indicates upper Tertiary
and Quaternary volcanic rocks. 50-km and 100-km contours on top of
Beninff zones from Lahr (1975) and Stephens and others (1984), Note
offset and divergence between 50-km contours of Aleutian and Wrangell
Benioff zones. DRT=Duke River thrust; YB=Yakutat Bay.
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Fig. 4. Longitude-time plot of earthquakes plotted in Figure 3. The data are
incomplete before 1964; body-wave magnitudes have been routinely
computed by the PDE program only since April 1963. Symbol size as in
Figure 3. Four prominent earthquake sequences are observed; 1964
Prince William Sound, 1970 Pamplona Ridge, 1979 St. Elias, and 1983
Columbia Bay. The approximate extent of the Yakataga gap is shown.
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MAGNITUDES AND MOMENTS OF DURATION
By WiLLiaM H. BA{ﬁUN

ABSTRACT (

Coda-duration r at 42 of the stations in the U.S. Geological Survey’s central
California seismic network (CALNET) for earthquakes in five source regions of
central California—the Parkfield and San Juan Bautista sections of the San
Andreas fault, the Sargent fault, the Coyote Lake section of the Calaveras fauit,
and the Livermore area—are used to obtain empirical formulas relating local
magnitude M, and seismic moment M, to r and epicentral distance A. Models
with log? r fit the data better than those assuming a log r dependence. For 55
earthquakes with 1.1 = M, = 5.3, M, = 0.92 + 0.607(+0.005)log® r + 0.00268(+
0.00012)A. These M, assume a Wood-Anderson seismograph magnification of
2800; 0.15 should be subtracted from these M, for continuity with magnitudes
obtained from or calibrated against typical (magnification ~ 2000) Wood-Ander-
son seismographs. For 53 earthquakes with 18.4 = log M, = 22.3, log M, = 17.97
+ 0.719(% 0.0007)log® r + 0.00319(+0.00013)A. These relations provide unbiased
estimates of M, for 1.5 s M, < 5.3 and 19 < log M, < 22.3. Station corrections
can significantly improve the accuracy and precision of M, and log M, estimates,
particularly it » from a small number of stations are used. Regional variations in
station corrections reflect an increase in coda duration toward the south within
the CALNET.

INTRODUCTION

Many seismic networks now use the coda duration as an estimate of earthquake
size (Lee and Stewart, 1981). Magnitude or seismic moment are estimated from
durations using empirical formulas derived for the particular region and network
instrumentation. While the dependence of duraj‘ion on tectonic environment and
crustal structure is not established, it is clear that the duration formulas change
with seismograph response (Bakun and Lindh, 1977). Given the widespread deploy-
ment of the instrumentation developed for the U.S. Geological Survey’s (USGS)
central California seismic network (CALNET), the coda-duration magnitude M),
formula of Lee et al. (1972) for the CALNET has been used extensively. Considering
the availability of more numerous and better quality data, a reexamination of the
duration magnitude formulation is in order.

Although magnitude is more common, the seismic moment M, is a more useful
measure of earthquake size since M, is defined in terms of the parameters of the
dislocation model (Aki, 1966). Empirical formulas (e.g., Thatcher and Hanks, 1973)
relating log M, and magnitude often are used to estimate M, from magnitude.
Estimating M, directly from the duration measurements is a preferable approach.
Consequently, formulas are developed to estimate M, and log M, from the duration
measurements.

Lee et al. (1972) defined the coda-length duration 7 to be the time from the P
arrival to that time in the seismic coda when|the largest amplitude as seen on
develocorder film through a GEOTECH model 6585 film viewer (20X magnification)
is less than 1 cm. They obtained the empirical relation M, = —0.87 + 2.00 log 7 +
0.0035., where M, is an estimate of M, and A the epicentral distance in kilumeters.
They used an average duration 7 calculated from the signal duration measured on
all possible USGS central California seismic network (CALNET) stations and the
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corresponding average epicentral distance A. Lee et al. (1972) is the point of
departure for this paper. I adopt their definition of r, but consider individual r and
A rather than averages of these parameters.

DATA

Fifty-five earthquakes (Table 1), seven from the Parkfield section of the San
Andreas fault, thirteen from the San Juan Bautista section of the San Andreas
fault, twelve from the Sargent fault, nine from the Coyote Lake section of the
Calaveras fault, and fourteen from near Livermore, were selected from Bakun
(1984). M,, are taken from Bakun and Joyner (1984) except for events 8, 32, 47, and
50; M, for these four shocks were calculated using the —log A, and the station
corrections of Bakun and Joyner (1984). Log M, were estimated using long-period
P- and S-wave spectra obtained from CALNET seismograms (Bakun, 1984); mo-
ments for events 8 and 50 which saturated the CALNET were not used in this
study.

An attempt was made to read the duration for each earthquake at the same 42
arbitrarily selected CALNET stations (see Table 2 and Figure 1) using the pre-
scription of Lee et al. (1972). Amplifier attenuation settings for these stations
ranged from 6 dB, at the highest gain stations, to 36 dB at Parkhill, the lowest gain
one-component (vertical) CALNET seismograph. The gain at several stations
changed during the 1977-1981 time interval spanning the earthquakes used. A total
of 1414 durations, 61 per cent of a possible 2310 readings, were obtained. For some
of the smallest events, e.g., 4, 43, 53, and 54, only a few durations at the closest of
the 42 stations could be measured. For several of these events, durations were
measured for 90 per cent of the 42 stations. At least 15 duration measurements are
available at each of the 42 stations.

ANALYSIS

Aki (1969) noted that the shape of the coda spectrum at a given time, measured
from the origin time, is roughly independent of source size, a result expected for
frequencies low enough so that the source can be regarded as a point. Although the
amplitudes of body waves depend on radiation pattern, the seismic coda does not
appear to be sensitive to source-to-receiver geometry, even for earthquakes char-
acterized by unilateral rupture expansion (e.g., see Figure 2 of Bakun et al., 1978).
If an earthquake can be regarded as a point source and the source-to-receiver
geometry ignored, then the earthquake source can be represented by a single scalar
quantity in the analysis of the coda. That is, the coda is the response of the crust-
seismograph system to a scalar input. The goal here is to quantify the scalar, M, or
log My, in terms of the duration of the coda. Following Lee et al. (1972), I used
stepwise linear regression analysis (Draper and Smith, 1966) with independent
variables f(7) and A. Adding focal depth as a third independent variable does not
result in significant improvements in the fits.

The M), obtained by the USGS for central California earthquakes using f(r) =
log = (Lee et al., 1972) are smaller than M, for M = 3} (Bakun, 1984). Nonlinear
functions f(7) = log? r and f(r) = log" 7 as well as f(r) = log r were considered to
correct this M, — M, discrepancy. The log® r formulas overcorrected and hence will
not be discussed further. The formulas obtained assuming a log? 7 dependence are
preferred, consistent with the results of Real and Teng (1973) and Bakun and Lindh

(1977).




Event Date

No (ve mn-dy}
1 79-10-04
2 79-10-04
3 79-12-03
4 80-04-21
5 80-05-19
6 80-06-12
7 81-01-17
8 80-04-13
9 80-04-13
10 80-04-13
11 80-04-13
12 80-04-13
13 80-04-19
14 80-04-28
15 80-05-10
16 80-06-18
17 81-01-27
18 81-05-23
19 81-05-23
20 81-06-12
21 78-09-21
22 79-01-11
23 79-02-18
24 79-09-14
25 79-11-14
26 80-06-13
27 81-05-27
28 81-06-03
29 81-06-03
30 81-06-06
31 81-06-06
32 81-11-20
33 79-08-07
34 79-08-07
35 79-08-07
36 79-08-07
37 79-08-07
38 79-08-09
39 79-08-10
40 79-08-19
41 79-08-19
42 77-06-21
43 77-06-22
44 77-06-23
45 80-01-25
46 80-01-25
47 80-01-25
48 80-01-25
49 80-01-25
50 80-01-27
51 81-03-256
52 81-04-11
53 81-05-28
54 81-05-30
55 81-05-30

. T;kex;?rom Tables 1 10 5 of Bakun (1984).
+ Events 1 to 7 from Parkfield, 8 to 20 from San Juan B|

MAGNITUDES AND MOMENTS OF DURATION

Ongin Time
(UTC)

" 1801-108

1805-13.5
2105-43.4
1935-55.3
0303-15.0
0927-58.0
0009-36.2

Local Magnitude
(Mp)d

L12 % 0.03 (5)
3.48 + 0.05 (16)
2.71 = 0.04 (4)
3.46 = 0.08 (9

TABLE 1 |
EARTHQUAKE SOURCE I’LAHAMETERS'
- |

Locauon® |

Lautude Longitude frl)err);h

Ny W) tkm)
35°47.8° 120°20.8" 98
35°48.0° 120°20.7° 9.8
35°47.8’ 120°20.2" | 10.8
35°57.7° 120°31.7° 11.8
35°57.9° 120°32.0° 11.8
35°57.8" 120°32.0° 12.0
35°56.6" 120°29.5° 11.9
36°46.8° 121°31.0° 6.5

0615-56.3
0620-40.1
1518-14.9
2151-25.1
2308-44.3
1245-50.8
1821-25.3
2230-38.4
0452-26.5
2210-53.8
0026-07.0
1622-35.3
0016-48.8
0318-56.9
1957-25.8
0138-28.6
0104-08.6
0613-13.7
0956-42.2
1526-17.4
1451-41.8
1504-03.4
0731-19.3
1540-05.3
0652-04.7
0155-12.8
0232-31.1
0525-56.7
0556-51.2
0731-09.6
1249-27.3
0025-20.5
0206-55.4
0442-02.8
0243-06.5
1614-22.7
1936-25.1
0314-00.9
0521-47.7
0524-36.6
0529-45.2
0629-15.4
0233-36.2
1658-16.4
2347-10.4
0013-15.6
1422-19.9
1817-28.2

36°47.7°
36°47.7°
36°47.7°
36°46.1"
36°48.2°
36°47.8"
36°50.1°
36°53.9°
36°50.7°
36°51.8"
36°52.1°
36°51.6"
36°59.4°
37°00.7
36°57.0°
36°58.4"
36°57.2°
36°59.5"
36°56.8"
36°57.5"
36°57.5"
36°58.1°
36°57.8"
36°55.6"
37°02.3"
36°58.9"
37°0L.1’
37°03.8’
36°58.9°
36°58.4°
37°01.6°
37°02.2°
37°00.5°
37°38.2°
37377
37°38.4°
37°50.2°
37°51.0°
37°51.1°
37°50.7°
37°50.7"
37°45.0°
37°33.2°
37°46.9°
37°33.5
37°50.47
37°50.8

121°31.9" 5.7
121°32.0° 6.4
121°32.3° 6.4
121°30.2" 6.7
121°32.9° 6.5
121°32.9° 6.7
121°35.5' 5.9
121°38.2" 5.3
121°37.0° 39
121°38.0° 7.7
121°38.2° 8.4
121°37.1" 5.5
121°41.1" 4.5
121°44.17 139
121°35.1° 5.7
121°38.9' 0.8
121°36.2" 1.7
121°43.7" 7.5
121°34.8° 8.5
121°39.6' 6.3
121°39.6' 6.0
121°39.1' 34
121°39.2° 39
121°32.5' 8.2
121°30.1" 94
121°28.7" 9.4
121°30.3" 5.4
121°30.3° 8.8
121°29.2' 8.3
121°28.9' 6.5
121°29.0" 9.3
121°30.0° 5.4
121°29.1" 7.1
121°40.0° 10.5
121°40.6° 8.4
121°40.4° 94
121°47.6" 3.2
121°47.0° 4.3
121°47.7° 5.0
121°48.0" 3.1
121°47.0/ 5.8
121°42.8° 10.2
121°41.4° 1.6
121°44.17 12.6
121°40.5 4.1
121°47.6" 15.0
121°47.6° 15.0

from Covote Lake, and 42 to 55 from Livermore source regions.

t Uncertainty in M, and log M, = standard deviation of

4.89 £ 0.02 (4)
3.25 £ 0.03 (23)
247 £ 0.04(9)
2.81 + 0.03 (17)
331 £ 0.04 (15)
3.05 + 0.06 (18)
3.40 £ 0.03 (22)
2.78 £ 0.05 (15)
3.86 £ 0.11 (1)
3.91 £ 0.07 (13)
1.93 = 0.04 (15)
1.65 £ 0.05 (11)
2.21 = 0.03 (16}
3.11 £ 0.05 (12)
3.31 £ 0.03 (21
285+ 0.08(11)
3.34 + 0.06 (16)
2.59 = 0.15 (4)
2.77+£0.05 (9
2.18 + 0.06 (16)
2.45 + 0.03 (16)
2.17 £ 0.06 (19)
1.52 + 0.06 (4)
1.26 + 0.10 (2)
2.00 + 0.03 (6)
2.37 + 0.09 (6)
3.16 £ 0.04 (11)
1.74 £ 0.05 (2)
3.09 = 0.04 (11)
271 = 0.08 (8)
3.51 * 0.04 (18)
3.69 + 0.03 (16)
1.85 + 0.11 (8)
1.45 + 0.08 (8)
4.61 + 0.02 (5)
201 £0.21 (3)
2.53 + 0.08 (4)
2.72 £ 0.08 (8)
3.42 % 0.05 (13)
424 £ 0.17(9)
3.57 £ 0.08 (11)
3.14 + 0.09 (7)
5.31 £ 0.20 (4)
3.04 2 0.10 (15)
3.58 + 0.03 (151
1.22+ 0.12 ¢4)
1.56 = 0.02(2y
224 % 0.29(2)

Sersmic Moment
log M.
ldvne cnt

19 786 + 0.036 (11
19.791 + 0.044 (16)
19.072 + 0.040 (13)
18.628 = 0.040 (16)
21,122+ 0.012 (14
20.127 £ 0.118 (1)
21 254 £ 0.017 (6

20,669 + 0.0:48 (28)
20013 = 0.036 (18)
20.350 * 0.023 (18)
20.928 + 0.025 (14)
20.645 + 0.039 (28)
20 882 + 0.029 (27)
200338 + 0.033 (22)
21 765 + 0.071 (&)

21 650 = 0.0%2 (8)

19314 * 0.082 (12
18.825 + 0.048 (23)
19.742 + 0.049 (30)
20.476 = 0.050 (15)
20.762 = 0.046 (28)
20.268 = 0.050 (19)
20.388 + 0.064 (32)
19.796 + 0.039 (27)
20.072 + 0.047 (27)
19.534 + 0.050 (19)
19.882 + 0.036 (25)
19.509 + 0.042 (24)
18.992 + 0.041 (23)
18.666 + 0.052 (13)
19.330 £ 0.060 (13)
19.341 + 0.058 (9)

20.433 £ 0.033 (11)
18.875 + 0.056 (8)

20.358 + 0.054 (11)
19.789 + 0.042 (11)
20.887 + 0.025 (14)
21.120 £ 0.042 (12)
19.122 + 0.035 (24)
18.740 = 0.032 (26)
22.289 + 0.151 (3)

19.037 + 0.080 (5)

19.634 £ 0.034 (8

19.982 + 0.084 (6)

20.953 £ 0.106 (9)

22257 £ 0.122 (8)

20.896 = 0.081 (10
20,571 £ 0.073 (6)

20 360 = 0.063 (20)
20,816 = 0.096 (13)
18.480 % 0.104 (7)

18 660 = 0.044 (6)

19554 = 0.047 (13

autista, 21 to 32 from Sargent fault, 33 10 41

he mean. Number of records in parentheses.

No M, estimates from CALNET data available for 8 and 30. M, taken from Bakun and Joyner (1984)

except for 8, 32, 47, and 50, where M; was calculated using

the results of Bakun and Joyner (1984).
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The regression analysis procedures were implemented in the following steps

1. Let y = M, or log M, from Table 1.

2. Let f(r) =[log7)" =log"r,n=1or 2.

3. Apply regression analysis assumingy = b, + b, f(7) + by A.

4. Calculate station corrections 8(¥)sra = the average of (y — ¥) for each of the
42 stations, using the by, b, and b. from step 3 to calculate the predicted value
3. [6(¥)s14 are listed in Table 2.]

5. Apply regression analysis assuming y* =y — 8{¥)sta = @ + a;f(7) + a2 A.

6. Calculate source region corrections 8(¥)si. = the average (y* — ¥) for each of
the five source regions, using the ay, a,, and a, from step 5 to calculate the
predicted value y. [6(y)so- are listed in Table 3.] .‘

8°

-

b

o CALNET SEISHIGRAPH
USED IN THIS STUDY

o CALNET SEISMOGRAPH

35

!
123 122° 1 120

FiG. 1. Source areas (hatchured) and CALNET seismographs in central California.

The resulting regression relations are of the form, e.g.,
M = a, + alog® v + a,A + §(M1)sra, + B(ML)S()UJ,

where M, is the estimate of local magnitude obtained using r from station i for
an earthquake in the source region j. The average of all available M, ", is M, the
estimate of M, for the earthquake. Ignoring the source region correction and the
station correction result in progressively worse estimates, as discussed below. The
superscripts i and j are omitted in the remainder of this paper wherever the meaning
is clear.

o ————



MAGNITUDES AND MOMENTS OF DURATION

M, = f(log r, A). In order to illustrate the necessity of adopting f(r) = log* , |
start by considering the M, = f(log 7, A) form of Lee et al. (1972). With the
appropriate station corrections given in Table 2

M, = —0.89 + 2.147(+0.0019)log r + 0.00254(+0.00012)A + &(M,)sy 5,

accounting for 91.1 per cent of the variance about the regression. M, at M, = 4 are
less than M, (Table 4 and Figure 2). M, is smaller than M, for r = 175 sec (see
Figure 3), consistent with the systematic underestimates of M, using the M,, ~ log
r relation of Lee et al. (1972). As shown below, the discrepancy at r = 175 sec
disappears when f(7) = log” r is used.

M, = f(log* r, A). Using the appropriate station corrections in Table 2,

M, = 0.92 + 0.607(x0.005)log” = + 0.00268(+0.00012)A + 6(M,)srs, (1)

accounting for 91.5 per cent of the variance about the regression. For this relation,
M, are satisfactory for 13 < M, < 5} (see Table 5 and Figures 4 and 5a). There is
no apparent systematic error in the M; estimates with r (Figure 5b) or with A
(Figure 5c¢). M, has a positive bias for M, < 1} (Figures 4 and 5a).

log M, = f(log® 7, A). Using the appropriate station corrections in Table 2

log My = 17.97 + 0.719(£0.007)log® 7
+ 0.00319(+0.00013)A + 5(log Mo)sta,  (2)
I

accounting for 90.8 per cent of the variance abotjxt the regression. In contrast to M;,
incorporating source region corrections significantly decreases the errors in the log
M, estimates (see Figure 6 and Table 6). Although there are no obvious systematic
trends in the residuals with 7 or A (see Figure 7), the residuals tend to be positive
for log M, < 19.

