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I. EXECUTIVE SUMMARY

This report describes the results of investigations of the northeastern Ohio earthquake
of January 31, 1986 undertaken by the U.S. Geological Survey at the request of the
Nuclear Regulatory Commission. These investigations include a study of the mainshock,
its aftershocks, and previous seismicity; an assessment of the degree to which the deep
fluid injection wells in the area may have influenced the recent earthquake activity; and
an investigation of the high frequency nature of the seismograms recorded from both the
mainshock and its aftershocks.

Analysis of the mainshock and aftershocks indicates no obvious structure or fault with
which the January 31 earthquake can be associated. Locations of aftershocks obtained to
date are permissive of the interpretation of a fault striking somewhat east of north, but as
most of the aftershocks are tightly clustered in space, they provide only very weak evidence
for the orientation of such a structure.

Estimates of stress inferred from commercial hydrofracturing measurements suggest
that the state of stress in northeastern Ohio is close to the theoretical threshold for small
earthquakes as predicted by the Mohr—Coulomb failure criterion. Given this state of stress,
triggering of small earthquakes by fluid injection would not be surprising. However, the
distance of the January 31 earthquake and its aftershocks from the wells (with the exception
of the very small earthquake on March 12), the lack of any small earthquakes detected near
the bottom of the wells, the history of small to moderate earthquakes in the region prior
to the initation of injection, and the attenuation of the pressure field with distance from
the injection wells, all argue for a “natural” origin for the earthquake. Therefore, although
triggering remains a possibility, the probability that the injection played a significant role in
triggering the earthquake, based on the information currently available, must be regarded
as low. The analysis of the possible relation between the injection wells and the January
31 earthquake has indicated nothing to suggest the occurrence of an earthquake larger
than that expected for the broad region, or the activation of a major structure closer to
the wells or near the power plant.

High-resolution (up to 96 dB), broadband (< 200 Hz) recordings of the aftershock

sequence show that seismic signals as high as 130 Hz were resolvable above noise levels
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for the larger aftershocks (m; 2.2; 2.5) at hypocentral distances up to 18 km. Signals
relatively rich in high frequencies were also observed on the strong-motion records of the
mainshock for frequencies up to the upper bandwidth limit of the recorders (30 Hz). Based
on the aftershock data, spectral ratios computed to estimate the amplitude response of
local site conditions at a site near the Perry Nuclear Plant (site GS01) show exaggerated
vertical ground shaking near 4-7 Hz and near 20 Hz. The peaks in spectral ratios near
these frequencies appear to be attributable, at least in part, to resonances in the near-
surface soil layers. Smaller, but apparently significant, resonances are also indicated in the
spectral ratios for horizontal motions.

Investigations to date have suggested the value of additional studies in several areas.
Continued earthquake monitoring in the vicinity of the epicenter of the January 31
earthquake would be of considerable value both for the generic problem of trying to
understand earthquakes in the eastern United States and from the point of view of
continued investigation into the question of a possible relationship between the January
earthquake and fluid injection. Additional geophysical investigations, particularly using
the seismic reflection technique and research—quality measurements of stress in boreholes,
would also be useful in attempting to understand the structural and tectonic conditions
that led to the earthquake. Generic studies of site resonances, including field and numerical
studies, would help in assessing the potential levels of exaggerated ground shaking and their

significance for engineering purposes.

II. INTRODUCTION

On January 31, 1986, at 11:46 EST an earthquake of magnitude 4.9-5.0 [NEIS]
occurred about 40 km east of Cleveland, Ohio, and about 17-18 km south of the Perry
Nuclear Power Plant. The earthquake was felt over a broad area including 11 states, the
District of Columbia, and parts of Ontario, Canada, caused intensity VI-VII at distances
of 15 km, and generated relatively high accelerations (0.18 g) of short duration at the
plant. Because of the nature of this event and its proximity to a critical facility, a rapid
response by the seismological community was triggered. The result was some 47 stations

occupying 64 sites were deployed by 7 agencies or institutions. These included Lamont—
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Doherty Geological Observatory, the Tennessee Earthquake Information Center, St. Louis
Univeristy, the University of Wisconsin, the U.S. Geological Survey, Weston Geophysical
Corporation and Woodward-Clyde Consultants. Analog portable seismographs were
operating within 10 hrs of the mainshock, and broadband wide-dynamic range digital
GEOS instruments were recording within 27. Thirteen aftershocks were detected as of
April 152 with six occurring within the first 8 days. The latest was on March 24t®. Two
of the aftershocks were felt. Coda magnitudes for the aftershocks ranged from —0.5 to
2.5. Focal depths for all the earthquakes range from 2 to 7 km.