TABLE 3
Sounce Rr;cxon Cor ECTlONS'

Source Region 6( ML)sou' 5(M|.)sou1 s(log Mo)sors
* Purkfield 0.04 £ 0.02 (129) 05+ 002 (1200 0.17 £ 0.02 (129)
San Juan Bautista ~0.04 + 0.01 (379  —0.02 + 0.01 (379) 0.09 + 0.02 (354)
Sargent Fault ~0.04 + 0.02 (324) —0.02 £0.02(324)  —0.05 + 0.01 (324)
Covote Lake ~0.01 % 0.01 {267) -0.01 +0.01 (267)  —0.14 * 0.01 (267)
Livermore 0.07 + 0.01 (315) 004 +0.01 (315)  0.00 +0.01 (285)

* L ncertainties are standard dewatmm of the mean mu+g the number of r mesurements in paremhe

ses.
+ 6(1\1;_)501, using ML = —~(0.89 + 2.147log 7 + 0.002544 é(ML)yrA
1| M,_)sm using M,_ = 0.92 + 0.607log? r + 0.002681 + 6(M,_)31-A
§ é(log Mo)sou- using log Mo=1797+ 0. 719log” r + 0.003194 + é(log Mo)bm

STATION CORRECTIONS

Station corrections can be viewed as systematic errors in the prediction of the
duration of the seismic coda under the assumptions that propagation-path effects
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can be represented by a single independent variable, A, and that the seismic source
can be represented by another single variable, M, or log M,. Given the arguments
already presented for representing the source by a single scalar, the station orrec-
tions represent additional propagation-path (and seismograph) effects. T iis as-

6 PARKFIELD [ COYOTE LAKE
|
)
d
I
¢2'J 0
61 SAN JUAN BAUTISTA [ LIVERMORE

+\4

CODA DURATION MAGNITUDE
w

6 SARGENT [ ALL 5 REGIONS

[+]

0 1 2 3 4 5 6 0 1 2 3 4 5
LOCAL MAGNITUDE M

F1G. 2. coda-duration magnitude M, using M, = —0.89 + 2.147 log 7 + 0.002544 + 3(M;)s74 versus
local magnitude M,. Error bars are + the 95 per cent confidence interval. Large error bars generally
reflect a small number (2 or 3} of 7 available to estimate M.

sumption—that the station corrections do not result from an inadequate represen-
tation of the seismic source—is implicit in the analysis that follows.

Stations corrcctions (see Table 2) are nearly identical for the three regression
relationships dixcussed in the preceding section. Although in t:e following I refer
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TABLE 4
__ CoDA-DUKATION MAGNITUDE M, USING M, = —089 + 2.147 LOG 7 + 0.00254A
No Station or Sourc ‘

. Using Statien and So
U'sing Station Corrections g uree

Event No. of Corrections Corrections
No. T - I~ - —
M My 'jh M M- M M M- A,
1 13 2.44 £ 009 0.0 232 +0.10 0.17 2.36 £ 0.10 0.14
2 13 2.49 £ 0.05 0.0; 2.39 £ 0.06 0.13 2.44 = 0.06 0.08
3 11 1.95 £ 0.06 0. 1.79 + 0.06 0.16 1.83 + 0.06 0.12
4 4 1.14 2 0.19 -0.0! 0.99 £ 0.15 0.13 1.03 2 0.15 0.09
5 31 349 + 0.04 -0.0 3.49 £ 0.04 -0.01 3.54 = 0.04 -0.06
6 25 2.74 £ 0.08 -0.0. 2.63 + 0.06 0.08 2.68 = 0.06 0.0
7 32 3.51 = 0.05 ~-0.0. 3.63 £ 0.03 -0.07 3.58 £ 0.03 -0.1:
] 25 4.28 = 0.04 0.6 4.40 £ 0.04 0.49 4.37 £ 0.04 0.5.
9 38 3.24 £ 0.04 0.0 3.25 £ 0.02 0.00 3.21 £ 0.02 0.04
10 36 2.54 + 0.05 —-0.0 2.54 = 0.04 -0.07 2.50 = 0.04 -0.0:
11 32 2.93 £ 0.05 -~0.12 2,92 + 0.02 -0.11 2.89 + 0.02 -0.0r
12 32 3.31 £ 0,04 0.00 3332001 -0.02 3.29 £ 0.01 0.0,
13 39 3.13 = 0.05 ~0.08 3.15 = 0.03 -0.10 3.11 £ 003 =0.06:
14 29 3.33 2 0.05 0.07, 3.36 = 0.02 0.04 3.32 2 0.02 0.06
15 35 2.89 + 0.04 ~-0.11 2.90 + 0.03 ~0.12 2.87 + 0.03 ~0.04
16 38 391 £ 0.03 -0.05 3.94 £ 0.03 -0.08 3.90 = 0.03 -0.04
17 12 3.65 + 0.04 0.26 3.94 £ 0.05 ~0.03 3.90 = 0.05 0.01
18 24 2.05 £ 0.07 -0.12 2.09 = 0.05 -0.16 2.05 £ 0.05 -0.12
19 ' 11 1.53 £ 0.12 0.02 1.55 £ 0.10 0.00 1.51 £ 0.10 0.04
20 28 244 £ 0.06 -0.23 246 £ 0.03 -0.25 242 £ 0.03 -0.21
21 a 290 £ 0.04 0.21 2.97 £ 0.03 0.14 2.93 + 0.03 0.18
22 28 3.29 = 0.07 0.02 3.30 £ 0.06 0.01 1.26 £ 0.06 0.05
23 36 291 = 0.06 —0.06 291 = 0.03 -0.06 2.87 £0.03 -0.02
24 36 3.10 £ 0.05 0.24 3.10 = 0.03 0.24 3.06 = 0.03 0.28
25 33 2.57 £ 0.06 0.02 2.55 £ 0.02 0.04 251 £ 0.02 0.08
26 36 2.84 + 0.06 -0.07 2.86 + 0.03 -0.09 282 +0.03 -0.05
27 24 2.39 £ 007 -0.21 2.41 £ 0.07 -0.23 237 £0.07 -0.19
28 30 2.70 £ 0.06 -0.25 2.72 £ 0.05 -0.27 2.68 = 0.05 -0.23
29 27 2,42 = 0.07 -0.25 2.46 = 0.04 -0.29 242+ 004 -0.25
30 13 1.79 £ 0.07 -0.27 1.75 £ 005 - -0.23 1.71 £ 0.05 -0.19
31 11 1.35 £ 0.0~ -0.09 1.34 £ 0.06 -0.08 1.30 £ 0.06 -0.04
32 19 1.85 % 0.10 0.15 1.89 + 0.07 0.11 1.85 % 0.07 0.15
33 27 2.23 2 0.05 0.14 2.25 % 0.02 0.12 2.25 £ 0.02 0.12
34 34 3.03 = 0.06 0.07 3.12 £ 0.03 0.04 3.11 £0.03 0.05
35 18 1.98 + 0.04 ~0.24 1.93 = 0.07 -0.19 1.92 £ 0.07 -0.18
36 39 3.15 £ 0.04 -0.06 3.14 £ 0.02 -0.05 3.13 £0.02 -0.04
T 37 2.66 + 0.05 0.05 2.67 * 0.03 0.04 2.66 = 0.03 0.05
38 35 3.46 = 0.04 0.05 3.49 = 0.03 0.02 3.48 = 0.03 0.03
39 33 3.73 = 0.04 -0.04 3.70 £ 0.04 -0.01 3.69 + 0.04 0.00
40 24 1.93 = 0.07 -0.08 1.90 + 0.04 -~0.05 1.90 + 0.04 -0.05
4] 20 1.62 + 0.09 -0.17 1.59 + 0.05 -0.14 1.58 + 0.05 -0.13
42 32 4.32 + 0.05 0.29 4.35 + 0.04 0.26 4.42 = 0.04 0.19
43 2 214 £ 0.23 -0.13 2.11 £ 0.29 -0.10 2.18 + 0.29 ~0.17
44 24 2.37 £ 0.06 0.16 2.44 + 0.03 0.09 2.51 £ 0.03 0.02
45 24 2.60 + 0.07 0.12 2.67 = 0.04 0.05 2.74 + 0.04 -0.02
46 35 3.40 + 0.06 0.02 3.41 = 0.03 0.01 3.48 £ 0.03 -0.06
47 29 4.37 £ 0.04 0.13 4.41 + 0.03 ~0.17 4.49 = 0.03 -0.25
48 34 3.53 £ 0.06 0.04 3.54 + 0.02 0.03 3.61 £0.02 ~0.04
49 29 2.96 + 0.06 0.18 2.99 + 0.03 0.15 3.06 + 0.03 0.08
50 30 4.98 + 0.04 0.33 5.04 £ 0.03 0.27 5.11 £ 0.03 0.20
51 35 3.21 £ 0.05 -0.17 3.22 £ 0.03 -0.18 3.29 x 0.02 -0.25
52 27 3.46 = 0.06 0.12 3.42 +0.03 0.16 3.49 £ 0.03 0.09
53 2 1.22 £ 0.22 0.00 1.14 = 0.21 0.08 121 £0.21 0.01
54 3 1.00 £ 0.16 0.56 1.06 = 0.08 0.50 1.13 £ 0.08 043
55 9 1.99 + 0.09 0.25 2.13 = 0.05 0.11 2.20 £ 0.05 0.04
Average () 0.070 0.050 0.05u
rms (M, - M,) 0.18 0.16 0.15
rms (M — M)t 0.34 0.24 0.24
- A?L is the mean of the estimates of M, obtained using the number of durations (no. of ) availabl
Uncertainty is the standard deviation of the mean.
t rms error in M. over the 1414 duration measurements (5. earthquakes).
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exclusively to the station corrections corresponding to equation (1), analogous, if
not identical, comments and results apply to the other two sets of station corrections.
Scatter in the residuals at four representative stations is shown in Figure 8. (Note
that the station corrections were used in these calculations so that the residuals
shown in figure 8 have zero average.) The amount of scatter is not obviously
correlated with either the station amplification, the size of the station correction,
or time.

In using a 1-cm threshold irrespective of station amplification, Lee et al. (1972)
assumed that r does not depend critically on station amplification. Although there
is no obvious change in the residuals when amplification changes at : station (e.g.,
see Figure 8), the station corrections are weaklv correlated with station amplification

70 " b 4 .
] t b3
=
s 0
| S
<=
i x
-70 8 2 y )
1 3
0 log T 2

FiG. 3. Standardized :esiduals (¢ = 0.24 M, units) versus coda-duration r for M, = —0.89 + 2.147
log 7 + 0.002544 + §(ML)s7a.

(Figure 9). Figure ¢ illustrates the rot surprising result that lower gain siations
tend to have shorter coda durations t.1an hirh-gain stations.

The station corrections, with and without the seismograph amplificatior corre-
lation ramoved, are plotted at the station locations in Figure 10. A negative (pc sitive)
stz tion correction means consistently longer (shorter) than anticivated coda dura-
tions. There appears to be a regional trend, with station corrections increasing to
the northwest. More specifically, the station corrections are negaiive in the Coast
Ringes near Parkfield, mixed at sites on or near the sedimentary wedge (Hollister
trough) between the San Andreas and Calaveras faults, and generally positive at
the northern stations. The coda is compost d of seismic waves backscattered by
inhomogeneities within the crust and uppe mantle (e.g., Aki, 1969). Thus, the
regional differences in station corrections s! own in Figure 10 imply a systematic
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TABLE 5
CopA-DURATION MAGNITUDE M, USING M, = 0.92 + 0607 LOGZ + 0.00684

Using Statuon and Source

No Station or Source
Using Station C rrections

Event No. of Corrections Corre tions
No T - - J— -
o Mt My - M} M M- M, M M- M,
1 13 2.44 £ 0.08 0.05 2.32 £ 0.09 0.17 2.37 £ 0.04 0.12
2 13 2.47x0.05 0.05 2.38 + 0.06 0.14 2.43 = 0.06 0.09
3 11 2.04 = 0.05 -0.09 1.89 = 0.05 0.06 194 £0.05 0.01
4 4 1.51 £ 0.10 -0.39 1.37 £ 0.08 -0.25 1.42 + 0.08 -0.30
5 31 3.44 = 0.04 0.04 3.45 £ 0.04 0.03 3.50 £ 0.04 ~0.02
6 25 2.71 £ 0.06 0.00 2.62 £0.05 0.0 2,67 £0.05 0.04
7 32 3.47 £ 0.05 -0.01 3.49 £ 0.03 -0.03 3.54 £ 0.03 -0.08
8 25 4.39 £ 0.05 0.50 4.51 £ 0.05 0.38 4.49 £ 0.05 0.40
9 38 3.17 £ 0.04 0.08 319 £002 0.06 3.17 £ 0.02 0.08
10 36 2.52 + 0.04 -0.05 2.52 £0.03 —0.05 2.50 = 0.03 -0.03
11 32 2.87 £ 0.04 -0.06 2.87 £ 0.02 -0.06 2.84 + 0.02 —0.03
12 32 3.25 £ 0.05 0.06 3.27+£ 001 0.04 3.25 + 0.01 0.06
13 39 3.07 £ 0.05 -0.02 3.09 £ 0.04 -0.04 3.07 £ 0.04 -0.02
14 29 3.27 £ 0.05 0.13 3.30 £ 0.02 0.10 3.28 £ 0.02 0.12
15 35 2.83 + 0.04 -0.05 2.85 %+ 0.03 -0.07 2.82 + 0.03 -0.04
16 38 3.93 £ 0.04 -0.07 3.96 + 0.03 -0.10 3.94 £ 0.03 —0.08
17 12 3.61 £ 0.05 0.30 3.90 £ 0.05 0.01 3.88 +£0.05 0.03
18 24 2.11 £ 0.05 — 18 2.15 £ 0.04 -0.22 2,12 £ 0.04 -0.19
19 11 1.75 £ 0.09 =0.20 1.77 £ 0.07 -0.22 1.75 £ 0.07 -0.20
20 28 2.43 £ 0.05 -0.22 2.45 £ 0.03 -0.24 2,42 + 003 -0.21
21 31 2.84 £ 0.04 0.27 2.91 + 0.02 0.20 2.89 + 0.02 0.22
22 28 3.23 + 0.07 0.08 1.25 + 0.06 0.06 3.22 £ 0.06 0.09
23 36 2.84 + 0.05 0.01 2.85 +0.03 0.00 2.83 £0.03 0.02
24 36 3.03 £ 0.05 0.31 .04 £ 0.03 0.30 3.01 £0.03 0.33
25 33 2.54 £ 0.05 0.05 2.53 £ 0.02 0.06 2.51 £0.02 0.08
26 36 2.78 + 0.05 -0.01 2.81 £0.03 -0.04 2.79 £ 0.03 -0.02
27 24 2.38 + 0.06 -~0.20 2.40 £ 0.06 ~0.22 2.38 + 0.06 -0.20
28 30 2.66 * 0.06 -0.21 2.68 = 0.04 -0.23 2.66 + 0.04 -0.21
29 27 241 * 0.06 -0.24 2?45 £ 0.03 -0.28 243 +0.03 -0.26
30 13 1.90 = 0.0 -0.38 86 * 0.04 -0.34 1.84 + 0.04 -0.32
31 11 1.62 £ 0.05 -0.36 1 61 £ 0.05 —-0.35 1.59 = 0.05 -0.33
32 19 1.98 + 0.07 0.02 L 01 £0.05 -0.01 1.99 = 0.05 0.01
33 27 2.25 + 0.04 0.12 2.27 + 0.02 0.10 2.26 £ 0.02 0.11
34 34 3.03 + 0.06 0.13 3.06 + 0.03 0.10 3.07 £ 0.03 0.11
35 18 2.05 £ 0.07 ~0.31 2.00 £ 0.05 -0.26 2.00 £ 0.05 -0.26
36 39 3.08 = 0.04 0.01 1.08 £ 0.02 0.01 3.07 £0.02 0.02
37 37 2.62 £ 0.05 0.09 2.63 £ 0.02 0.08 2,613 £ 0.02 0.08
38 35 3.40 + 0.05 0.11 3.44 £ 003 0.07 3.43 £ 0.03 0.08
39 33 3.71 £ 0.0 -0.02 3.69 = 0.04 0.00 3.68 £ 0.04 0.0
40 24 2.02 £ 0.05 -0.17 1.99 + 0.03 -0.14 1.99 £ 0.03 -0.14
41 20 1.80 + 0.06 -0.35 1.77 £ 0.03 -0.32 1.77 £ 0.03 -0.32
42 32 4.43 + 0.06 018 | 4.46 *0.04 0.15 4.50 * 0.04 0.11
43 2 2.18 + 0.20 -0.17 | 213027 -0.12 217 +£0.27 -0.16
44 24 237+ 0.05 0.16 2.43 £0.03 0.10 247 £0.03 0.06
45 24 2.58 + 0.06 0.14 2.64 + 0.03 u.08 2.68 = 0.03 0.04
46 35 3.34 + 0.06 0.08 3.35 + 0.03 0.07 3.39 £ 0.03 0.03
47 29 4.48 + 0.05 -0.24 4.53 + 0.03 -0.29 4.57 £ 0.03 -0.33
48 34 3.49 £ 0.06 0.08 3.50 = 0.03 0.07 3.53 £ 0.03 0.04
49 29 2.90 + 0.06 0.24 294 + 0.03 0.20 297 £0.03 0.17
50 30 5.34 £ 0.04 -0.03 5.40 = 0.03 -0.09 543 + 0.03 -0.12
51 35 3.15 £ 0.06 -0.11 3.16 = 0.03 -0.12 3.20 £ 0.03 -0.16
52 27 3.41 £ 0.06 0.17 3.37 £ 0.04 0.21 341 £ 0.04 0.17
53 2 1.54 £ 0.13 -0.32 1.45 £ 0.11 -0.23 1.48 £ 0.11 -~0.26
54 3 1.42 + 0.09 0.14 1.48 + 0.06 0.08 1.52 + 0.06 0.04
55 9 2.05 + 0.07 0.19 2,18 £ 0.03 0.06 2.22 £ 0.03 0.02
Average (%) . 0.059 0.043 0.043
rms (M, — M) 0.19 0.17 0.17
rms (M, - M)t 0.33 0.24 0.23
* M, is the mean of the estimate of M, obtained using the number of durations (no. of -} available.
Uncertainty is the standard deviation of the mean.
+ rms error in M over the 1414 duration measurements (55 earthquakes).
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difference in the distribution of backscatterers in central California. The two
stations HOR and HFH, with unusually long coda durations in relation to their
amplificati n (Figure 9), are located on the Hollister trough within 1 km of the San
Andreas, Sargent, Calaveras, and Busch faults, intuitively the most likely place for
extended codas due to multiply reflected, trapped radiation. Fur her discussion here

6 PARKFIELD COYOTE LAKE

A
ML
»

SAN JUAN BAUTISTA LIVERMORE

CODA DURATION MAGNITUDE

6 ¢ ARGENT ALL 5 REGIONS

~ +

0 1 2 3 4 5 6 ] 1 2 3 4 5 5
LOCAL MAGNITUDE M

FIG. 4. Coda-duration magnitude M, using M, = 0.92 + 0.607 log* 7 + 0.002682 + 4(M_)s74 versus
local magnitude M,. See caption for Figure 2.

of the spatial pattern of station corrections is not justified; expansion of the station
correction set to the entire CALLNET should provide the data sufficient to support

a detailed analysis.
SOURCE REGION CORRECTIONS

The source region corrections in Table 3 are the residuals after the station
corrections in Table 2 have been applied. This analysis procedure— 1sing station
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173

defined source regions so that which, if any, source region corrections are appropri-

ate is often an arbitrary decision.

The source region corrections are not obviously consistent with the station
corrections in the sense that negative station corrections were obtained for sites
near Parkfield which has a positive source region correction. The “second-order”
nature of the source region corrections complicates their interp:etation. Although
the station corrections were determined using sources from all of the five regions,
it seems reasonable to expect that the nearby source regions, from which more
numerous durations are generally available, are heavily weighted in the station

“[ PARKFIELD [ COYOTE LAKE
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- . -
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log ¥, log Mg

. F1G. 6. Coda-duration seismic moment log M, using log M, = 17.97 + 0.719 log? 7 + 0.00319A + (log
M;)sta versus log Mo. See caption for Figure 2.

corrections. If this is the c: se, the residuals, i.e., the source region corrections, may
not be a measure of backscattering local to the source regions but a complicated
function of scattering over the entire network.

The size of the source region corrections generally is smaller than that of the
ctation corrections, consistent with the use of the source region corrections as
-econd-order adjustments. While the station corrections for the magnitude and
noment relationships are consistent, the source region corrections are not. Also,
he reduction in error in estimating log M, with source rcgion corrections is
~onsiderably greater than that obtained in estimating M; with source region
-orrections.
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TABLE 6 ‘
CoDA-DURATION Mmg_pms LOG M([ USING LOG M, }= 17.97 + 0.719 LOG? 7 + 0.00319a

No Sintion or Source

Using Station and Sourc
Using Station Corrections F on a urce

Event No. of Carrections Corrections
Ko T T T T e
- og My N og Mo e og Mg
o L o log Mo “log A, log My log Mo log Mo “log Mo
1 13 19.77 £ 0.09 0.02 B0 2 (11 0.19 19.77x0.11 0.02
66 ¢ 07 0.13 19.83+0.07 -0.04

I1 19.30 £ 0.06  —-0.23 072006 0.00 1924 £ 006 -0.17
4 18.67 + 0.11 005 1848 C 10 0.14 1866 £ 0.10 -0.03
‘ 31 20.96 + 0.05 0.16 .95 £ ¢ 05 0.16 21.12+005 -0.01
6 25 20.10 = 0.07 0.0" 97 21 06 0.16 20.14 006 -0.01
B 32 20.99 + 0.06 0.26: 0D0x1003 0.25 21.17 % 0.03 0.08
“ 38 20.64 £ 0.05 003  20.64 x ¢ 03 003 20.73x003 -0.06

’.f 13 19.80 £ 0.05 -0.01
}

10 36 1986005 0.15 .85 + (104 017 1994+004  0.08
11 32 20.28 = 0.05 0.07 20.26 = 02 0.09 20.35 = 0.02 0.00
12 32 2073+005 020 20.74x002 0.19 2083+002 010
13 39  2051+006 013 2052+ ( 04 0.13 2061004 004
14 29 2075006 013 2078+ ( 12 0.11 2087+002 002
15 35 2023+005 011  2024%( 4 0.10  2033+004 001
16 38 2154005 023 2156=%0 3 021 2165004 012
17 12 2116006 049 21.48%( 6 0.17 2157006  0.08
18 24 1938006 —007 1941%¢ 14 —0.10 1950+ 004 —0.19
19 11 1896+0.11 —-0.13 1897%(09 =—0.15 1906009 —024
20 28  19.76+006 -001 1976 (03 -002 1985+ 003 —0.11
21 31 2024005 024 20.31 2003 0.17 2026+003 022
2! 28 2070£009 006 20.70 £ .07 006 2065+007 0.1
23 36 20.25 = 0.06 0.02 20.24 + 01.03 0.03 20.19 + 0.03 0.08
24 36 2047 £ 0.06 -0.08 20.45 = 0.04 -0.06 20.40 + 0.04 -0.01
25 33 1990+ 006 -0.10 .85 0.02 -0.06 19.80%002 —0.01
2i 36 2018007 =011 20.19+003 —-0.12 20.14 003 =007
27 24 19502008 -0.16 J1£007 018 1966+ 007 —0.13
% 30 2003+007 -014 20.04+005 -0.16 1999+005 —0.11
29 27 19.73+007 -022 1977+004 -0.26 19.72*004 —0.2I
30 13 19.13 £ 006 —0.14 .08 + 0.05 -0.09 19.03 + 0.05 —0.04
31 11 1880 + 0.06 -0.13 B.78 + 0.05 -0.12 18.73 = 0.05 -0.07
32 19 1922+008  O.II .25 + 0.06 008 1920006  0.13
13 27 1954+ 005 -0.20 54 +002 —0.20 19.40+002 —0.06
4 34 2047+007 -003 2047003 -0.04 2033£003 010
15 18 1931008 =043 19.23007 -036 19.09+007 —0.22
46 39 2053+005 -0.17 2050=002 —0.14 2036x002 000
a7 37 1999+005 -020 1998 +003 —~0.19 19.84 =003 —0.05
38 35 2091006 ~003 2093+004 -004 2079+004 010
39 33  21.28+006 ~0.16 21.22+006 ~0.10 2108005 004
40 24 1927%006 -0.15 19.22+003 ~0.10 19.08+0.03 004
41 20  19.02+007 -028 1897+003 -023 1883%003 —0.09
42 32 2213+007 016 22.14 + 005 015 2214+005 015
43 2 1946+024 -043 1940031 ~036 19.40+03F —0.36
44 24 1969%006 -005 19.75+003 =~0.11 19.75%0.0% —0.11
45 24 1993+007 005 1999+004 —00I 19.99+004 —0.01
46 3% 20%4%007 011 2084 = 0.04 012 2084%004 012
47 29 2219 = 0.06 0.07 22.23 + 0.04 0.02 22.23 = 0.04 0.02
48 34 2101+007 -012 21.00+003 -011 21002003 -0.11
49 29 2032%007 025 20.34 +0.03 023 2034%003 023
51 35  2061+007 -025 2061=003 025 2061003 -0
52 27 2092+ 007 -0.10 20.86 = 0.04 ~-0.04 20.86 * 0.04 =-0.04
53 2 1871%015 -033 18592013 -0.21 1859*013 —0.21
54 3 1857011 009 ]860%008 0.06 1860x008  0.06
55 9 1931008 025 19.44+0.03 0.11 1944%003 0.1

Average () i 0.071 0.050 0.050

rms (log Mo — log Mo) 0.18 0.16 0.12

rms (log Mo — log M)t 0.37 0.26 0.24

* log M, is the mean of the estimates of log M, obtained using the number of durations (no. of 7)
available. Uncertainty is the standard deviatiun of the meap.
t rms error in log M, over the 1359 duraticn measurements (53 earthquakes).




WILLIAM H. BAKU .

18 20 log ”‘;‘o 22
70r v (b)

-70 i 1 1 | 1 )
0 1 3
log T
(c)
L » tmy T
i AN P
. ‘.—‘E—I'v" t-" ‘s !
TR
l‘ 12, 5 e,
] L i
Y 'l‘. 3 L
1 J
200 300
A (km)

FiG. 7. Standardized residuals (¢ = 0.26) versus (a) log Mo, (b) log 7, and (c) A for log M, = 17.97 +
0.719 log? + + 0.00319A + 5(log Mo)sra. 95.4 per cent of the residuals ure =20.

DiscussION

This paper presents a strictly empirical study. Although equations (1) ard (2)
satisfy the available data, they are not based on any physics of the seismic ‘oda.
Intuitively important parameters, such as focal depth, are not accounted for. Also,
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F1G. 6. Standardized residuals (¢ = 0.24) for stations (a) HCA, (b) BAV, (c) HAZ, and (d) HPH
using M; = 0.92 + 0.607 log* r + 0.00268A + 6(M,)s74 versus origin time. Symbols refer to the source
region of the earthquake: 1, Parkfield; 2, San Juan Bautista; 3 Sargent fault; 4, Coyote Lake; and 5,
Livermoie. Decibel (dB) n imbers are the amplifier attenuator settings.
convenient assumptions, such a< additive station and source region corrections
independent of earthquake size, distance, etc,, may not be justified. Clearly more
and better data and a comprehensive theory of the generation of the seismic coda
might dictate coda-duration relationships different from those presented here.
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Fic. 9. Amplifier uttenuator setting for the 25 stations with constant gain versus station corrections
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FiG. 10 (Left) Station corrections corresp: nding to M, = 092 + 0.607 log* 7 + 0.00268% (Right)
Same for s ations with constant gain with the effect of gain removed using the regression relationship
given in Fuure 9. Positive (negative) station correction imlies that 7 at the station tends to be smaller

(larger) than expected.
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Fi16. 11. M, - 0.15 versus the coda-durition magnitude M, obtained using the formulation of Lee et
al. (1972) for the 98 of the 106 earthquakes used by Bakun and Joyner (1984) for which M), are available.
M, - 0.15 = My, so inat CALNET magnitude continuity is achieved by M, using equation (3) rather
than equation (1).
Equations (1) .nd (2 are based on data for 1.1 £ M, =53 and 184 = log M, =
22.3 shallow foc :s strike-slip earthquakes in central California. Caution must be

used in extrapoluting these relations to other are

s. Although data are presented

for M; Z 5 earthquakes, most events of this size are immediately followed by a
sequence of aftershocks that preclude any meaningful measurements of r for the

main shock. Fortunately, earthquakes with M,
traditional amplitude-based estimates of M, and
these larger events.

5 are infrequent so that the
o will continue to be used for

The relationships do not provide unbiased estimates of M, and log M, for smaller
(M, < 1.5, log M, < 19) earthquakes. Coda durations for these small shocks art less
than about 15 sec; for these short durations, the durations measured are appar 'ntly

t o large and may reflect the S — P time as well as

backscattered energy.

The M, used to obtain equation (1) were calculated using the —log A, and st¢ tion

corrections of Bakun and Joyner (1984). Bakun an

d Joyner (1984) note that v hile

their M, implicitly assume a static gain of 2800 for Wood-Anderson (W-A) seis-

mographs, W-A seismographs in general (and those

in California in particular) have

static gains of about 2000. M, calculated assuming a W-A gain of 2800 shot d be
log (2800/2000) = 0.15 greater than M, calculated using a W-A gain of 2000. Note

that Bakun and Joyner's (1984) station correction
Berkeley, Mt. Hamilton. and Mineral are 0.24, 0.05
corrections used by the University of California, B
(UCB) in their analysis of the amplitudes recorde
(1972) calibrated their coda-duration relationship a

Consequently, the 0.15 average difference betweer

s for the W-A seismograpns at

and 0.03 greater than the station

erkeley, Seismographic Station
»d at these stations.] Lee et al.
gainst the M/, obtained by UCB.
1 the M, of Bakun and Joyner
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(1984) and the M), obtained for these events by CALNET using Lee et al.’s (1972)
formulation (see Figure 11) is not surprising. For continuity with magnitude scales
such as the M), of Lee et al. (1972) that are calibrated against W-A seismographs
with g 1ins of 2000, equation (1) should be modified by subtracting 0.15, i.e.,

M, = 0.77 + 0.607 log? + + 0.00268A. (3)

The adoption here of Lee et al’s (1972) definition of + has important practical
consequences. Measurement procedures in network operations such as CALNET
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NUMBER OF T MEASUREMENTS

F1G. 12. Magnitude of errors in estimates in lOf: M, (top) for log My Z 19 using -quation (1) and in
M, (bottom) for M; = 1.5 using equation (2). Only events with uncertainties (95 )er cent confidence
intervals). in log M, (top) or M, (bottom) < 0.3 are shown.

that use Lee et al.’s (1972) coda-duration formulation for estimating M, need not
be changed. Estimates of M, and M, using these new relations on the r alread:
measured for earthquakes over the past several years are easily obtained.

The M, and log M, estimates are better if station corrections or station and
source region corrections are used. For M, and log M, determined from a single 7,
rms errors decrease from about 0.35 to 0.25 M| or log M, units if stat'ons corrections
are used (sce entries at bottom of Tables 5 and 6). Although the corresponding rms
errors in the M, and log M, estimated from all available r are smaller (~0.2 M, or
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log M, units for no corrections), the error is further reduced when corrections are
apy lied. If the number of observations = 15, the reduction in error is often dramatic
(see Figure 12). For more than about 30+, tTe use of both station and source region
cor ections significantly reduces the errors in the estimates, particularly for log M,.
It i+ clear from the average uncertainties, average (+) at the bottom of Tables 5 and
6, that the M, and log M, estimates are more precise if corrections are used.

A, and log M, calculated from the same set of coda-duration measurements

cle. rly are not independent. Nevertheless,
maintains continuity with earlier catalogs
nontechnical population. Since M, is defi
disli.cation source model, it is the most use

oth belong in earthquake catalogs. M,
nd facilitates communication with the
ed in terms of the parameters of the
| measure of earthquake size for many

technical questions.

CONCLUSIONS

Regression analysis of M, and log M, on coda-duration measurements and
epicentral distance at 42 stations in the CALNET for 55 earthquakes from five
distinct source regions in central Californid vielded empirical formulas [equations
(1) and (2)] for estimating local magnitude M, and seismic moment M,. The
formulas provide unbiased estimates of M, for 1} < M; < 5] and of M, fo1 19 < log
M, < 22.3. For the earthquakes studied, durations available from the 4% stations
yield average and rms differences in the estimated and measured M, and log M,
values of —0.01 and 0.19 for M, and —0.02 and 0.18 for log M,. If constant additive
M, and log M, station corrections are used, the¢ corresponding average and rms
difterences are —0.02 and 0.17 for M, and —0.01 and 0.16 for log M,. If thse station
corrections and also constant additive M, and log M, source region corrections are
used, the corresponding average and rms differences are —0.03 and 0.17 for M, and
—0.02 and 0.12 for log M,,. For continuity with magnitude scales that use amplitudes
from or are calibrated against W-A seismognaphs with static magnifications of 2000

rather than 2800, (.15 should be subtracted
(1).

The station corrections are weakly corre
Lower gain stations tend to have shorter ¢
stations. The station corrections vary on a
durations in the San Francisco Bay regio
Ranges near Parkfield.
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Work Plan to Update Magnitudes in USGS Catalogs
INTRODUCTION

Recently it has become apparent that the USGS CALNET earthquake catalogs
for central California are used for purposes not explicitly anticipated in the
CALNET design. In particular, much reliance is placed on the magnitudes of
small earthquakes through the counting of shocks with magnitude at or

nominally greater than the completeness level of the catalogs. Temporal
variations in completeness threshold and/or in the magnitude scale used by

CALNET are particularly troublesome for these studies.

In order to address possible temporal variations in the magnitude scale
used by CALNET, we will undertake a systematic evaluation of the coda-iura:tion
magnitude scale Mp yged by CALNET. Our goal is a summary catalog for
1969-1985, with magnitude and log seismic moment estimates for each shock.
Each of these estimates will have attached an error estimate and the number of
data used. In addition to the precision, we will test that the magnitude
scales are consistent over the time period through frequent checks wita
amplitude magnitudes. We will rely on the coda duration readings T already
compiled by CALNET and build a station correction set for all CALNET
seismographs. Our strategy will be to expand the magnitude and seismic moment
1og2 T reformulation of Bakun (1984) by establishing time dependent
magnitude correction factors for all CALNET stations.

SPECIFIC TASKS

A, 1977-1981 We start with the 1977-1981 time period considered in Bakun

(1984) where:

(1) Local magnitude My, and log seismic moment, log Mo, are available for
more than 100 earthquakes in central California; 55 of these shocks were
used to reformulate the coda duration relationship of Lee et al. (1971).

(The remaining shocks can be used as a test set).
(2) Adcitive Mp gtation corrections are available for 42 CALNET statioms.

I. Calculate an average Mp residual for each CALNET station.
a) Supplement existing 7~ readings for the 55 shocks in the training

set so that each station has a minimum of 25 readings. Try to
get readings for each station from each of the 5 source regions

represented in the calibration set.

b) Check some of the T~ readings by looking at develocorder films.
Check the 1 readings that were used in the calibration study.

c) ldentify stations with larger std. errors in the average
residuals. Tag these as "bad” stations in the sense that they

should be avoided in subsequent magnitude calculations.

d) Calculate Mp and log Mo for the test set (i.e., the shocks
with independent My and log Mo determinations that were not
used in the coda-duration reformulation).
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II.

III. Calculate a Mp gnd log My residual histo
Check for patterns.
with time, magnitude, distance, dur

Iv.

1969-1977.

(instrumentatio:, etc.) will be reflected in t

1.

II.

e)

Check that there are no systematic dependence of Mp vyg. T~

distance, focal depth, azimuth, etc

Calculate Preliminary Mp angd log Mo
Use the station corrections obtaine

and Jog My for all shocks in 1977-1981.

a)

b)

c)

a)

’
>

in (I) to calculate Mp

Spot check the magnitudes with Berkeley W-A amplitude (i.e.,

Mp).

Spot check the magnitudes with CALNET horiz comp. amplitudes

(i.e., Eaton's mags.).

Are areas not covered in the calib. data

set (i,e., Mammoth, N. Calif., Sierras) served well by the new
Mp and log Mo?

(Changes in av

Correlate with known chan
analysis procedures.

rage residual or Std. dev.
tion, etc).

{y for each CALNET station.

es in instrumentation or

Correlate with stations on the same phone line.

Correlate with stations on the same network.

Make necessary ad justments to station corrections

(1.e., construct a time
corrections).

Recalculate Mp gnd log Mo for all shocks

a)

Select logical boundaries (dates) for the iteration process.

Look for patterns a la Habermann.

symptomatic of a magnitude change?

The following procedure, starting
the most stations), is performed iteratively,

focuses cn Mp, since we can calibrate against
assume that the coda reformulation is valid and that changes

known major instrumental changes such as
develocorder lineup changes.

Select a calibration set of earthquakes.
regions and range of Mj,,

a)
b)

Calculate My, from UCB WA seismogram

story of station.

in 1977-1981.

Have we missed anything

with 1976 (the year with
back to 1969. The analysis

UCB W-A amplitudes. We
he station correction set.

Ie.,
network expansions and

Sample all major source

Spot check develocorder films to co firm Y on USGS phase cards.
Add " readings so that all CALNET gtations have at least 15
readings and that a range of source regions are included.
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C.

c) Select a test set of shocks. Sample all major source regions.

III. Calculate an Mp gtation correction set for all CALNET stations.
a) Calculate Mp from ¥ using the results (station corrections of
the previous iteration. (Use 1977-1981 for 1976 study).

b)  Calculate residual Mp for each?’ reading . Calculate aver:ge
residual = - increment to old station corrections. Calculcte
new station correction sget.

c) Test station correction coda formulation against My, ip test
set of shocks.

IV. Calculate Preliminary Mp and log Mo for all shocks in iteration.

V. Calculate an Mp regidual history for esch CALNET station. Apply
pattern tests outlined in A-III above.

VI. Recalculate Mp and log Mo if necessary.
a) Look for patterns a la Habermann.

1981-Dec 1983.
This period includes a number of fundamental changes in the way in

which film—derived coda lengths were obtained, including changes in the
develecorder speed and a decrease in the fraction of stations on
develecorder, but is still a time period for which develecorder film codas
are the only observed parameter from which magnitudes can be derived.