Of concern was whether the mainshock indicated a level of seismic hazard in excess
of that previously believed to exist in the region. The January 31%% earthquake was the
largest to occur in the northeast Ohio region since records of earthquake activity began,
however, approximately 30 earthquakes of smaller magnitude were previously recorded in
this area. The largest of these prior earthquakes was of comparable magnitude (mp =
4.5-4.7) and occurred in 1943.

Another aspect of this sequence was the possibility that the recent earthquakes were
induced by deep injection well activities. Three wells that penetrate the basement are
currently operating within 15 km of the earthquakes and there was concern expressed that
the wells may have played a significant role in triggering the earthquake activity.

Although the attenuation of seismic waves is less severe in the eastern as opposed
to the western United States, unusually high frequencies were recorded at considerable
distances for both the mainshock and its aftershocks. A question arose as to whether these
high frequencies were a result of regional path effects, unusual source characteristics, or
specific site resonances.

This report discusses the results of three lines of investigation carried out by the
U.S. Geological Survey and includes compilations of data from a number of different
sources. The first is a basic study of the mainshock and its aftershocks, and includes
locations, focal mechansims and information on previous historical seismicity. The second
involves an investigation of the deep fluid injection wells, and an assessment on the degree
to which the wells may have influenced the recent earthquake activity. The third study

concerns the character of the earthquake seismograms, principally from the aftershocks,
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and the nature of the high frequency content of the recorded ground motion, particularly

at the Perry Nuclear Power Plant.
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III. HISTORICAL SEISMICITY

Compilations of historical earthquakes in northeastern Ohio based on felt reports
extend back to at least the mid-1850’s. Instrumental recordings of local and regional
earthquakes began in northeastern Ohio when John Carroll University, located in the
outskirts of eastern Cleveland, started operation of its observatory in 1904. A seismicity
map for Ohio (Figure 1, Stover et al., 1979) indicates about 30 earlier earthquakes in the
northeastern region of the state. Since 1850, the repeat time for felt earthquakes is about
9 years, although earthquakes large enough to cause damage (intensity VI) are rare. The
largest event known prior to 1986 was a magnitude 4.5-4.7 earthquake that occurred in
1943. This 1943 earthquake was recently relocated using the same velocity model as was
used to locate the 1986 mainshock (J. Dewey, written communication, 1986). Its revised
location (41.628°N+14 km, 81.309° W +10 km) is just slightly west of the 1986 event.
Thus, the earthquake of 1986 should not be considered unusual.

Appendix A contains an expanded, updated version of the seismicity catalog for the

state of Ohio. Only those earthquakes with epicenters within the boundary of the state
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are listed, even though additional earthquakes in bordering states or in Canada may have
been felt or have caused damage in Ohio. Most notable of these are the Attica, New York
earthquake of 1929 (mp = 5.2), and the northern Kentucky (Sharpsburg) earthquake of
1980 (mp = 5.2). The largest event in Ohio was part of an earthquake swarm near Anna in
1937, and had a magnitude between 5 and 5.5. Another earthquake of particular interest
is the 1983 event (mpry, = 2.7) near Perry, the location of which is unfortuately rather
uncertain (Appendix A). In November of 1983, an earthquake of about magnitude 2.5 was
observed by stations operated by the University of Western Ontario (G. LeBlanc, personal
communication). Its position is unknown, however, its seismogram is similar in many
respects to the January, 1983 event. Its absence from the U.S. earthquake catalogs implies

a detection threshold for this part of Ohio at or above magnitude 2.5.

IV. MAINSHOCK

The earthquake of January 31, 1986 occurred at 11:46 EST. There was no immediate
foreshock sufficiently large to record on the instruments at John Carroll University,
although there is a suggestion of two earlier events, one on January 23" and the other
on January 30, based on comparison of the daily seismograms with that of the largest
aftershock (J. Armbruster, personal communication, 1986). The mainshock was felt over
a wide area and as far away as northern Virginia. The magnitude of the event was m;, =
4.9 (NEIS) based mostly on data from Europe, or myry = 5.0 (SLU) from surface waves.