Thus for this time period it will suffice simply to check the
regression parameters and station corrections (obtained in A) for 77-81)
for bias and/or increase in variance.

Starting in Jan 1984, the fundamental data set is almost entirely based on
machine derived (CUSP & RTP) coda lengths, amplitudes, etc. Thus all
calibrations will have to be done from scratch. This problem divides into
several parts, some of which are already underway.

I. Determine how the CUSP and RTP codas compare to film codas. A
preliminary check has already been made at Parkfield; there the CUSP
codas agree on the average to within 2% (+ 4%), while the RTP codas
average 17% long (+ 3%). (Thus, it does not appear that systematic
changes in coda lengths can account for any apparent quiescence at
Parkfield since Jan 1984.)

II. Calibrate CUSP & RTP codas as in A). Presumably the systematics of
the station corrections will remain approximately the same, so it
will suffice to redo the regressions for Mp yg My. Data for this
task has been assembled and is being entered into the CUSP system.
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ITI. Calibrate M¢ (Carl Johnson's CUSP derived magnitude) vs.
measurements of coda amplitude & decay as has been done at Caltech

since the late 1970's. Data for this task is being assembled and
entered into CUSP, and Sam Stewart is working on getting Carl's

calibration programs running in Menlo Park.




187

APPENDIX C.
Draft - Parkfield Earthquake Prediction Decision M trix

W. H. Bakun, A, G. Lindh, and P. Segall



DRAFT

UNITED STATES DEPARTMENT OF THE INTERIOR

GEOLOGICAL SURVEY

Parkfield Earthquake Prediction Scenarios and Response Plans

W. H. Bakun, J. Bredehoeft, R.0O. Burford, W. L.

Ellsworth, M.J.S. Johnston,

A. G. Lindh, C. Mortensen, S. Schulz, P. Segall, and

W. Thatcher

Open-File Report 85+

188



Table of Contents

Summary . . . . . . .

Table of Contents .

I.
IT.

III.

1V,

VI.

Introduction
Historical Precursors at Parkfield
A. Seismicity
B. Fault creep
Potential for Precursory Deformation
Summary of Current Instrumentation
A. Seismic
B. Creep
C. Continuous Strain
D. Geodetic Survey .
Alarm Thresholds
A. Seismic

B. Creep

o

Continuous Strain

(o=

Geodetic Survey .
E. Multiple Network Alarms

Response

Page

189



SUMMARY

190

The purpose of this report is to define conditions that change the assessnent of

the earthquake ha:ard along the San Andreas fault near Parkfield, California. The

most alarming concitions warrant an immediate co
Geological Survey (USGS) to the California Office
Emphasis is placed on extreme situations, such as

accelerating aseismic creep, that require decisio

unication from the United States
of Emergency Services (0OES).

large foreshocks or rapidly

ns within a few hours or less. More

gradually developing circumstances will allow time for additional data collection and

interpretation.

concern ind the corresponding USGS response:

Alarm

Level

Anticipated
Alarm
Frequency
(time between

alarms)

We define the following set of a]

Probability of
earthquake in

next 24 hours

arm levels in order of increasing

Responsce

- e e wm wm em w wm m wm e @ e m @ om o m wm w ® = @ = = =

3 mo. - 6 mo.

6 mo. - 12 mo.

~10-4 to 10-3

(=1ong term prob.)

~10-3 ¢o ~10-2

~10-2 ¢o ~10-1

Continue Normal Operation

Project Maintenance

- e m wm m = m m e m = m m em ea w o=

Alert Parkfield Working Group
Alert Data Collection

Operations.

Alert Offic2 Chief, and

response to Alarm Level d.
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4]
b 12 mo.- 24mo. "10) to ~40/, Alert Director, USGS and
California Division of
Mines and Geology (CDMG)

and response to Alarm

Level c.

a >24mo. 2 403% Issue Geologic Hazards Warning
and response to Alarm Level
b.

ax >24mo. 2 40il(next hour) Immediate call to OES and

responses to Alarm Level

a.

Observational networks at Parkfield are divided in:o four groups: s¢ismic, creep,
continuous strain, and geodetic survey. Preliminary alarm level crit:ria hav: been
established for each network group where possible; seismic alarm criteria are based
on probability estimates while the criter-a for the cther 3 network groups are based
on how alarming and how infrequently certain signals are expected to nccur. The
earthquake probability is greatest immediately after the occurrence of an ala-ming
signal and generally is expected to decrease with time to the long-term proba)ility
of 10-4 - 10'3/day appropriate to alarm level e. Consequently, heightened alirm
levels (a, b, ¢, or d) defined in this report have a finite lifetime of 72 hours
after the end ofthe last alarming signal. Associated with each alarm level is an
anticipated alarm frequency (e.g., once each 3 to 6 months for alarm level d) that

can be used as an estimate of the rate of false alarms.
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Alarm threshold:. on more than one observational network increase the earthquake

probability; simu taneous alarms on two or more network groups are combined according

to the following ‘et of alarm-level combination rules:

Status of Network Alarm Levels

Combined
Rule Network 1 Network 2 Network 3 Network 4 Alarm Level

1) e + e + e + e > e
2) d + e + e + e > d
3) d + d + (d or e) + (d or e) > C
4) c + (d or e) + (d or e) + (d or e) > C
5) c + c + (c,d, ore) + (c,d, or e) > b
6) b + (c,d, or e) *+ (c,d, ore) + (c,d, or e) > b
7) b + b + (b,c,d, or e) + (b,c,d, or e) » a
8) a + (c,d, or e) *+ (dore) * (d or e) > a
9) a + c * c + (c,d, or e) > a¥
10) a + (a or b) + (a,b,c,d, or e)+ (a,b,c,d, or e)» a*

The combination rules are applied by ranking the four network groups in decreasing
order of current alarm-level status. For example, if the seismic, creep, continuous
strain, and geodetic survey alarm levels were c, b, c, and d respectively, then the
ranking of alarm levels would be b (creep), ¢ (seismic), ¢ (continuous strain), and d
(geodetic survey), corresponding to rule 6. Rule 6 states that one b level alarm,

two ¢ level alarms, and one d level alarm combine to yield a b level alarm.
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INTRODUCTION

The 25-km-long Parkfield section of the San Andreas fault, midway betweer San
Francisco and Los Angeles, has experienced moderate-size (magnitude 6)
earthquakes in 1881, 1901, 1922, 1934, and 1966. The mean interevent time of
21.8 + 5.2 years, together with the 19+ years since 1966, suggest that the next
shock is now due; estimates of the probability of its occurrence before 1993
range up to 95 percent.

The evidence supporting the long-term prediction of a magnitude 6 shock a:
Parkfield was independently reviewed and accepted by the National Earthquake
Prediction Evaluation Council and the California Earthquake Prediction
Evaluation Council. In a letter (dated April 4, 1985) to William Medegovich,
the Director of the California Office of Emergency Service (OES), the Director
of the U.S. Geological Survey reviewed the earthquake hazard situation at
Parkfield and promised to notify OES immediately of any changes in the USGS
assessment of the situation at Parkfield.

There is a need to develop specific plans to cope with public hazards.
Testimony before the Atomic Safety and Licensing Board on the U.S. Nuclear
Regulatory Commission makes clear that all decisionmakers responsible for
protecting the public welfare need a plan that "provides for the removal of the
effects of individuals' personalities, fears, biases, beliefs, notions, and so
on, both from the decisions and from the process that links discovering the
threat to seeing information about the threat conveyed to other responsible
officials and to the public". The testimony further notes that lacking such a
plan, the decisionmakers are in theory vulnerable to charges of "conflict of

interest," such as delays in issuing public warnings or otherwise sharing threat
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information and downplaying the threat in the information that is shared. Plans
in which key decisions and transmittal instruct%ons are formalized can minimize
the possibility of "conflict of interest" hinder ng an emergency response.

The purpose of this report is to define those conditions that would so change
our assessment of the earthquake hazard at Parkfield that a communication from
the USGS to the California Office of Emergency Services would be warranted. The
decision and response processes are also described. Emphasis is placed on
extreme situations that require decisions within a few hours or less; more

gradually developing circumstances will allow time for additional data

collection and interpretation.
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IT. HI TORICAL PRECURSORS AT PARKFIELD

A1l tne available evidence is consistent with the hypothesis that the 5
preceding Parkfield main shocks were similar, suggesting that the Parkfield
section is characterized by recurring earthquakes with predictable features.

The hypothesis of a characteristic earthquake means that the design of a
prediction experiment can be tailored to the specific features of the recurring
characteristic earthquake. We rely primarily on evidence of changes in
seismicity before the 1934 and 1966 Parkfield earthquakes and possible creep
anomalies before the 1966 shock as a guide to potential precursors to the
upcoming quake.

A. Seismicity The 1934 and 1966 main shocks were each preceded by prominent
foreshock activity located in the "preparation zone", a 2-km-long section of the
fault immediately northwest of the common epicenter of the main shocks. The
foreshock activity in 1934 and in 1966 included in each case a magnitude 5.1
shock 17 minutes before the main shock. (There were no foreshocks larger than
magnitude 4 1/2 in 1922 and no felt foreshocks reported in 1881 or in 1901). In
1934 fifteen magnitude 3 and larger foreshocks, including two with magnitude=
5.0-5.1, occurred in the 67 hours before the main shock. In 1966 three
magnitude 3 and larger foreshocks occurred, all in the 3 hours before the 1966
mainshock.

8. Fault Creep Although there were no instruments operating near Parkfield
capable of resolving short-term precursory deformation before the historic
Parkfield shocks, there were anecodotal accounts of changes in 1966 consistent
with significant ase smic slip on the Parkfield section of the San Andreas
fault. First, an irrigation pipeline that crosses the fault trace 5 km south of

Parkfield broke about 9 hours before the 1966 main shock. The magnitude of ‘he
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slip immediately rreceding the main shock is unkbown. Second, very fresh

appearing en echelon cracks were observed along the fault trace near Parkfield
twelve days before the 1966 shock. If tectonic in origin, these cracks imply
1-to-2 cm of aseismic slip within the three months preceding the mainshock. (It
has been suggested, however, that the cracks were related to desiccation and are

not tectonic in origin.)
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ITI. POTENTIAL FOR PRECURSORY DEFORMATION

Theoretical and laboratory models of faulting predict accelerating deformation
before the dynamic slip instability that constitutes an earthquake. The
magnitude and character of the precursory deformation, the time scale of the
process, and the dimensions of the fault zone involved in the deformation are,
of course, major unknowns. While there are an infinite variety of possible
precursory scenarios, it is possible to delineate end member cases consistent
with what is known about previous Parkfield earthquakes.

An optimistic scenario might involve significant amounts of accelerating fault
slip extending over the entire coseismic rupture surface for weeks to days
before the earthquake. This would be revealed by foreshocks in the hypocentral
region, accelerating fault creep, and changes in the local strain field. The
large magnitude, extent, and time scale of such a precursory process make it
rather straightforward to detect given current instrumentation.

A much more pessimistic scenario might involve a 1imited amount of preséismic
deformation localized to a small section of tie fault at depth near the expected
main shock hypocenter. Such a process might be manifest solely by small
foreshocks and low level strain changes that would be difficult to measure and
interpret with existing instrumentation. These examples emphasize the
uncertainties involved in formulating precursory scenarios without a widely

accepted physical model of the failure process.
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IV. SUMMARY OF CURRENT INSTRUMENTATION |

The current instrumentation program at Parkfie%d are divided into four
networks: (1) seismic, (2) creep, (3) continuous strain, and (4) geodetic
survey. We restrict our attention in this report to estab1is%§instrumentation
for which there is a history of reliable observations; we do not consider here
suggested precursors (e.g., U.S. radon and animal behavior) that are too poorly

understood to be of use in predicting the next Parkfield earthquake.

A. Seismic The seismic instrumentation consists of the USGS CALNET
stations, the borehole stations operated by P. Malin of UCSB, and the
strong-motion accelerograph array operated by thg Calif. Div. of Mines and
Geology (CDMG).

CALNET. There are currently 18 high-gain, short period, vertical
seismometers located within 25km of the town |of Parkfield.

Location relative

Component(s) to Parkfield
Antelope Grade (PAG) JA 25km SE
Castle Mountain (PCA) z 10km E
Curry Mountain (PCR) Z 22km N
Gold Hill (PGH) /A 12km SE
Harlan Ranch (PHA) Z 9km SE
Hog Canyon (PHO) Z + 3 low-gain Skm SW
Hope Ranch (PHP) Z+ 2 horiz. 17km NW
McMillan Canyon (PMC) Z + 3 Tow-gain 20km SW
Middle Mountain (PMM) Z+ 2 horiz. 8km NW
Maxie Ranch (PMR) z 23km SE
Portuguese Canyon (PPC) Z+ 2 horiz. 15km NW
Parkfield (PPF) Z 4km SE

Smith Mountain (PSM) z 23km NW



Scobie Ranch (PSR) JA 15km SE
Stockdale Mountain (PST) A 8km NW
" Turkey Flat (PTF) Z + 2 horiz. 3km SE
Vineyard Canyon (PVC) Z+ 2 horiz. 9km NW
Work Ranch (PWK) z 11km SW

This array permits routine location of M > 0.8 events along the Parkfield

section of the San Andreas. The Menlo Park real-time processor (RTP) provides

estimates of earthquake locations and magnitudes within 3-5 minutes of their
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occurrence. The seismic network is well suited to the detection of potential M

21 foreshocks at Parkfield.

Borehole Seismograph Network. Three 3-component borehole seismometers

have been installed by Peter Malin of the Univ. of Calif. at Santa Barbara

(UCSB) with support provided by the USGS external grants program. The
borehole seismographs are currently in the test/evaluation phase; they

should provide high-gain high frequency seismic information on M Z0-1
shocks in the Parkfield area not obtainable from the CALNET systems.

Strong-motion Accelerographs Network. Nearly 50 SMA-1 strong motion

accelerographs are operated by COMG in the Parkfield area.

This network is designed to record the details of ground motion during the

Parkfield main shock and during any M3.5 or larger foreshocks or

aftershocks. The accelcrographs are recorded onsite so that data from the

strong-motion network will probably not be useful for earthquake prediction.
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B. Creep

There are 8 Parkfield area creepmeters that are on the beeper-paging alarm
system. Locations on the fault from the northwes% to the southeast: Slack
Canyon (XSC1l), Middle Mountain (XMM1), Parkfield ‘XPKI), Taylor Ranch (XTAl),
Durham Ranch (XDR2), Work Ranch (WKR1), Carr Ranch (CRR1), and Gold Hill
(XGH1). The Middle Mt. creepmeter is located in the epicentral region of past
Parkfield main shocks and foreshocks. Six creepmeters (XSC1l, XMM1, XPK1, XTAl,
XDR2, XGH1) are invar-wire instruments with 0.05 resolution, and 2 (CRR1,
WKR1) are invar-rod instruments with 0.5 mm resolution. Creep data is |
telemetered to Menlo Park every 10 minutes via GOIS satellite and telephone

telemetry.

C. Continuous Strain

Strainmeters - There are two types of strain measuring dev ces currently in

use near Parkfield. Sacks-Evertson borehole dilational strainmeters
(dilatometer) are located at three sites (Gold Hill 1, Gold Hi1l 2, and
Eades) along the southern end of the expected rupture zone. The
dilatometers are operated by the USGS in a cocperative effort

with the Carnegie Institution of Washington. A single-component, linear
strainmeter (extensometer) is sited on the Claussen Ranch (CLS 1) near
Middle Mt. at the northern end of the rupture zone. The resolutior of the
dilatometers range from 10-2 ,strain at periods of several weeks to 10-3
pustrain at much shorter periods. Resolution of the extensometer is 0.5
ustrain at short periods, unless severe meteor]ogical conditions cause an
increase in the noise level.
The data are both recorded on site and transmitted once every 10 minutes
with digital telemetry via the GOES satellite or telephone telemetry to the

low frequency data computer in Menlo Park.




Tiltmeters - A network of 4 closely-spaced shallow-borehole tiltmeters is
operated at Gold Hil1l. These data are also recorded on site and are
transmitted every 10 minutes with digital telemetry to the low-frequency
data computer in Menlo Park. Although the tilts due to earth tides are
coherent between sites, the long term tilts are not, indicating long-term
instability in ghe near surface materials. The tilt resolution is of the
order of 0.1-1 microradians at periods of days and 0.01-0.1 microradians at
periods of hours.

Water Wells - Water level fluctuations in a network of 5 wells (3 or 4 more
are planned) near Parkfield are now monitored

by the USGS Water Resources Division (WRD). These wells all record clear
earthtides, and have sensitivities comparable to the dilatometers. At
periods as long as at least 2 weeks, water levels respond to the local
volume strain, so that water level changes can be directly compared to
dilatometer data. Water levels in wells at Gold Hi1l, Turkey Flat, and
Flinge Flat sampled every 15 minutes are transmitted e/ery 3 hours by GOES
satelite to the low frequency data computer in Men1ovPark and also to WRD in
Phoenix and then by the WRD data network to a WRD computer in Menlo Park;
water levels in wells at Joaquin Canyon and Vineyard Canyon are currently
recorded only at the well head.

Differential Magnetometers - Local magnetic fields are monitored with

absolute total field magnetometers at 7 sites [Varian Ranch (VRRM), Long
Canyon (LGCM), Turkey Flat (TFLM), Hog Canyon (HGCM), Gold Hill (GDHM),
Antelope Grade (AGDM), and Grant Ranch (GRAM)] in the Parkfield region. The
data are synchronized to within 0.1 sec and are transmitted with 16- bit
digital telemetry to Menlo Park. The measurement precision in the period
range 10 min to tens of days is about 0.2 nT. Changes of 0.5 nT
corresponding to stress changes of several bars according to current models,

can be detected with the present instrumentation.
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the Parkfield region.

There are several dense geodetic networks, both

Geodetic Survey
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trilateration and leveling, in

Two-color Laser Geodimeter Network - A trilateration network emplosing an

observatory-based two-color laser electronic

distance measuring system was

deployed in 1984 by the Co-operative Institution for Research in the

Environmental Sciences (CIRES) at the University of Colorado and is operated

through a cooperative USGS/CIRES program. The

17 reflector sites distributed radially aroun

network currently consists of

tne central instrument site,

which is located just south of Parkfield. Under optimal conditions the
|

network can be reobserved nightly. Typical s{andard errors of individual

line length measurements are 0.5-0.7 mm for 4-6 km long lines.

Geodolite Network - A network of 80 geodolite 1

region.

mm to 7 mm for lines 4 km to 33 km in length. |

ines spans the Parkfield

Standard errors of individual line-length measurements range from 3

It is anticipated that at

least part of the network will be reobserved arnually. Four "monitor" lines

near the southern end of the rupture zone will

be surveyed quarter y.

Small Aperature Networks - Three small aperture trilateration netwirks span

the Parkfield section of the San Andreas fault.

individual measurements are 4 mm. Thirty one

to be surveyed quarterly.

Standard errors f r

near-fault lines are scheduled

Leveling Network - A 51-km long network of leveling lines in the Parkfield

region have been periodically resurveyed since
of four lines; a 10-km long line perpendicular

32-km long line in the vicinity of Middle Mtn.

1979, The network consists
to the fault at Parkfield, a

a 17-km long line
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perpendicular to the fault at the southern end of the rupture zone, and a
24-km long fault-parallel line. Short (~1 km) sections of these lonj lires

are surveyed 3-4 times/yr in a joint effort with the University of California

at Santa Barbara (UCSB).



V. ALARM THRESHOLDS.

v

Based on analyses of the historic seismicity at
probability of a characteristic Parkfield earthqu

Anomalous signals that are sufficient to activate
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Parkfield, the long-term

ake is about 10‘4/day.

the automatic beeper alarm

systems raise the our estimate of the daily probability by at least a factor of

10. Such anomalies are significant in that they

e.g., notification of the Parkfield Working Group

initiate a series of alarms:

(see Appendix A) and other

personnel responsible for the operation and maintenance of the USGS data
|

collection systems. In addition to the automatic

beeper alarm systems, data

from all of the monitoring networks described in this report are reviewed each

day so that anomalous signals that were not antic

beeper alarm algorithms are detected and evaluated.

Based on past experience, including historical
shocks, it is possible to identify the kinds of sj
a reassessment of the short term earthquake hazar
Whereas the ob;ervations of foreshocks before the

estimates of the probability of an imminent earthc

established observation networks can only be analy

frequency of a range of anomalous signals. While

subjectively associated with these expected freque

statistical basis for assigning earthquake probabi

signals would incur. We attempt to define alarm 1

best judgement to the following probabilities and,

ipated in the design of the

arecursors to prior Parkfield

gnals that would contribute to

1 in the Parkfield region.

1934 and 1966 shocks permit

tuake, the other, more-recently

zed in terms of the expected
probabilities can be

ncies, there is no sound
lities that these anomalous
evels that correspond in our

or anticipated alarm frequency:
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Anticipated

Alarm Alarm Frequency Probability of shock
Level (time between alarm) in next 24 hours

d 3mo. to 6mo. ~10-3 to ~10-2

c 6mo. to 12mo. ~10-2 to ~10.1

b 12mo. to 24mo. ~107, to =407,

a >24mo. 2 407

a* >24mo. > 407 (next hour)

The occurrence of anomalous signals intuitively increases the earthquake probebil-ty
for some time immediately thereafter. It is clear that unless the anomily continue: or
unless other anomalous signals occur, the heightened 2arthquake probabi.ity decreases
monotonically with t‘me back to the pre-anomaly state. That is, the level of concern
implicit in the alarm has a na-ural lifetime. Although there is not sufficient dat: to
define these lifetimes empiric«lly, the 67-hour-long duration of foreshock activity
before the 1934 shock suggests that a 3 day (72 hour) lifetime is appropriate.

There is a subset of alarm level combinations that are so alarming that our estimate

of the probability of the anticipated earthquake in the next several minutes is

significantly en anced. For example, the magnitude 5 foreshocks that preceded b th the
1934 and the 196, earthquakes by 17 minutes suggests that there is a significant chance
that any magnitude 5 shocks located near the preparation zone will be followed within
minutes by the anticipated magnitude 6 shock. Consequenctly, we include a speci 1 alarm
level, a*, which, if reached, would warrant not only the response to alarm level 1, but

also an immediate warning of the imminent hazard to OES.
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The anticipated alarm frequency in the above table emphasizes that use of any set of

formal alarm criteria inplies the occurrence of some false alarms. Whereas the rata of
alarms for level d implies 2 to 4 "inhouse" alarms per year, the more stringent criteria
for level a imply an anticipated alert to OES less frequent than once every two years.
Given the Parkfield seismic window of 1988 + 5.2 years, we expect that the use of the
criteria in this report could result in up to 3 or 4 false alarms to OES.

Seisnic

AI

Seismic signals from the CALNET stations are telemetered to Menlo Park and processed

by computer in real time to provide estimates of earthquake locations and magnitudes
F g

within 3-5 minutes of their occurrence. Alarm th}esho1ds that signal unusual Parkfield
seismicity activate paging systems that alert theiseismo]ogists responsible for
surveillance at Parkfield. Two alarm thresholds are used: (1) a magnitude 2.5 or larger
shock in the general Parkfield area alarm zone, and (2) either a magnitude 1.5 shock, or
2 magnitude 1.0 shocks within a 72-hour period, iﬁ a restricted middle mountain zone
that includes the Parkfield preparation zone. (Th‘re is also a general central
California seismic alarm threshold of magnitude 3.5). Since at least 2 of the past 4
Parkfield shocks had foreshock sequences including magnitude 3-5 events, our judgement
is that the probability that the next Parkfield shock will have foreshocks of magnitude
1 or larger is at least 50 percent.

Based on recent seismicity rates, we expect the}automated seismicity detector to be

arms by 1993. According to a rather

triggered 3-5 times per year, for a total of 25 al

simple statistical model, each of those alarms rai
main shock occurring in the next 72 hours by a fac
probability. Alarms triggered by M 3-5 earthquake
greater hazard; we can attempt an estimate for M5
aftershocks, there have been six M5+ 1/4 events in

1934. Three of these were foreshocks (2 in 1934 a

ses the probability of a Parkfield
tor of 100 over the long term

s would seem to imply a substartially
events. Excluding main shocks and
the Middie Mt. alarm zone since

nd 1 in 1966). The probability that
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any magnitude 4 3/4 - 5 1/4 shock in the Middle Mountain alarm zone will be followed by
the Parkfield main shock within the next 24-72 hours is thus estimated to be 30-50
percent.

Probability estimates, conditioned by the reasonable assumption that there is a SOi‘
probability that the next Parkfield earthquake will be preceeded by a foreshock, have

been used to identify seismi:ity criteria corresponding to the different alarm levels:

Anticipated
Estimated Prob. Alarm Frequency
Seismic Alarm of earthquake (time between
Level Seismicity in next 24 hrs. ala ms)
d One M 3.5 shock in the general .004 3mo. to 6mo.
Parkfield area, one M 2.5 shock in
the general Parkfield alarm zone
or one M 1.5 shock in the Middle
Mt. alarm zone, or two or more
M1.0 shocks in a 72-hour period
in the Middle Mt. alarm zone.
c One 3.5 shock in the general émo. to 9mo.
Parkfield alarm zone, one M2.5
shock, or two or more M 1.5
shocks, in a 72 hour period
in the Middle Mt. alarm zone.
b One M3.5 shock, or two or more 5 - 10 :. 18mo. to 24mo.

M2.5 shocks in a 72-hour period,

in the Middle Mt alarm zone.
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a (a*) One M5, or two or more M4 30ft- 50:; >24mo.

shocks in a 72-hour period,

in the Middle Mt. alarm zone.

B. Creep

Parkfield-area creepmeters exhibit long-term annual creep rates ranging from 22 mm/yr
at Middle Mt. to 4 mm/yr at Gold Hill. Data from the eight Parkfield creepmeters are
sampled every 10 minutes. The alarm detector compares the average creep at the 8 sites
in the past hour with the average level in the preceding 23 hours. A change of 0.25 mm
or greater activates the paging device. In the past year, 16 beeper-paging alarms were

triggered by creep events.

Anticipated Alarm

Creep Creep Observations (in the absence of Frequency
Alarm Level M 3.5 or larger shocks) ‘ (time between alarm)
1
d- (1) At one site, a step >0.25 mm within < 4 mo.
(Creep Beeper one 10-minute telemetry sample period
Alarm) (in the past 2 years, there have been

at least 6 of these alarms, all due

to battery, telemetry, and/or tf1ephone

transmission failures.)
(2) At one site, a small creep event; i.e. < 2 mo.

creep exceeding 0.25 mm within 30 minutes

with slip velocity decreasing exponentially

withi1 45-90 minutes after onset.




(1)

(2)

At any one site other than XSC1,

a nearly continuous increase

in creep that exceeds 0.25mm within

7 days and continues at a comparable
or greater rate over a period greater
than 10 days. XSCl normally moves
0.25 - 0.5mm/week. (This alarm

has been reached 4 times in the
period 198:-1985),

At one site, an unusually large creep

event (see definition above) at that

site, For creepmeters northwest of

XDR2 (XSCl, XMM1, XPK1, XTAl, and XDR2)
events with creep >0.5mm in the first

30 min. would be unusually large. For
creepmeters southeast of XDR2 (WKR1,

CRR1, and XGH1), events with creep >0.33mm
in the first 30 minutes would be undsua11y
large.

Nearly simultaneous onset of creep at 2 or
more creepmeters that exceeds 0.5mm in the
first hour, or more than lmm of creep on the
Middle Mt, creepmeter in the first hour.
(Alarm level ¢ has been reached 10 times
over the past 6 years. Alarm level ¢ for
the Middle Mt. creepmeter has not been
reached in the past 12 months; 0.5mm at
Middle Mt has been reached once during

this period.)

6 mo.

~ 6 mo,

6 mo.- 12mo.
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b More than 5mm of slip in 72 hours at Middle >24mo.
Mountain, or on 2 or more creepmeters located
elsewhere on the Parkfield segment.

a Creep rates on multiple instruﬁents (or at >24mo.
Middle Mountain alone) in excess of 0.5mm
/hour sustained for 6-10 hours jor cumulative

slip in excess of 5 mm in a shorter period.

C. Continuous Strain (strainmeters, tiltmeters, w#ter wells, and differential
magnetometers.)

It is possible, with a few simple assumptions, to calculate the signals expected at
the current monitoring sites for postulated fau1t1s]ip. For example, if slip of lcm

occurs on the fault between 2 and 10 km depth and aiong a length of 5km near Gold Hill,

the strain change at the Gold Hill dilatometers a&d tiltmeters would be about (.2
microstrain and microradians, respectively. ‘

Data from the Parkfield strainmeters, tiltmeters and magnetometers are sampled
automatically every 10 minutes and the data are transmitted tc Menlo Park. For the
dilational strain data, average strain for the lait 60 minutes is computed. Earth tides
and atmospheric pressure loading, determined from|a theoretical earth tide model and an
onsite pressure transducer, respectively, are remdved from the data. Provided the

instruments and telemetry are operating correctly, changes in strain of 0.2 microstrain

over several days (longer term) or 0.4 microstrain at periods less than a day, (shcrt
gggn), can be clearly detected. Short term strain changes are detected by an algorithm
that identifies strain changes of more than 0.4 microstrain in a 24 hcur period. Longer
term strain changes are detected by an algorithm that identifies changes in strain rate

normalized by estimates of noise in the data.
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Although only three borehole strainmeters now operite in the Parkfield region, during
the past two years (Nov. 83-Nov. 85) four longer-term alarms have been triggered fcr
strain rate increases of about 0.03 microstrain/day for periods of about a week. Oqe of
these strain perturbations occurred on a dilatometer at the same time as minor
seismicity and a creep event at Middle Mountain. A1l four longer-term strain
perturbations were independently recorded and identified in water level data in a w:ll
at Gold Hill. Simultaneous strain changes greater than 0.4 microstrain on several
separated dilatometers, corroborated by water well data, combined with changes in local
magnetic field greater than 1 nT of east-side magnetometers with respcct to westside
magnetometers, would constitute an unmistakable anomaly. This has hadpened three t-mes
during the past year in the Parkfield region and has not been seen clearly elsewhere,
No changes in strain of 0.4 microstrain within a 24 hour period have been observed
during the past two years.

There is, at present, one small cluster of 4 tiltmeters in the Parkfield area at iold
Hi11. Tiltmeters have not yet been installed at sufficient depth to avoid long tern
near-surface noise. Although coherent tilts of 0.1 microradians at periods 12ss than
one day would be clearly detected, and would be considered unusual, formal alarm
criteria for tilt observations await future installations of more stable tiltmeters.

Differential magnetic field data is perused daily and routinely plotted weekly.
Changes of 1 nT within a day or at longer periods, are considered anomalous. This has

happened only once, during the few months following the May 1983 Coalinga earthquake.



Continuous Strain

Alarm Level

Changes in strain
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Changes of 0.2 microstrain
This may occur frequently
1ine outages, telemetry ma

etc, and generally triggen

or greater on only one instrument,
or infrequently depending on phone
1functions, instrument malfunctions,

s maintenence, trouble shooting, or

repairs at the project level.

Changes of 0.2 microstrain
instruments or changes of

period on one instrument

per week on two independent
.4 microstrain within a 24 hour

ith indicatiors of a simultaneous

signal on a second indepenbent instrumert. Al hough this has

occurred several times during the past year irn the Parkfield

region, it is highly unusual in other areas.

Changes of 0.4 microstrain

instruments, or changes of

per week on two or .ore independent

0.8 microstrain within a 24 hour

period on one instrument with indications of a simultaneous

signal on a second independent instrument.

As notec above this

has occurred three times during the past year but is generally

very unusual.
Changes exceeding 1 micros

instruments, or changes of

train per week on two or more

more than two microstrain within a 24

hour period on one instrument with indications of a simul~aneous

signal on a second independent instrument.
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a Given the lack of experience at Parkfield, there are no c 2ar

thresholds that lacking other data would warrant a warning to

OES.
Continuous Magnetic
Field Alarm Level Changes in Magnetic Field
d- Changes of 1 nT or greater between one pair on instruments

This may occur infrequently if clock syncronization fails nd
generally triggers routine maintenance at the project leve..

d Changes of 1 nT or more in a day or longer between tvo
instruments. This has occurred only once during the jast five
years in the Parkfield region.

o ' Changes of 1 nT or greater in a day or longer on two independcnt
instrument pairs. This has 1wt occurred during the oast five
years in the Parkfield region.

b Given the lack of experience at Parkfield, there are no clear
thresholds that lacking other data would warrant warnings to the
Directors of USGS and CDMG.

a Given the lack of experience at Parkfield, these are no clear
thresholds that lacking other data would warrant a warniig to

QES.



D. Geodetic Survey
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Currently, observations from the two-color laser EDM system are collected every

other night so that the two-color observations are more appropriate for a more slowly

developing situation than has been considered in t

possible to identify circumstances under which the

his report.

Nevertheless, it is

se relatively infrequent discrete

measurements would contribute to a rapid reassessmknt of the Parkfield earthquake

hazard. Sufficient data now exist to define speci
specific criteria for alarm levels a, b, and ¢ mus

length changes is obtained.

fic criteria for alarm level d;

t be developed as history of line

Anticipated
Two-Color Line-Length Changes Between Alarm Frequency
Alarm Level Successive Measurements (time between alarms)
d (1) Three lines with coherent (at least 6mo.

4 1ength determinations confirmi
on each 1ine) length changes > 3
day period, with at least one of
changes >4.5mm. The change must
uncertainty of the change calcu]
analysis of variance techniques
been two such occurrences betwee

Oct. 85).

(2) Three lines with coherent (at least 9 length

determinations on each line, 6 before and 3 during

or after the change) departures

ng the change

.5mm in a 20-

the line

be twice the

ated using
(There have

n Oct. 84 -

> 0.175mm/day

from the linear length change trend of the

previous 30 days.




215

Not yet defined.
Not yet defined.
Given the lack of expertise at Parkfield, there are no clear

threshold that lacking other data would warrant a warning to OES.
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E. Alarm Thresholds on Multiple Instrument Netwo*ks

Clearly anomalous signals on several networks would increase our concern that

a Parkfield earthquake is imminent.

Simultaneous

alarms can combine to

establish a level of concern appropriate to a higher alarm threshold. We

propose that a set of simple alarm level combination rules be applied to the

alarm levels for the individual network group:

Status of Network Alarm Levels
Combined
Rule Network 1 Network 2 Network 3 Network 4 Alarm Level

1) e ’ e + e + e > e
2) d + e + e + e > d
3) d + d + (dor e) +  (dore) > C
4) c + (d or e) + (d or e) + (d or e) > C
5) c + c + (c,d, ore) + (c,d, or e) > b
6) b + (c,d, ore) + (c,d, ore) + (c,d, or e) > b
7) b + b + (b,c,d, ore) * (b,c,d, or e) » a
8) a + (c,d, or e) + (dore) + (d or e) > a
9) a + c * c + (c,d, or e) > a*

10) a + (a or b)

+

(a,b,c,d, or e)+ (a,b,c,d, or e)» a*
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To apply these rules, rank the four network groups in decreasing ordar of
current alarm level status. For example, if the seismic, creep, continuous
strain, ard geodetic survey alarm levels were ¢, b, ¢, and d respectively, then
creep, seismic, continuous strain, and geodetic survey would be labelled
networks 1, 2, 3, and 4. That is, the networks alarm level status would be b,
¢, ¢, d, corresponding to combination rule 6. Rule 6 states that one level b,
two level c, and one level d alarm are not sufficient to warrant an alarm level
a response - i,e., a warning to OES. It is important to note that the
combination rules are non-linear and non-commutative-although rule 5 indicates
that two level c alarms combined to yield a level b alarm and rule 7 indicates
that two level b alarms combine to yield a level a alarm, rule 6 states that

b+c+c+d»b rather than b+(c+*c)+d»a.



YI. RESPONSE

The responsibility for initiating the earthquak
described in this report reside with the project
Parkfield earthquake prediction networks. Each p

specific responsibilities:

1) Maintain a real-time monitor system for the d

e prediction alarm levels
chiefs of the individual

roject chief has the following

ata collected by the project.

[

2) Maintain an effective real-time alarm system capable of detecting signals

that exceed the thresholds established for thé different alarm levels.

3) Immediately alert the chief scientist and the

or Tectonophysics 3ranch of all a, b, ¢, or d

chief of the Seismology Branch

level alamms.

4) Train and maintain an alternate capable of assuming the above

responsibilities.

5) Delegate these responsiblities to the alternate whenever the project chief

cannot adequately perform these responsibilitjes. The chief scientist and

the appropriate branch chief (Seismology or Tectonophysics) must be notified

of this delegation of responsibility.
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The earthquake-prediction decision process is summarized in the following flow

chart:

— em— — m— —— —

—

|

l .
[ Alarm Level d, c, b, or a' 3 Detail
| ? Wert
l Alert Chief Scientist and Branch] | P eqe
| Chiefs i
' |
[ ' y
\ Alert all Parkfield Project J< i
| Chiefs |
|
| I
| Evaluate Status o all Parkfield Networks. | A
| Apply combinat on rules to determine
‘ combined alarm level ’
I
' evel a, b> >
: rc?/ l
|
-’---——---f_Ej—-—————-—————l A
Alert Office Chief
Tarm NO > .
1eval:;jy;b’§
YES
¥
Alert Director USGS
and
Alert Calif. State Geologist'!
CDMG
Activate Intensive N
Reconnaisence: Surveys
and Intensive Monitoring
Efforts
LN _
N
Issue Geologic Hazards
Warning to OES

V
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APPENDIX D. 1.

1979 letter to Dr. Ross Schaff, Alaska State Geologist, from Directo-,
USGS, regarding earthquake potential of the Yakaga region of Alaska
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United States Department of the Interior

GEOIL.OGICAL SURVEY
RESTON.WA.ZMHZ

In Reply " efer To:
Mail Stop 905 .