By holding the focal depth fixed at 10 km, the mainshock epicenter was located at
41.650° N latitude and 81.162°W longitude, using P-wave arrivals from 41 stations. All
of the stations utilized in the location procedure were within 10° of the earthquake, the
closest station being CLE (John Carroll University) at 0.32°, and the farthest was POW
(Powhatan, Arkansas, SLU) at 9.55°. The velocity model developed by Nuttli et al.[1969]
from earthquake travel-times in the central United States was used in the location process
and resulted in a maximum horizontal standard error in location of +4.6 km, based on a
90% confidence ellipsoid.

Within the resolution of the data, moment of the mainshock is estimated to be about

3 x 1022 dyne-cms, based on inversion of surface waves, with a focal depth of 8 km and a
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focal mechanism that is either right-slip (N20° E) or left-slip (N290° W) on nearly vertical
nodal planes (A. Dziewonski, R. Herrmann, personal communication, 1986). A body-
wave moment tensor inversion was attempted, but amplitudes were too small for sufficient

resolution (J. Nabelek, personal communication).

Both the U.S. Geological Survey and Weston Geophysical Corporation conducted
intensity studies immediately following the mainshock (Figures 2 and 3). Most notable
of the earthquake effects were: the fairly widespread region of panic in Painesville and
Mentor (including the temporary evacuation of several public buildings); the collapse of a
ceiling, a broken water main, significant damage sustained by the city sewer lagoon, and
a large number of chimneys thrown down in Chardon; a large area of disturbed wells and
a damaged trailer near Hambden; cracks that developed in the Thompson High School
(causing a temporary evacuation); damage to the foundations of the Amish School and
City Hall in Huntsburg; and a broken gas line as far away as South Russell (Geauga
County Disaster Services Agency, 1986). Fifteen people were reported to have suffered
minor injuries. Isolated intensities approached VII (Figure 3) although in general the
maximum intensity was VI (Figure 2). The intensity at the Perry Nuclear Power Plant

was V.

Preliminary intensities reported by the USGS (Figure 2) were determined during
a canvas of the epicentral area on February 4-11, 1986. The highest intensities found
(Modified Mercalli intensity VI) occurred up to 15 km away from the instrumental
epicenter. Two areas defined by the intensity VI isoseismal are identified. One,
which includes the earthquake epicenter, is somewhat elongated in a northeast-southwest
direction with an additional lobe to the northwest. Such elevated levels of intensity toward
the lake are not unexpected, as site resonances within lake sediments often amplify strong
ground motion (c.f., Section VII). The other area of intensity VI is off to the southeast.
Damage within intensity VI isoseismals consisted primarily of wall cracks, cracked or fallen
plaster, fallen ceiling tiles, damaged chimneys, disturbed wells, items fallen off shelves,
broken pipe seals and cracked windows. Fallen plaster generally occurred in older buildings.
Disturbed ceiling tiles, usually along the juncture of the ceiling with an outside wall,

occurred where the intensity based on other indicators was V to VL
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The isoseismals shown in Figure 2 are dashed because additional data will soon be
available from a more systematic survey involving USGS intensity questionnaires. When
the new data are included, configurations of present isoseismals may change although major
modifications are not expected. At present, however, an area that encompasses most of
the intensity V isoseismal may be defined by an ellipse with semi-major and semi-minor
axes of 100 and 60 km, respectively, and oriented in a northeast direction. The “valley” of
low intensities (primarily III-IV) found within this area of intensity V’s has no apparent
correlation with regional bedrock geology, although the southwest section of the intensity
low does correspond to an area of kames and eskers. Futher work is needed, however, to

establish more definitive relationships, once the more complete data are available.

V. AFTERSHOCKS

This discussion covers aftershocks recorded during the period 31 January to 15 April,
1986, and describes analysis of data collected by field teams from the U.S. Geological
Survey, as well as the analysis of arrival time and first motion data obtained from the other
cooperating groups listed above. Most instrumentation consisted of single-component high-
frequency analog recorders. However, the U.S. Geological Survey deployed 10 broad-band,
high—dynamic range digital GEOS instruments with internal clocks synchronized to radio
time code (WWYV), These stations started operation on February 1°*, and several were still
in operation as of April 3"4. Station locations, time histories, Fourier amplitude spectra,
preliminary aftershock locations as well as discussions of the deployment and instrument
capabilities of the GEOS stations are given in Borcherdt [1986]. Including both analog and
digital recording by all of the groups and agencies, some 47 stations operating at 64 sites
were deployed. Table 1 lists station names, affiliations and locations for the sites occupied
during the aftershock study.