MAY 31 1973

Dr. Ross Schaif

State Geclogi:st

Division of Ge¢ology and
Geophysical Surveys

|

3001 Porcupine Drive _
Anchorag(? Alaska 99501

//ﬂfki—
Dear Be~ H
As Goverrior Hammond’s representative for receiving U.S. Geological
Survey (USGS) information o1 geologic-related hazards, we are bringing
to your attention some receit conclusions by scientists at the Lamont-
Doherty Geological Observatory, USGS, and others regarding the
earthquake potential of the Yakataga region of Alaska.

Because south-central Alaska is a region in which potentiall - dam ging
earthquakes must be anticipated, the identification of that rart 1ost
likely to be the source for the next major earthquake is sub ect « £ much
interest. A number of investigators over the past several v. ars have
suggested that the area between Icy Bay and Fayak Island miglt be a
"seismic gap,' that is, a region of unrelieved strain accumulation
between the rupture rones of the 1964 and 19:8 earthquakes. The
occurrence of the 1979 St. Elias earthquake (magnitude 7.7) on the
eastern margin of this quiescent zone betweern the 1958 and 1964
aftershock zones, together with a recentl study of seisrdcity patterns in
this region by Lamont seismologists, raises our concerr that one or more
major earthquakes with magnitude near 8 |are likely in the Yakataga
seismic gap between Icy Bay and Kayak Island.

The identification of this region as the possible site for a major
earthquake was first suggested a decade lago by Lamont scientists based
on the absence of large earthquakes during the last several decades
along the part of the active plate boundary. Prior to this year, no
large earthquakes had occurred along this segment since 1900. However,
recent investigations of the geologic setting and current earthquake
activity in the region by USGS and Lamont scientists have provided an
understanding of the geologic features and processes that are likely t»
cause future major earthquakes in the region.

One Hundred Years of Earth Science in the Public Scrvice
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" amont-Doherty and USGS scientists feel that the recent ma: nitude 7.7
-arthquake of February 28, 1979, near Mt. St. Elias at the east:a:rn end
of the Yak: taga seismic gap, is an indication of a high le =1 of strair
accumulaticn in the region that may lead to one or more la: jer
earthquakes rupturing the entire gap. At this time, nowever, there is
no way of telling when such an earthjuake or earthquakes mizht occur.

The enclosed manuscript (Enclosure 1), "Yakataga Seismic Gap: Seismic
History and Earthquake Potential,”" b- W. R. McCann, O. J. Perez, and

L. R. Sykes, which has been submittel to Science for publication,
presents the case for heightz2ned con:ern. As you know, there have been
substantial uncertainties about the iature and location of the boundary
between the Pacific and North Americin plates in this region (and hence
the source locatiors for future larg: earthquakes), and about the nature
and amount of slip accompanying the large earthquakes in 1899 and

1900. With the encouragement of the Lamont group, we convened an ad hoc
panel of experts from withir and outside the USGS on May 21, 1979, to
review the current situation. While members of the panel disagreed with
some details of the Lamont interpretation, they agreed with the overall
concept.

The principal unresolved question remaining from thi: interpretation is
when such an earthquake or earthquakes might be expected to occur.
Current observations and understanding do not permit a confident
estimate of the time of occurrence of such a future large earthquake.
However, arguments based on plate tectonics and known earthquake
recurrence rates for similar geologic environments offer some feeling
for the imminence of such earthquakes. These and alternative
interpretations are discussed in Enclosure 2.

Experts judge that such an earthquake could occur today, but they would
not be surprised if it did not occur for several decades. It is
possible, though judged significantly less likely, that the region could
go for an additional 100 years without a large earthquake.

During the last several years, the USGS has carried out studies ia
southern Alaska as part . f our Earthquake Hazards Reduction Program. 1In
response to the emerging information about the seismic potential of the
Yakataga region, and in agreement with the ad hoc panel’s
recommendation, we intend to intensify our monitoring activities. The
two goals are to: 1) obtain any possible precursory information, and 2)
develop a clearer understanding of the processes leading to large
earthquakes. Activ ties planned for intensification include:

1. Installatisn of strainmeters, tiltmeters, strong-motion
instrument:s, and sea-level monitors;

- Geodetic l2veling and trilateration networks;

3. Geologic = :.pping of faults and coastal terraces; and
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b I1f possible, precision bathymetric and subbot tom acoustic
profiling.

We will, or course, keep you fully, informed of the recults of these
studies as the’ emerge, especially as they may effect our estimate of.

the likelihood or magnitude of an expec‘ed earthquake.

We appreciate that the interpretation of this information involves
significant uncertainties which may require additional explanation. We
would be glad to meet with you or other| members of Governor Hammond’s
staff to answer any questions and to offer any technical assistance we
can in developing plans in response to the potential for a large
earthquake. Because of the possible impact such an earthquake may have,
we are sending copies of this letter to|the persons listed on

Enclosure 3.

incerely yours,
BILL MENART
Director

Copy to: Governor Jay S. Hammond

cc: Dir Chron 114
General 114
Division @11
OES File 605
0ES Chrom 905

Wesson 905
Everyone on Enclosure 3 (External Distribution)

Everyone on Attached List (Intermal Distribution)

GD:RLWesson:jac=5-30-79:860-6471
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APPENDIX D. 2.

November 28, 1985, letter from the Council to Director, USGS,
regarding short-ter predictions at Parkfield, California;
central California seismicity; and Alaskan seismicity
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. ‘ I
of Columbia Uniscrsity |

Cabie: Lt A MONTGEO felephor © Code 14 359 22100
P. "'sades New York .tate

T X-710-57¢ -265

28 November 1985

Dr. Dallas Peck

Director

U.S. Geologicel Survey

MS 106 National Center
12201 Sunrise Valley Drive
Reston, Virginia 22(92

Dear Dallas,

I am reporting to you several of the important results a d di:cussions
that came out of the recent meeting of the National Earthquake P ediction
Evaluation Council (NEPEC) in Anchorage (in September 1985, At that
meeting we reached several conclusions about 1) Parkfield, 2) that sec-
tion of the San Andreas fault extending from the mid-San Francisco Penin-
sula to San Juan Bautista and 3) the Calaveras fault of central Cali-
fornia. Those areas were reviewed at our July meeting and were discussed
further 1in executive sessions in September. At that executive session,
the Council also reviewed a proposed decision matri» for Parkfield that
was presented bv U.S.G.S. personnel. The decision matrix outlines
recommended actions to be taken by U.S.G.S. 1n response to various
observed changes 1n cne or several of the phenomena that are being
monitored at Parkfield. The aim of the decision matrix 1s to allow such
cianges to be utilized on & timeframe of a few hours to a few weeks such

that a short~term prediction could be made of a forthcoming earthquake at




Parkfield. In addition, much of the meeting in September was devoted t>
a major review of earthquake prediction and earthquake risk for several

parts of Alaska.

In summary, the Council recomme:ds:

+ The prompt development and adoption of a decision matrix relating
the observation of potential precursory phenomena to the anticipated
Parkfield earthquake, and administrative a&ctions, including the
delegation of authority for the 1issuance of predictions and rapid

communication with State and local officials.

+ Communication to the Director of the California Office of Emergency
Services of the levels of concern and ongoing discussions &bout the
earthquake potential of the section of the San Andreas f:ualt from
Black Mountain to San Juan Bautista and of the Calaveras fault north

of the zone of the 1984 Morgan Hill earthquake.

+ Communication with appropriate officials of the State of Alaska
regarding
- the high probability for a great earthquake off the Alaska Peiin-

sula to the southwest of Kodiak Island during the next one to two

decades, and

- continuing concern ibout the patential for large earthquakes 1in

the "Yakataga seismic gap".

+ Periodic communication with appropriate Federal and State of Alaska

officials about the current level of understanding and concern about
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earthquake potential throughout Alaska, the most se:smicallv active

region in the Nation.
DECISION FATRIX FOR SHORT-TERM PREDICTIONS AT PARKFIELD, CA! IFORNIA

The National Earthquake Prediction Evaluatijon Council recogniz s that as
part of the Parkfield earthquake prediction experiment, an cpportunity
may srise to make a successful and .seful short-term eaxtﬁquake predic-
tion (that 1s, a prediction in a time frame c¢f a few hours to a few
weeks). Furthermore, NEPEC believes that the attempt to make such a

prediction should be an important element of the experiment.

In order to tran:late quickly the occurrence of premonitory signals 1nto

a formal predict on and related administrative actions, NEPEC recommends

that a decision natrix (e.g., like the draft presented at the September
1985 meeting of NEPEC) be developed that Ltates what physical signals,
and what thresholds of signals, are expected to demand what administra-
tive actions, A decision matrix should [ be formally adopted by the
Director, U.S.G.S., afier review and advice from NEPEC and o her con-
cerned groups. NEPEC further recomends that, for the shoriest-term,
highest-urgency categories in the matrix, t»e Director, U.S.G.S., develop
a plan to delegate to offic:s near the data-gathering effort the 1ssuance
of predictons and rapid communication of the earthquake alert to selected
federal and state officials ani other offices. The NEPEC suggests that
only by such pre-approval and delegatioi of action can the shortest-term
prediction (i.e., "imminent alerts" as defined by Wallace, Davis, nd
McNally) be 1issued rapidly enough for useful reaction, given lead tines

of only a few hours to a few days. A draft of a decision matrix prepared




by the U.S.G.S. staff wa reviewed at the September meeting of NEPE , and

the following comments and suggestions are made:

o+ NEPEC applauds the September 1985 draft as an excellent step in tte
right direction.

+ A termination date, or a time for a review and upda e, should be
prescribed 1n any earthquake prediction, short- or long-term.

+« The possibility that a prediction may be a false alarm should be
specifically acknowledged a: part of the predictive statement.

« Ir. more general statements about prediction research, the philosophy
o willingness to accept some false alarms as a necessary part of
tl.le learning process should be more fully acknowledged bv the
8. 1entific community. Decisionmakers and the public should be made
more avare of this possibility and should develop means to minimize
the ad\erse effects of false alarms.

+ NEPEC will review a revised draft of the decision matrix as soon as
a more-nearly final draft 1s available. Considering the possible
imeinence of the Parkfield earthquake, action on the decisic: matrix

should be completed very promptly.

SAN ANDREAS FAULT BETWEEN BLACK MOUNTAIN AND SAN JUAN BAUTIST: AND

THE CALAVERAS FAULT

At the July 26-28, 1985 meeting of NEPEC presentations were given that
focused on the portion of the S:n Andreas fault 1in California extending
from San Juan Bautista 75 km north to Black Hountaiﬁ just west of
Cupertino on th. San Francisco Peninsula and a portion of the Calaveras
fault directly northwest of the rupture zone of the Morgan Hill earth-

quake of 1984.
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The section of the San Andreas fault cofrresponds to the s utheramost
portion of the 1906 earthquake fault break. The creeping poriion of the
San Andreas fau.t of central California extends south from San Juan
Bautista to -~arkfield. The Calaveras fault zone runs through Hollister
and just east of Gilrcy, Morgan Hill, and San Jose. The Council con-
siders the southern portion of the 1906 break currently t> ha e higher
ri:k than adjacent sections of the San Andreas fault for generating a
large earthquake because: 1) the 1906 faylt offsets in this area were
significantly less than the offsets to th¢ north and mav now be fully
recovered and 2) earthquakes 1in 1838 and 1865 were possible deon-
strations of the capability of this section of the San Andreas faul' to
generate earthquakes 1ndependent of great 1906-type events. Th. Couicil
also consicders the section of the Calaveras fault just nort .west of
Morgan Hill to possess the potential for a moderate earthquak: 1o the
next decade because of low seismic slip in this 20 km region and because

of the lack of any clearly 1dentifiable recent moderate earthquakes 1n

the zone.

Several 1ndependent 1nvestigations of the Black Mountai:r-San Juan
Bautista zone of the San Andreas fault have | concluded that there exists a
high potential for rupture of at least part of this section of the fault
sometime in the coming 20 years. Because pf uncertainties intrinsic to
the wistoric data and uncertaintiles as to the details of the fault slip
budget 1n this area, there 1s a divergence of scientific opinion abcut
the probability of a large earthquake that would rupture the entire 75 km
section of the fault. However, one interpretation admissible by the data

1s that 1906 slip on the entire 75 km section has now been recovered as
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stra:n build-up and consequently this area mey now be capable of gener-
atin; a large earthquake. Should this en. ire section ru;:ure, the
resuiting earthquake would have a magnitude of about 7.0. Because o’ the
proximity of the area to the large populaton centers of the south San
Francisco Bay region, such an earthquake wouli have significant p bplic

impact.

The segments of the Calaveras fault that broke in the 1979 Gilroy (C. yote
Lake) and 1984 Morgan Hill earthquakes experienced slip deficits 1ir the
decades before thos: events. This appears to be the case now for the
section of the Calaveras fault directly northwest of Morgan Hill. His-
torical selsmiclity suggests the earthquake recurrence rate for segments
of the Calaveras fault to be approximately 80 years. Some uncertainty
concerning the association of certain nineteenth century and early
twentleth century earthquakes with the Calaveras fault preclude statist.-
cal treatment and quantitative statements regarding the 1mm.nence of
future events northwest of Morgan Hill along the Calaveras fai.t. How-
ever, available evidence does indicate that consideration shoul. be given
to the occurrence of an 1intermediate-sized event of approximately
magnitude 6 on the Ca.averas fault ncrthwest of Morgan Hill during the

next decade.

The Council will examine these areas at future meetings with the aim of
clarifying present ambigulities 1in the interpretations. The Council
regrets that the available data do not permit more qu.atitative aad
unequivocal statements to be made concerning these fault :ones; however,
it recommends that the Director of the California Office of Emergency
Services be appraised of our current understanding of the potential for a

large and moderate earthquake 1n these areas.



ALASKA AND ALEUTIAN| ISLANDS

NEPEC has been meeting about four times| per year tc review the most
recent data and to update our understanding of the seismic potential of
some of the regiois of the United States where seismic risk is signifi-

cant and wtere tlere may be 1important public policy issues related to

earthcuake jrediction. In the fourth and most recent of thesc meetings,
NEPEC met 1n Anchorage, Alaska, September 8-9, 1985 to ccisider the
se1smic potential of three areas along the Alaska-Aleutian flate boun-
dary. These areas are the Adak Island vicinity 1in the centr:1 Aleutian
Islands, the Shumagin Islands vicinity along the Alaska Peniasula, and
the Yakataga vicinity just to the east of Prince William Sound 1in the
northern Gulf of Alaska. Below we summarize the findings of our review
of the seismic potential of each area and give our recommended actions
with respect to each area. In addition, we make some general obier-

vations about the state of earthquake prediction and earthquake studies

1n Alacka, 1ncluding those areas away from the main plate bounda-y.

Yakataga Seismic Gap

On May 31, 1979, the Director of the U.S. Geological Survey wrote to the
State Geologist of Alaska expressing concern about the earthquake poten-
tial of the Yakataga region of Alaska, the so called "Yakatagzs seismic
gap". In that letter, the Director 1indi¢cated that the U.S.G.S. would
support additiona! sutdies 1n the Yakataga region with the aim of clar-
ifying the earthquake potential, and 1f possible, to ga:n ins?ght into
when a large earthquake would occur in the region. Since that time a

number of geologi: and geophysical investigations have been carried out.
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On September 8 and 9, 1985, NEPEC met 1n Anchorage and reviewed the
results of 1nvestigations to date in the Yakataga region. Observations
made since 1979 have not significantly altered the assessment of lon -
term seismic risk 1in the Yakataga seismic gap that were made followi g
the 1979 M=7.7 St. Elias earthquake. Trilateration survevs made 1in the
region since 1980 indicate continuing deformation consistent with accum-
ulating elastic strains that will even.ually be released by the expected
gap-filling earthquake. Although the anticipated event 18 about magn -
tude 8, n~w studies of uplifted coastal terraces between Cape Yakata,a

and Icy B.y suggest larger events (=12 m uplfit) with longer recurrence

o]

intervals (=1500 vear:<) might also be expected. Indeed, the geolog
record indicates 1t has been more than 1500 years since tte last event «f
this type. At the same time, 1nvestigations to date ha'e not produced
any information that might be interpreted as a short- or intermediate-
term precursor, which might -- or might not -- precede the expect:.d
earthquake. Therefore, the Council concurs with the previous assessmer:
that the earthquake co>uld occur today, or sometime 1n the next several
decades, but that it 1s significantly less likely that the region could

go for an additional 100 years without a large earthquake.

Alaska Peninsula

The question of the s8¢1smic potential of the Shumagin seismic gap along
the Alaska Peninsula has been under 1nvestigation by scientists for a
decade and a half, Investigations have included exaninations of spatial
and temporal patterns of earthquakes along the Alaska-Aleutian plate

bouniary using data collected by the World-Wide Seismic Network, the
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collection and analysis of data from a local seismic network centered 1n
the §'umagin Islands, the examination of historlcal information on great
earthcuakes contained 1n the Russian-language documents of the pericd
from 1738-1867 and the collection and anal&sis of sea-level, short bas -

line ti1lt and .ntermediate baseline strain data.

It 1is clear from the spatial and temporal patterns of past sei:mic acti-
vity that the-e exists a seilsmic gap of long temporal extent that extends
for some 200-250 km along the Aleutian arc | in the vicinity of the Shuma-
gin Islands. The answer to the central question of "what 1s the seismic
potential of the Shumagin gap 1tself'" rests on two conflicting sets of
data. The tilt and strain data collected |over the past 5 to 10 years,
and to a lesser extent over the period 1913 to 1984, indica es negligible
strain accumulation raising the possibility of aseismic subduction in Ehe
Shumagin gap. However, the descriptions of|two large earthquakes in 1788
contain reports of local tsunamis with run| ups of the order of 10 m at
sites ranging from Kodiak Island to Unga and Sanak Island, a distance of
about 600 km (400 miles); of strong ground shaking lasting for several
minutes; of strong aftershocks lasting for months; and of permanent sub-
sidence on Kodiak Island of several feet.| These observations suggest
strongly that a great earthquake of about magnitude M,=8 1/2 ruptured
the plate boundary from Kodiak to Sanak Island. There are several signi-
ficent, unresolved questions having to do with the repecat times for

events 1in the Shumagin gap; however, several lines of evidence suggest

that it might be 1n the range of 50-90 years

Further, there is evidence that sufficient strain may have accumulated in

the adjacent areas that ruptured in the 1938 and 1946 earthquakes and
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that the entire region from the southwest tip of Kodiak Island to Unimak
Island could rupture 1n a single event of the size of the 1783% quake.
NEPEC 18 concerned about various evidence that suggests gener:lly high
probabilities for rupture of an extensive region offshore of the Alaska
Peninsula 1n the next one to two decades, moreso than it was about the
Shumagin region by 1itself. NEPEC membrs observed with some concern that
there 1s presently no seismic or geodetic monitoring in the area of the

1938 aftershock zone.

NEPEC recommends that the Director of the U.S. Geological Survey 1ssue an
advisory to the State of Alaska outlining the above findings and data,
indicating that .s th: consensus of NEPEC that there exists a signifi-
cantly high probabili y for a great earthquake off the Alaska Peninsula
to the southwest of lrodiak Island during the next one to two decades.
That broad region and the Yakataga area appear to have significantly
higher probabilities of rupturing on that time scale that do other por-
tions of the Alaska-A eutian plate boundary in the United States. NEPEC
suggests that 1t woulc be prudent to consider the consequences of strong
shaking and tsunami 1: nundation on coastal communities of southern Alaska
that are likely to bt affected by the occurrence of large earthqu. kes

near the Alas-a Peninsula and 1in the Yakataga gap.

Adak Region of Central Aleutians

Dr. Carl Kisslinger presented data indicating a period of selsmic quies-
cence 1n the Adak Canyon reglon in the central Aleutians. On the basis
of this quiescence as well as the historical seismicity data 1in the

region, he c. ncludes that an earthquake with surface-wave magnitude ~ or
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greater will occur there. On the assumptipn that the observed case of a

three-year premoiit ry quiescence 18 characteristic, he suggests that the
i

most likely time 1s beofore the end of October 1985. Kisslinger stated

hat, because of the remoteness of the area, the social impact of an M of

about 7 ea:thquake 1n this area is considered relatively minor.

The area 1n question 1s near Adak Canyon, which is located in the rupture
zone of the great Fox Island earhtquake (M=9%) in 1957. Prior to the
1957 event, earthquikes of about magnitude| 7 or greater occurred 1in the
Adak Canyon regiin at approximately 10 year intervals. Since the 1957
event, the area has been quiet, except an M=7.2 earthquake, which

occurred 1n 1971.

Kisslinger presented evidence that a similar selsmic quiescence was
observed before an M=7.2 earthquake that occurred 1n the Adak 1Island
region 1n 1971, However, the pattern of quiescence preceding th2 1971
event 1s more obvious 1n the teleseismic djata than 1is the preseni pat-

tern.

In general, the Counc:il thinks that prediction methodology based on
seismlc quiescence 1s not established yet, and requires further investi-

gation as to 1its general applicability, false alarm rate, etc.

Kisslinger's data provide a means for testing this methodology. Never-
theless, the Council 1s of the opinion that| in view of the am'iguity of
the data and the methodology of this prediction, as well as the rela-
tively low hazard potential of the predicted event, no public action 1s

waranteed at this time with respect to this prediction.
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The Council thinks, however, that the probability of an earthq ake with M
greater than 7 o 'curring in the area in the near future i1s h. gh, solely
on the basis of he historical seismicity data, so that the area needs to

be carefully watched regardless of this prediction.

State of Earthquake Prediction in Alaska

The quantitative assessment of the probability of a future, great earth-
quake, that 1s one of magnitude M,>7.8, that would rupture a specific
segment of the Al aska-/leutian plate boundary rests critically on kncwing
when that segment last rup ured and on a determination of the average
recurrence interval (aid the associated variance) for great ear hquakes
along that segment. Most of the Alaska~Aleutian plate boundary .as rup-
turec relatively recen ly (since 1938) so the date of the last :vent 1is
generally well known. However, only the date of at most one revious
event that ruptured a given segment 1s known, so that calculati n o! ar
average recurrence 1nterval and its variance depends on indirect mett >d:
that use 1iverages determined for the entire plate boundary, or that use
the rate of relative rlate motion as a basis for calculation of the
expected 1nterval. Fu.:-her, there ex1ists some controversy about how to
reconcile the relatively long recurrence intervals (500 to 2,000 years)
determined for uplift of marine terraces at Middleton Island and along
the mainland coast between Yakataga and Icy Bay with the shorter 1inter-
vals (50-150 years) between great earthquakes observed and calculat 4

from seismological data.

Our knowledge of the s=ismic potential of specific fault segments fcr

crustal faults away from the plate bouidary 1is even more limited. Sinc -
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1900 in south central and interior Alaska there have been at least a
dozen potentially damaging earthquakes (Mszﬁ.S) that occurred at shal-
low depths in the crust to the north of Ancﬂorage. None of these events
has been unequivocally associated with any m%pped fault; on the basis of
proximity alone (without benefit of supportive focal mechanisms or

observed 3round breakag:) a few of these events may be presumed to have

been associated with a :specific fault.

In summary, 1t 1is evident that wmuch basic work remains to be done before
the data will be available on the basis of |which sound earthquake pre-
dictilcns could be made for specific fault segments. In this light, 1t 1is
clear that ren:wed emphasis needs to be placed on those studies t .at will
yield fundamental 1i1nformation about recurrence intervals and character-
istic earthquakes for faults 1in Alaska. Such studies would 1include
seism ¢ and geodeti; monitoring, historical Leismology, basic geological
mapping, and focussed geological studies such as trenching which have

come under the heading of paleoseismology.

In the meantiue, these limitations on our ability to make specific earth-
quake predictions should not prevent us from communicating what we do
know. Alaska includes some of the most seismically active regions in the
world. It is the most active state in the United States. Federsal,
State, local and private investment continues to develop an increasingly
interrelated infrastructure 1n Alaska that 15 vulnerable to this sev. re
seismic hazard. In plenning and designing | for this development it 1s
important for federal ard state agenciles in Alaska to take the lead 1in

the incorporation of measures to reduce losser from future earthquakes.
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To this end, 1t would be he pful for the Director of the U.S. Geological
Survey to periodically comuunicate to appropriate Federal and State
officials in Alaska the current level of understanding and concern that
exists among professionals working on earthquake problems 1in Alaska.
Some points which could be emphasized 1n a letter from the Director are

summarized below:

« Alaska contains some of the most selsmically active .egions in the
world. 1In this century three of the ten largest eartnaquakes in the

world occurred along the Alaska-Aleutian subduction zone.

« The U.S. porition of the Alaska-Aleutian subduction zone, which
extends from Attu to Cordova and 1icludes the Anchorage area, exper-
iences a potentially damaging ear.hquke (Mg>6.5) every 8 months on
the average. Since the turn of tte century there have been 7 great
(magnitude Mg>7.8) earthquakcs ir the region; about one every 12
years. The last such event occurr:d 1in 1965, Three of these events
had magnitudes greater than 8.7 anil are among the 10 largest earth-
quakes to occur in the world duriny thi:s century: 1957 Andreanof-Fox
Island, M,=8.7; 1¢64 Prince William Sound, M,;=9.2; 19,5 Rat

Island, M,=8.7.

e The southeast Alaska transform-fault 2zone, which extends trom
Cordova .o Ketchikan, experiences a potentially damaging earthqu;ke
(Mg>6.5) every 3 years on the average. Since the turn of the cen-
tury there 1ave been 3 great (Mg>7.8) earthquakes in this region;
about one every 28 years. The last such event occurred in 1958,

Horizontal displacement on the Fairweather fault during the 1958
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event reached 21 feet near Crillon Lake, and the stron; shs ing that
resulted caused a hugh rockslide 1n Lituya Bay which in tur <created
a water wave that washed all the soil and trees from the >pposite

sh.ore to an eievation of 500 m (1700 feet) above sea level.

The central Alaska seismic zome is included in the broad are encom-
passed by Anchorage, Tok, Kotzebue and Nome. Most of the ear hquakes
in this zcne occur in the vicinity of [the transportation corridor
between Fairbsnks and Anchorage, with a few of the larger events
occurring to the west of Fairbanks in a broad area extending thro:.gh
the Seward Peninsuia. Potentially damaging earthquakes (M >6 5)
occur 1n the central Alaska seilismic zogne every five years on the
average. Since the turn of the century 6 major (Mg=7.25) earth-
quakes have occurred in this zone; about one every 14 years., The

tagt such event was in 1958 near Huslia.

In addition to the strong shaking associated with every large earth-
quake, the coastal regions of southern Alaska also have experienced
the destructive power of tsunamis (seas waves generated by the
large-scale motion of the sea floor during a major earthquake).
Since the turn of the century 14 tsunamigenic earthquakes have
occurred along the south coast of Alaska from Amchitka to Sitka.
Five of these events cause local run-up (maximum height above sea
level of the wave as it crests on shore) in excess of 6 m (29
feet). During the 1964 P-ince William Sound earthquake more than
100 of the 130 total lives lost were a direct result of the
taunami. In southeast Alaska landslides without earthquakes have

also been a significant source of water waves with large local




run-up: two such events have caused run-up in excess of > m (20

feet).

« There are two areas of southern Alaska that are of special concern
because their specific earthquake history suggzests that the probabi-
lity of a great earthquake in these regions during the next one or
two decades, 18 significantly higher than other areas of southern
Alaska. One 1is the Alaska Peninsula area from the southeast end of
Kodiak Island to Unimak Island and the other 1is the Yakataga area

from Cordova to Icy Bay. (See the detailed discussion above about

these two areas.)

Copies of the summaries of various papers presented at the September
meeting in Ancorage will be sent to you separately and will be 1included
in an Open File report along with a revised copy of the decision matrix
for Parkfield. The letter of May 31, 1979 from the Director of the
U.S.G.S. to the State Geologist of Alaska will be included as an appendix
along with a pape- describing planned updating of wmagnitudes 1in the
U.S5.G.S. catalogs for California, which was presented to the ex::utive

sesslon of NEPLC on September 9.

Sincerely yours,

Lynn R. Sykes
Chairman, National Earthquake
Prediction Evaluation Council

LRS/11lm
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ADDITION TO PECK LETTER OF 28 NOVEMBER 1985

In summary, the Counci] recommends:

The prompt develcpment and adoption o
the observation of potential precursory
Parkfield administrat

earthquake, and

delegation of authority for the 1issuanp

communication with State and local off:

Communication to the Director of the Ca
farvices of the levels of concern and ¢
e irthquake potential of the section of
Black Mountain to San Juan Bautista and
c¢f the zone of the 1984 Morgan Hill ear
Communication with appropriate offici
regarding

the high probability for a great ear
sula to the southwest of Kodiak Isla
decades, and

cocatiniing conc:rn about the potentl

the "Yakataga scismic gap".

Periodic communication with appropriate
officials about the current level of un
earthquake potential throughout Alaska

region 1in the Nation.

|

f a decision matrix relating
phunomena to the anticipated
including the

ive actions,

ce of predictions and rapid

cials.

s11fornia Office of Smergency

yngoing discussions about Lhe

the San Andreas fault from
of -he Calaveras f :l1t north
thquake.
als of the State of Alaska

thquake off the Alaska Penin-
nd during the unext (ne to two
in

tal for large earthquakes

Federal and State of Alaska
derstanding and concern about

the most seismically active
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APPENDIX D. 3. a.

K. Jacob and J. Taber - seismicity in the Shumagin Islands



Lamont-Doherty Geological Observatory
of Columbia University

Cable: LAMONTGEO
Paiisades New York State
TWX-710-576-2653

Dr. Lynn Sykes

Chairman, National Earthquake Prediction
Evaluation Council

Lamont-Doherty Geological Observatory
of Columbia University

Palisades, NY 10964

Dear Lynn:

We stronglv feel that recent seismicity 1

update to our presentation at the NEPEC meetin
At that time we did not have the now available
to short-term precursors. The recent seismic]
such a precursor.

In our judgment the new information cont
not sufficient grounds for a more precise temg
large or great earthquakes in the Eastern Aleuy
false alarm rate or precursor duration (if anj
such seismicity changes. However, we feel st
awareness for the possibility of large or gre
Our recommendations are both short- and long-
to John Davies, the Alagka state seismologist,

the state to increase awareness of state agenc
devising a plan of action so that we can respo

3

By early 1986 we will be able to monitor
time. The hardware for our new automatic prodg
tional and we are working hard on completing a
software. Once installed, it will be a great
week lag between the collection of the data an
John Beavan is currently in China so he is not
we feel that more intensive and more frequent,
deformation measurements are needed in the reg
more frequent geodetic leveling surveys and 1
valuable addition to the current telemetered
leveling and bi-annual geodimeter surveys. I
the Fall AGU meeting, we could present an upd
Of course we cannot exclude the possibility th
even prior to that time. We will keep you inf

KJ:JT/ajd
Enc.
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Palisades, N.Y. 10964

Teliephone Code 914, 352-2900

December 2, 1985

n the Shumagin Islands warrants an
g held in September in Anchorage.
data to identify any intermediate-
ty in the Shumagins may represent

ined in the attached report is
oral prediction of any impending
tians, because we do not know the

) that might be associated with
ongly that an increased state of

t future events is necessary.

erm. We have sent a short note
which he is circulating within
ies. We are in the process of

nd quickly if a major event occurs.

the seismicity in nearly real
essing system is close to opera-
nd implementing the necessary
improvement over our current 2-3
d their arrival at Lamont.
available for suggestions, but
perhaps continual crustal
ion. Additional tilt meters or
ger trilateration could be a
recision sea level gauges, yearly
the NEPEC panel is available at
te of the situation at that time.
at a significant event may occur
ormed of any new developments.

Sincerely,

i b . _
et ciag )'Q\ : «LL\

Klaus (§a’cob and John Taber
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Recent Seismicity Data from the Eastern Aleutians
John Taber and Klaus Jacob

Lamont-Doherty Geological Observatory of Columbia University
Palisades, NY 10964

Estimates of long term probabilities for the occurrence of great earthquakes (Mw
2 7.8) in the Alaska-Aleutian seismic zone have revealed a broad region in the Eastern
Aleutians with moderate to high probabilities for great earthquakes during the next two
decades (Jacob, 1984; Nishenko and Jacob, 1985). The probabilities range from 30% to
more than 80% for the 20 year period from 1985 to 2005. Temporal variations of
seismicity and crustal deformation in the Shumagin Islands have been noticed during
the last ten years, but none of the variations were considered intermediate- to short-
term precursors for a great earthquake (Hauksson et al, 1984; Beavan et al, 1983,
1984). Unusual seismicity patterns and rates extending over ihe entire high-
probability region during the period 10/01/85 to 11/15/85 may represent such a pre-

cursor.

Five years of relative quiescence at the Mb 2 5.5 level in the Shumagins (Hauksson
et al, 1984) has now been followed by a high rate of seismicity. In the 5-week interval
between October 9 and November 14, 1985 a sequence of 5 moderate events with Mb =
6.4, 5.0, 5.2, 5.0, and 5.6, occurred in the Shumagin Islands region of the Eastern Aleu-
tians. This level of activity is considerably higher than the average rate over the past
22 years, during ‘which time there have been only 30 events with Mb > 4.8. Without
eliminating possibly dependent events, the nominal long-term average rate prior to the
recent sequence was thus one event about every 9 months. Figure 1 (top) shows
eastern Aleutian events shallower than 70 km with Mb > 4.9 that have occurred
between 1964 and September, 1985. The space-time plot (Figure 1, bottom) plots the
same data as the top figure except that events near the trench have been removed and
the recent sequence has been included. Several temporal clusters of evenis can be

seen in the Shumagin seismic gap over the 22-year period but none have had as many
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events as Lthe recent sequence. }

This situation may be analogous to both the 1957 and 1964 great earthquakcs,
where there was an increase of seismicity prior to the mainshock (Kanamori, 1981). Ir.
the case of the 1957 earthquake (Mw ~ 9) there was a clustering of events before the
mainshock at both ends of the subsequent rupture zone (House et al, 1981). The clus-
ter at the western end developed over a three year period while the eastern cluster
occurred two months before the mainshock. Figure 2 compares the seismicity in the
eastern Aleutians for the 8-month time period 85/01/01 - 85/09/30 to the six-week
period 85/10/01 - 85/11/15 using events > 4.9 frpom the Preliminary Determination of
Epicenters (PDE) catalogue. Clustering is evident in the shorter, more recent plot both
in the Shumagin Islands and the Unalaska area. The entire area between the two clus-
ters is part of Nishenko and Jacob’s (1985) high-probability zone. Thus we may be wit-
nessing a precursory sequence for not just the ShLmagin gap. but for the Unalaska gap

\
(House et al, 1981; Boyd and Jacob, 1986) and intervening area as well.

k-aftershock sequence? And 2. How

The significance of the apparent clustering iepends on two questions: 1. Can the
Shumagin earthquakes be considered a mainsho
|

often has similar clustering not been followed by an earthquake? We have not finished
the analysis of the sequence, but while several of the 5.0 events would be expected in
the aftershock sequence, it seems uncertain whether the Mb 5.8 event 5 weeks after

the mainshock should be considered an aftejock. The question of clustering is

perhaps best addressed by the cumulative seismicity plot in Figure 3. The lower two

degrees W longitude, while the upper line is the sum of the two regions. The recent

lines are the cumulative number of events in the regions 157-162 and 166.5-171.5
increase in seismicity shows up clearly in the eastern region and the sum of the

regions, but the short-term increase is not unusual for the western region. There is
perhaps onlv one other time (early 1974) in the last 22 years when there wes 2=
increase in both regions simultaneously. We infer from this observation that the recent

clustering is somewhat unusual. However, there may not have been a great ezrithcuaiic
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included the aseismic slip evenl (McNull and Jeavan. 1986). Both the increase 1n
microseismnicity and Lhe temporary cessation of Pavlof eruptions started perhaps as

|

much as a year before a change in ground tilt was measured in the previous aseismic
slip event. Whelher the new increase in seismicity and the recent inactivity of Pavlof 1s

followed by another slip event (either seismic or aseismic) remains to be seen.

In our judgement this new information is not sufficient grounds for a more precise
temporal prediction of any impending large or great earthquakes in the Eastern Aleu-
tians because we do not know the false alarm rates or precursor durations (if any) that
might be associated with the above observations. None of the patterns taken individu-
ally are unique but the combined data suggest that some widespread change in the tec-
tonic activity may have occurred in the last few weeks or months in the eastern Aleu-
tian region. Thus we strongly feel that an increased state of awareness for the possibil-
ity of large or great future events is necessary, and we have conveyed this concern to

the proper agencies of the state of Alaska. J
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Figure Captxons}

Figure 1. Top: Shallow seismicity (< 70 km, Mb > 4.9) in the eastern Aleutians from
1964 through September, 1985 from the Preliminary Determination of Epicenters cata-
log. Events south of the dashed line are not included in the space-time cross section

along line A-A' plotted below. The recent Shumagiﬂ sequence is not shown but the area

is circled.

(

Bottom: Space-time cross section along line A-A’ above. Same data as above except the

recent sequence is included and trench events are excluded.

Figure 2. Comparison of 8 months of recent seismicity (top) to the last 6 weeks using
the same selection criteria as Figure 1. Note the high rate during the recent 6-week

period and the clustering of the events in the areas marked east and west.

Figure 3. Cumulative number of events from the PDE catalog for the eastern and
/
western regions marked in Figure 2. The top line is the sum of the two regions. Possi-

bly dependent events are not removed.

Figure 4. Cumulative number of events located by the network between 158.5 and 166
degrees W longitude. The top line (lefthand scale) includes all magnitudes while the
lower curve (righthand scale) includes magnitudes 2 2.5. Possibly dependent events
are not removed. The lower curve starts at a later date because of incomplete magni-
tude determinations in the earlier data. The 37% change in rate in April 1985 is

significant at the 98% confidence level. Its approximate onset is marked by an arrow.
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APPENDIX D. 3. b.

C. H. Scholz - seismic hazard on the San Andreas fault from
mid-San Francisco peninusla to San Juan Bautista

)
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Lamont-Doherty Geological Observaton
of Columbia University

Cable LAMONTGEQD
Palisades New York State

TWX-710-576-2653

Novembe

Prof. Lynn R. Sykes

National Earthquake Prediction Evaluation Coun
Lamont-Doherty Geol. Obs.