As of 15 April, some 13 aftershocks were located. Most of these events occurred
within the first 8 days; two were felt. Coda magnitudes ranged from —0.5 to 2.5 based
on a formula developed for earthquakes in the northeastern United States [Chaplin et al.,
1980]. Figure 4 presents seismograms of some of the earthquakes recorded on the analog

instruments. It is obvious that in many cases the events are very small. Because of the
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dense network of stations (Figure 5), however, even the smallest event was reported by at
least 6 stations.

In addition to the aftershocks, several events believed to be quarry blasts were
also recorded (Figure 6). These events all occurred on weekdays during working hours,
generated nearly the same signals at the recc;rders, had lower frequency content content,
and exhibited an air wave. Two of these events were located as a matter of course (Figure 9)
and were found to occur near a sand and gravel pit south of Thompson and east of Rt. 528.

Three preliminary velocity models were used to locate the earthquakes and are given
in Table 2. The first is a simple two-layer model to accommodate the Paleozoic section
over the granitic basement. It is essentially the same model used by Weston Geophysical
to initially locate earthquakes in their aftershock survey. The second is somewhat more
complex and is based on a surface-wave inversion across the Cincinnati Arch by Herrmann
[1969]. The third is a composite from several different sources and consists of 5 sedimentary
layers over crystalline basement at a depth of 2.1 km. The interfaces are based on an
extensive compilation of information from wells drilled at least as far as the top of the
PreCambrian basement (Cleveland Electric Illuminating Company, 1982). An average
of down-hole and cross-hole velocity logs were used to determine the P and S wave
velocities in the upper 0.5 km. Velocities in the basement, lower crust and mantle are
based on regional earthquake travel-time studies [Nuttli et al., 1969]. Velocities in the
Paleozoic section are inferred from refraction studies in adjacent areas [Press, 1966]. All
three models should be considered preliminary. With the exception of the near-surface P
and S velocities in the third model, the velocities used in the models are not based on
actual in situ measurements in the epicentral region, and several are only estimates from
a limited set of available data. Furthermore, none of the models takes into consideration
the slight dip of the top of the PreCambrian interface, which near the shore of Lake Erie is
about 1830 meters (6,000 feet) deep but near the epicentral region, it is about 2130 meters
(7,000 feet).

The earthquakes were located using HYPOELLIPSE [Lahr, 1985] and as many of
the available arrival-times as were internally consistant. Arrivals based on the digitally

recorded GEOS intruments were given preferential weight because of the higher precision
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of timing, the greater resolution in picking the arrivals and the greater confidence
in identifying the shear-wave arrival on the three-component instruments. A serious
complication in the earthquake locations was that many of the single-component stations
reported secondary arrivals that were often a converted phase (S to P). Figure 7 shows
a composite Wadati diagram for vertical stations operated by the USGS. The slope is 1.68
indicating that many of the secondary arrivals plotted as S traveled part of their ray
paths as P waves. Preliminary studies of these phases [R. Borcherdt, L. Seeber] indicates
that the arrival times are consistent with conversion taking place at either the base of the
Paleozoic section (P to S) or the base of the unconsolidated surface sediments (S to P).
Thus, in order not to mix both converted and direct shear arrivals, two sets of locations
are given. The first set utilizes only the data from the USGS instruments (Figure 8) and is
shown in Figure 9. S arrivals from the GEOS three-component stations are used and the
earthquakes are located using the simplest velocity model (model #1). These locations
give the results from a fairly homogeneous data set for which a high degree of confidence
is associated with each arrival. For comparative purposes, a second set is given that
utilizes all the available data. In this second set (e.g., Figure 13), there is better station
coverage and therefore greater precision, however, accuracy is somewhat degraded because
of slight variations in internal timing within each of the networks included and because
some of the additional stations had poorer resolution in identifying arrival times off analog
records. The second set also gives preferential weight to the GEOS instrument readings
and employs the prefered 7-layer velocity model (model #3). It is apparent, however, that
even with different velocity models or different procedures used in the location process,
the earthquake epicenters do not vary by much (Table 3). Only the focal depths are
significantly affected, with systematic biases of up to a kilometer when separate models

are used.