Palisades, NY 10964

Dear Lynn:

At the NEPEC meeting of July 27, 1985, 1
high seismic hazard for the southern section g
Andreas fault, from Black Mountain to San Juan
Thatcher, of the USGS, presented a contrary vi
inversion of geodetic data, he concluded that
southern part of the 1906 rupture and hence th
critical to my argument, was not representativ

Thatcher pointed out that his inversion g
both the era of the 1868 earthquake and the 19
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Palisadcs, NY. 10964

Teentone Coae 14 350 Z00C

>r 15, 1985

1c1l

presented a case for relatively

)f the 1906 rupture on the San
Bautista. At the meeting, Wayne

ew: based on his (Thatcher, 1975)

there was no slip deficit for the

at the record of surface slip,

e of slip at depth.

f triangulation data included
06 earthgquake, but that he

doubted that the 1868 earthquake contributed significantly to the geodetically

measured earth movements. A review of the dat
Hayford and Baldwin (1908) analyzed the same d
eras of the 1868 and 1906 earthquakes. Their
the Lawson (1908) report.

From that figure and the accompanying rep
triangulation point which 1s diagnostic of sli
between Black Mountain and San Juan Bautista 1
of this point would thus dominate any 1inversio
fault. Hayford and Baldwin's result is that t
3.3 M SSE 1n 1868 and only 0.97 M SSE 1in 1906.
this data for this section of the fault primar

1868 earthquake and not of the 1906 earthquake|.

for the movement of Loma Prieta in 1906 1s, wi
consistent with the measured surface slip (1-1
fault, and hence 1s consistent with the case m
hazard for that fault segment.

Since this point 1s a serious one, and fr
meet 1ng minutes, entered seriously into the de
matter, I wish this reply to be circulated to
to the open—-file report on the meeting.

a does not confirm this opinion.
ata but divided 1t 1nto the two
results are shown i1n Map 24 of

ort we can see that the only

p on the San Andreas fault

s Loma Prieta, and that movement

n scheme for this part of the

he movement of Loma Prieta was
Thus Thatcher's 1nversion of

1ly reflects movements in the

Hayford and Baldwin's results

thin the estimated error,

.4 M) for that section of the

ade by me concernlng seilsmic

om my reading of the NEPEC
liberation of the Council on this
the Council members and appended
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Prof. Lynn R. Sykes
Nat'l Earthquake Pred. Eval'n Council November 15, 1985
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Sincerely,

‘:\ j‘k ,lc_ L\; {\\

C. H. Scholz —~
CHS/ajd
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GEOLOGICAL SURVEY
Branch of Alaskan Geology
345 Middlefield Road, MS 904
Menlo Park, California 94025

September 11, 1985

Memorandum
To : Jim Dietrich, Tectonophysics Branch, U.S5.G.S., Menlo Park, CA
From : George Plafker, Br. of Alaskan Geology, U.S5.G.S., Menlo Park, CA

Subject: Question you posed at NEPEC meeting regarding removal of evidence
‘ for the 1964 marine terrace at Middleton Island

I regret that I could not think quickly enough on my feet to understand what
you were driving at when you asked about the possibility that post-1964
marine erosion could remove all evidence for the 1964 co-seismic terrace at
Middleton Island. My reply that it could happen, although correct, did not
get at the heart of what I suspect you really wanted to know. A more
complete answer to your question is that the terrace certainly can be
removed, but only after erosion of the bedrock platform seaward of the
terrace has progressed to the point where it intersects the terrace. In
fact, all but the higher two terraces were cut into and removed in exactly
this way along the southern windward side of the island as was indicated on
the profiles and map I showed during my presentation (they are also in my
paper on the Middleton Island terraces in OF 78-943),

The most effective surf erosion occurs in the lower part of the intertidal
zone which is 200-700 m offshore. Thus, a slope break will develop at about
the low tide position and it will gradually cut back across the platform
towards the shoreline. The slope break will also progressively increase in
height reaching about 2.5 m (the average tide range) at the present
shoreline., Only then could erosion of the 1964 terrace begin., Note that if
a co-seismic upii?t occurs at some time after the notch in the intertidal
zone develops and before it cuts away the 1964 terrace, it would be recorded
as a new sea cliff and corresponding terrace providing that the uplift is
large enough to raise those features above the extreme high tide level. The
attached cartoon illustrates the process.

Judging from the profiles of the dated marine terraces and the submarine
platform, this process would require centuries at the south end of the
island where the platform is narrowest and erosion rates are highest; it
could easily be a millennium or more at the north end of the island where
the platform is 700 m wide. Your question has got me thinking about the
possibility of reexamining the profiles of dated terraces and the
bathymetric data in order to quantify the rate of terrace cutting at
Middleton Island as good data on this subject are virtually non-existent

elsewhere.
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I hope this clears up the matter, but please let me know if problems
remain. Copies of this memo are being sent to the other committee members

for their information.

Loy

George Plafker

cc: NEPEC members
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APPENDIX D. 3. d.

J. Beavan - sea-level measurements in the Shumagins




RECENT SEA-LEVEL DATA FROM THE SHUMAGIN SEISMIC GAP
- DETECTION OF REVERSE TILT ??

John Beavan

Lamont-Doherty Geological Observatory of Columbia University
Palisades NY 10964

It is the purpose of this note to bring to NEPEC's attention data acquired
since the October 1985 meeting that possibly signals the onset of a reverse slip
event in the Shumagin Islands, similar to that observed in 1978-80.

Since July 1985 three sea-level gauges using Paros pressure sensors have
operated in the Shumagins. These sensors have much improved long-term sta-
bility than the previous ones, and we are now confident of detecting long-term
relative sea-level changes at the 10mm level. Low-pass filtered differences
between the gauges are shown in Fig. 1, with a sea-level scale on the left and a
ground-tilt scale on the right. A change from essentially no long-term tilt to ~
2.5urad/yr down away from the trench occurred in September or October, just
before the recent sequence of M5 and M6 earthquakes. This tilt is in the same
direction and at approximately the same rate as the 1978-80 tilt reversal
detected by level lines. The tilt change is observed on both difference signals
(SQH-PRS and PRS-SIM) and is therefore unlikely to represent instrument mal-
function. The relative sea-level change between SQH and SIM is ~ 60mm
between October 1985 and December 1885; we believe this is substantially
greater than could be accounted for by instrument drift, temperature or salin-
ity effects. It is therefore possible that the October - December 1985 apparent
tilt may represent the onset of a tilt reversal similar to that in 1978-80, whose
implications for a major earthquake were discussed at the October NEPEC meet-
ing.

However, there is an alternative, non-tectonic, explanation of the observed
signals. This alternative is oceanographic in origin, but it will be possible to use
the data to distinguish the tectonic from the oceanographic source. An ~ 300
mm annual cycle exists in sea-level from the Gulf of Alaska to the Aleutians.
This is due to seasonal fluctuations in the North Pacific gyre. Sea-level typically
begins to rise in September/October, then to fall in February/March. It is possi-
ble that the amplitude of this cycle decreases with distance from the coast, so
that it is substantially smaller at SIM than at SQH; our previous years’' data
(using less stable sensors) are equivocal on this point. However, such a scenario
could explain our present observations.

By the end of March 1988, assuming the gauges survive the worst of the
winter storms, it will be clear which explanation holds: if the observed signal has
changed direction by then, it is probable that the oceanographic "annual cycle"
mechanism is responsible; if not, then the tectonic mechanism becomes more
likely. This information will be passed on to NEPEC as soon as it is available.

December 24, 1985.
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Fig. 1. Low-passed sea-level differences from the Shumagins between late June
and mid December 1985. A sea-level scale is shown at left, and a ground-tilt
scale at right. The lowest plot is the sum of the upper two. Superimposed on
short-term fluctuations of up to 50mm amplitude is a clear change in long-term
trend that begins in September or October.
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APPENDIX E.

November 21, 1985, Press Release from the Alaska Division
of Geological Surveys regarding possibility of a great earthquake in the
Alaska peninsula area



FROM:
BT

JOHN DAVIES (GEOPH. INST. FBK)

ALASKA DGGS PRESS RELEASE
FOR RELEASE NOVEMBER 1985

RECENT EARTHQUAKE ACTIVITY IN THE SHUMAGIN ISLANDS HAS CAUSED

SCIENTISTS AT THE ALASKA DIVISION OF GEOLOGICAL

SURVEYS TO COMMUNICATE

THEIR CONCERN ABOUT THE POSSIBILITY OF A GREAT EARTHQUAKE IN THE ALASKA
PENINSULA AREA TO THE GOVERNOR AND OTHER STATE OFFICIALS (SEE ATTACHED

MEMO) .
SHUMAGIN ISLANDS AND OTHER CHANGES IN THE PATTE
IN THE AREA HAVE NOT LED SCIENTISTS TO MAKE ANY
ABOUT WHEN THE EXPECTED GREAT (RICHTER MAGNITUDE
EARTHQUAKE MIGHT OCCUR, THEY ARE MORE CONCERNED
WERE A MONTH AGO.

THE SCIENTISTS' DILEMMA IS THAT THERE ARE SEVERA
DATA. ONE INTERPRETATION IS THAT THE LOCALE OF
SEQUENCE IS AN AREA OF LOW STRENGTH WHERE MODERA
EXPECTED TO OCCUR; THEIR OCCURRENCE HAS NO PREDI
POSSIBLE GREAT EARTHQUAKE IN THE REGION. ANOTHE

ALTHOUGH THE RECENT SEQUENCE OF FOUR MODERATE EARTHQUAKES IN THE

OF EARTHQUAKE ACTIVITY
DEFINITE PREDICTIONS
> OR EQUAL TO 7.8)
ABOUT IT NOW THAN THEY

L INTERPRETATIONS OF THE
THE RECENT EARTHQUAKE

TE EARTHQUAKES ARE

CTIVE VALUE FOR A

R INTERPRETATION IS THAT

THIS SEQUENCE IS PART OF A PROCESS CALLED SLIP

EAKENING, IN WHICH EACH

SEQUENCE OF MODERATE EARTHQUAKES BRINGS THE AREA CLOSER TO THE TIME WHEN
A MUCH LARGER PORTION OF THE PLATE BOUNDARY FAILS IN A SINGLE GREAT

EARTHQUAKE .

BECAUSE THERE IS NO WAY TO CHOOSE BETWEEN THESE

ALTERNATIVES AT PRESENT, SCIENTISTS AT THE STATE SURVEY SUGGEST THAT
STATE AND LOCAL PREPAREDNESS OFFICIALS REVIEW THEIR LONG-TERM PLANS TO

COPE WITH A GREAT EARTHQUAKE.

EVEN IF THE PRESENT ACTIVITY IS NOT A SIGNAL TH
IMMINENT, THE AREA HAS A RELATIVELY HIGH, LONG-
AN EVENT. ALONG THE ALASKA-ALEUTIAN SUBDUCTION
TO SHEMYA), SEVEN GREAT EARTHQUAKES HAVE OCCURR
AN AVERAGE OF ABOUT ONE EVERY 10 YEARS. THE LO
BETWEEN GREAT EARTHQUAKES IN THIS SUBDUCTION ZO
HAS BEEN 20 YEARS SINCE THE LAST GREAT EARTHQUA
IN 1965. SEISMOLOGISTS HAVE IDENTIFIED THE SHU
SEISMIC GAPS AS HIGHLY LIKELY SITES OF THE NEXT
THE SUBDUCTION 7ZONE. ESTIMATES OF THE PROBABIL
EARTHQUAKE IN THE NEXT 20 YEARS RANGE FROM ABOU
BOTH GAPS.

IF A GREAT EARTHQUAKE OCCURS NEAR THE SHUMAGIN
CENTERED ANYWHERE FROM DUTCH HARROR TO THE SEMI
KODIAK ISLAND), AND WOULD CAUSE VERY STRONG SHA
SEVERAL MINUTES. OTHER POSSIBLE RESULTS MAY IN
OF SEVERAL METERS IN RELATIVE SEA LEVEL, LAND S
AVALANCHES, AND SUBMARINE SLUMPS: OF MOST CONCE
UP TO 30 METERS (OR MORE IN VERY EXTREME CASES)

T A GREAT EARTHQUAKE IS
ERM POTENTIAL FOR SUCH
ZONE (FROM CORDOVAL

D IN THE PAST 89 YEARS,
GEST PREVIOUS INTERVAL
E IS 18 YEARS, AND IT
E SHOOK THE RAT ISLANDS
AGIN AND YAKATACA
GREAT EARTHQUAKE ALONG
TY FOR A GREAT

30 TO 90 PERCENT FOR

SLAND, IT COULD BE

I ISLANDS (SOUTHWEST OF
ING THAT LASTS FOR

LUDE PERMANENT CHANGES
IDING, SNOW AND ROCK

N, WATER-WAVE RUN-UP OF
MAY RESULT FROM A

TSUNAMI GENERATED BY THE MOTION OF THE SEA FLOOR OR BY RESONANCE EFFECTS
CAUSED BY SUBMARINE SLUMPS OR LARGE AVALANCHES INTO LOCAL BAYS.

FOR FURTHER INFORMATION, CONTACT
JOHN N. DAVIS, 907-474-7190
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THRU: ESTHER C. WUNNICKE, COMMISSIONER, DEPARTMENT OF NATURAL RESQURCES

FROM: ROSS G. SCHAFF, DIRECTOR
JOHN N. DAVIES, STATE SEISMOLOGIST

SUBJECT: BASIS.FOR AN INCREASED LEVEL OF CONCERN
FOR THE POSSIBILITY OF A GREAT EARTHQUAKE IN
OR NEAR THE SHUMAGIN ISLANDS AREA OF THE
ALASKA PENINSULA

BACKGROUND

IN THE PAST 89 YEARS, SEVEN GREAT (RICHTER MAGNITUDE > OR EQUAL TO 7.8)
EARTHQUAKES HAVE OCCURRED IN THE ALASKA-ALEUTIAN SUBDUCTION ZONE
(SHEMYA-CORDOVA). THE MEAN INTEREVENT TIME FOR THESE EARTHQUAKES IS 9.7
YEARS WITH A RANGE OF 1.0 to 18.3 YEARS. THE LAST GREAT EARTHQUAKE IN
THE REGION WAS THE RAT ISLANDS EVENT IN 1965, A LITTLE OVER 20 YEARS
AGO. BECAUSE THE PRESENT INTERVAL IS LONGER THAN ANY PREVIOUS
INTEREVENT TIME, ANOTHER GREAT EARTHQUAKE IN THE SUBDUCTION ZONE IS
OVERDUE .

TWO REGIONS OF THE SUBDUCTION ZONE HAS BEEN IDENTIFIED BY SEISMOLOGISTS
AS SEISMIC GAPS WITH A HIGH POTENTIAL FOR A GREAT EARTHQUAKE WITHIN THE
NEXT 20 YEARS. THE SHUMAGIN ISLANDS AREA OF THE ALASKA PENINSULA AND
THE YAKATAGA REGION (ROUGHLY CENTERED AROUND CORDOVA). FOR BOTH GAPS,
ESTIMATES OF THE PROBABILITY FOR A GREAT EARTHQUAKE IN THE NEXT 20 YEARS
RANGE FROM ABOUT 30 TO 90 PERCENT. THEREFORE, IT IS REASONABLE TO
EXPECT THAT THE NEXT GREAT EARTHQUAKE IN THE SUBDUCTION ZONE WILL OCCUR
IN ONE OF THESE TWO GAPS.

RECENT EVENTS

DURING THE 3-WEEK INTERVAL FROM OCTOBER 9 TO NOVEMBER 14, 1985, A
SEQUENCE OF FOUR MODERATE EARTHQUAKES WITH RICHTER MAGNITUDES OF 6.4,
5.2, 5.0, AND 5.7 OCCURRED IN THE SHUMAGIN ISLANDS REGION OF THE EASTERN
ALEUTIAN ISLAND ARC. THE EVENTS IN THIS SEQUENCE OCCURRED NEAR THE
EASTERN EDGE OF THE SHUMAGIN SEISMIC GAP, CLOSE TO THE EPICENTERS OF TWwO
EVENTS OF RICHTER MAGNITUDE 6.0 THAT OCCURRED IN FEBRUARY 1983. AN
EVENT OF RICHTER MAGNITUDE 5.8 ALSO RECENTLY OCCURRED IN THE UNALASKA
REGION NEAR THE WESTERN EDGE OF THE GAP. 1IN ADDITION, SEISMOLOGISTS AT
LAMONT-DOHERTY GEOLOGICAL OBSERVATORY REPORT THAT THE MICROSEISMICITY
RATE IN THE SHUMAGIN REGION HAS NEARLY DOUBLED DURING THE PAST 6

MONTHS. INCLUDED ARE EVENTS ALONG THE SUBDUCTING PACIFIC PLATE TO .
DEPTHS AS GREAT AS 250 KM. BECAUSE WE DO NOT KNOW THE FALSE-ALARM RATES
ASSOCIATED WITH SUCH SEISMICITY CHANGES, THIS INFORMATION IS NOT
SUFFICIENT FOR MORE PRECISE TEMPORAL PREDICTION OF ANY IMPENDING LARGE
OR GREAT EARTHQUAKES IN THE EASTERN ALEUTIAN ISLANDS. HOWEVER, WE FEEL
THAT AN INCREASED STATE OF AWARENESS OF THE POSSIBILITY FOR SUCH EVENTS
IS WARRANTED.

IT IS POSSIBLE THAT DURING THE NEXT YEAR NO EARTHQUAKES LARGER THAN
RICHTER MAGNITUDE 5.0 WILL OCCUR NEAR THE SHUMAGIN GAP, AND THE
SEISMICITY RATE DETECTED BY THE LOCAL NETWORK MAY RETURN TO NORMAL. 1IN
THIS CASE, OUR LEVEL OF CONCERN WILL RETURN TO THAT EXPRESSED IN THE
BACKGROUND INFORMATION ABOVE.



RECOMMENDED ACTION

WE SUGGEST THAT OUR INCREASED LEVEL OF CONCERN

BE COMMUNICATED TO

COGNIZANT STATE AND LOCAL OFFICIALS WHO ARE RESPONSIBLE FOR LONG-TERM

PREPAREDNESS PLANS TO RESPOND TO EFFECTS OF GREAT EARTHQUAKES.

SUCH AN

EVENT MIGHT BE CENTERED ANYWHERE FROM DUTCH HARBOR TO THE SEMIDI ISLANDS
(JUST SOUTHWEST OF KODIAK ISLAND) AND WOULD RESULT IN VERY STRONG

SHAKING THAT LASTS FOR SEVERAL MINUTES. OTHER
INCLUDE PERMANENT CHANGES OF SEVERAL METFRS IN

POSSIBLE RESULTS MAY
RELATIVE SEA LEVEL, LAND

SLIDING, SNOW AND ROCK AVALANCHES, AND SUBMARINE SLUMPS: OF MOST
CONCERN, WATER-WAVE RUN-UP OF AS MUCH AS 30 METERS (OR MORE IN EXTREME
CASES) MAY RESULT FROM A TSUNAMI GENERATED BY THE MOTION OF THE SEA

FLOOR OR BY RESONANCE EFFECTS CAUSED BY SUBMARI
AVALANCHES INTO LOCAL BAYS.

NE SLUMPS OR LARGE
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