Aftershock Locations

One of the more notable features of the aftershock sequence was that it contained
so few events. No aftershocks were detected in the first 26 hrs and only thirteen were

reported by April 15th. Whereas, with the Sharpsburg, Kentucky, earthquake of 1980, 60
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aftershocks were located within the first 16 days; and in the case of the Goodnow, New
York, earthquake (M = 5.2) of 1983, almost 100 aftershocks were recorded in the month
following the mainshock. In addition, most of the early aftershocks of the 1986 event
occurred within a very small source volume. Figures 9 through 11 show the locations of
the first 6 aftershocks using only the USGS stations. These earthquakes describe a very
small source region that could be considered an ellipse with semi-major and minor axes of
1.2 and 1.0 kms. The vertical extent of the activity is confined to a narrow seismogenic
zone between 4 and 7 kms deep. If only this initial seismicity is used, there is not sufficient
resolution or spatial extent in activity to define any preferred fault structure, and indeed,
activity originating from a single point source can not be precluded. Vertical cross sections
shown in Figure 11 demonstrate that independent of the observation point, no particular
planar feature is evident.

Using all the available data, however, some evidence of a fault structure emerges.
Figure 12 shows all the available aftershock locations as well as station coverage within
the immediate vicinity. Although the initial aftershock activity remains in a very small
cluster, there was an event on March 24th that is located about a kilometer outside the
immediate source region of the mainshock (Figure 13). Its location to the SSW, coupled
with a poorly resolved trend in the earthquake epicenters, suggests a short fault segment
oriented 15° to 20° east of north, consistent with one of the nodal planes observed in the
preliminary focal mechanism of the mainshock. Vertical cross sections taken perpendicular
and parallel to a strike of N20°E (Figure 13, B and C), suggest that rupture may have
occurred at depth on a nearly vertical fault with a NNE orientation.

In addition to the tight cluster of aftershocks, one small earthquake was detected near
station GSO2 (Figure 12) on March 122, Its relative proximity to the Calhio injection
wells, suggests that at least this single event may be a candidate for having been induced.

This event is discussed further in Section VI.

Focal Mechanism Solutions

Single-event focal mechanism solutions (lower hemisphere equal-area projections) were

constructed using polarity data from nearly all the temporary stations deployed. Readings
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from both sets of USGS instruments, Lamont, TEIC, Weston Geophysical and Woodward—
Clyde were combined to produce the results shown in Figures 14-17. For those few events
that were too small to yield a sufficient number of first motions to determine a single-event
solution, a composite of the first motions of these smaller events is given along with the focal
mechanism solution of the largest aftershock (Figure 18). As expected, the largest events
give the most consistent results. These earthquakes exhibit focal mechanism solutions with
NNE and WNW striking nodal planes (Figure 14). If the NNE-striking nodal plane is taken
as the fault orientation, then motion during the earthquake is oblique right-slip. Other
focal mechanisms (Figures 15-17) exhibit significantly different nodal plane orientations.
Although it is certainly true that for some of these smaller events, the actual first-motion
may have been lost in the background noise, the consistent change in large numbers of
first-motions observed at various stations (while preserving the specific radiation pattern
of a double-couple source) lends credence to the interpretation that the focal mechanism
for all the aftershocks is not the same. For some, a large component of normal faulting
is observed in the fault plane solution (e.g., 860210), while others exhibit nodal planes
with significantly different orientations (e.g., 860207). In general, however, most of the
focal mechanisms are consistent with a maximum horizontal stress field striking ENE. The
observation that different focal mechanisms are found throughout the aftershock sequence
suggests that more than one favorably oriented fracture is being reactivated. Furthermore,
because the orientations in slip vary from predominantly strike-slip to oblique slip with a
large component of normal faulting, this implies ratios of the principal stresses such that

the vertical stress is intermediate, but very close to the maximum horizontal stress.

VI. POSSIBLE ROLE OF FLUID INJECTION

Motivation and Background

It has been conclusively demonstrated that under some conditions, the increase in
fluid pressure in the earth’s crust as the result of the injection of fluid or the impoundment
of a reservoir, can trigger earthquakes [c.f., Raleigh et al., 1976]. In view of the deep

waste disposal wells in operation near the epicenter of the January 31 Northeastern Ohio
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earthquake, a study was undertaken to determine, to the extent possible, whether the waste
injection wells may have played some role in triggering the earthquake. In addition, the

possible role of solution mining for salt, previously active in the area, was also considered.

Well-documented examples of earthquake activity induced by fluid injection include
earthquakes triggered by waste injection near Denver [Healy et al., 1968; Hsieh and
Bredehoeft, 1981], by secondary recovery of oil near Rangely, Colorado [Raleigh et al.,
1976] and in West Texas [Davis, 1985, and by solution mining for salt in western New
York State [Fletcher and Sykes, 1977]. Other cases of induced seismicity, owing to either
fluid injection or reservoir impoundment were recently reviewed and discussed by Simpson
[1986]. In each of these cases it is possible to show two characteristics of the induced
earthquakes. First, there is a very close geographic association between the bottom of the
injection wells and the locations of the earthquakes in the resulting sequence. Second, it
is possible to perform calculations based on the measured or inferred state of stress in the
earth’s crust and the measured injection pressure to determine whether the theoretical
threshold for the occurrence of an earthquake is met. These calculations are referred to as
the determination of the state of “effective stress” and its relation to the “Mohr-Coulomb

failure criteria,” [see, for example, Jaeger and Cook, 1976].

Two deep injection wells near Perry, Ohio, are the most likely candidates for possible
earthquake triggering in view of their depth, injection pressure and length of operation.
The first of these wells, Calhio #1, was completed in 1971 [Natural Resources Management
Corp., 1971]. Full-scale injection of waste into the well began in 1975. A second well, Calhio
#2, was completed in 1981, and has been used as a backup to the first well since that time
[Resource Services Inc., 1980]. The two wells are located somewhat less than 1 km apart,
therefore at distances more than a few kilometers away, the wells can be considered as a
single point source of fluid. More than 1.19 billion liters (315 million gallons) of fluid have
been injected into the two wells, principally into Calhio #1 (Figure 19)[Ohio EPA, written
communication, 1986]. Both wells are about 1800-m deep, extending a short distance into
the PreCambrian crystalline basement. The basement in this region is overlain by a section
of essentially flat-lying sedimentary rocks of Paleozoic age. The formations of principal

interest in this study are the basal sandstone (Mt. Simon formation) and the overlying
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Rome and Maynardsville formations. The Mt. Simon formation was the targeted injection
zone, but initial drill stem and injection tests indicated a lower than expected permeability.
Consequently, both wells are open to both the Mt. Simon and Maynardsville formation
[Natural Resources Management Corp., 1971]. Typical injection pressure at an injection
rate of 320 liters/min (85 gals/min) have reached a maximum of 110 bars (1620 psi) at the
wellhead. The corresponding pressure at the bottom of the well is the sum of the wellhead
pressure plus the hydrostatic pressure caused by the weight of the fluid in the well itself.
This amounts to an additional 181 bars (2658 psi) or a total pressure of 291 bars (4278
psi), taking 1.025 as the average density of the injected fluid.

As described in the previous section, the mainshock of the January 31 earthquake,
and all its immediate aftershocks are rather tightly clustered about 5 km north-northwest
of Hambden, Ohio. As shown in Figure 20, the deep injection wells near Perry, Ohio, are
about 12 km farther to the north. There was, however, one small (coda magnitude —0.2)
earthquake located close to the wells on March 12, Figure 21 shows the seismogram of
this event as recorded by station GS02. Subsequent examination of all the available records
proved that this earthquake was recorded by at least 5 other stations. The location of this
earthquake is about 1 km west of station GS02 and about 3 km SSW of the Calhio wells
(Figure 20). Furthermore, its focal depth was determined to be 2 km. This corresponds
to the base of the Paleozoic section and is the same depth at which fluid is injected from
the Calhio wells. Although this one earthquake could be a random event, its depth and
position relative to the injection wells is suggestive. Whether additional earthquakes,
triggered by well injection, have occurred is uncertain. Although no known earthquake is
located immediately adjacent to the wells, the detection threshold for earthquakes near the
well prior to the installation of portable equipment following the January 31 earthquake
(relying on the seismograph at John Carroll University in Cleveland) is estimated to be
somewhat greater than magnitude 2.5. Consequently, it is conceivable that additional
small earthquakes could have occured nearer to the wells between the initiation of injection

operations and the January 31 earthquake.
In the best documented case of injection induced seismicity, at the Rocky Mountain

Arsenal near Denver, small earthquakes began near the bottom of the injection wells, then
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migrated out along a northwesterly trend for a distance of about 6-7 km [Healy et al.,
1968]. After the sequence had been in progress for 5 years (18 months after well operations
ceased), the earthquakes continued to occur near the base of the wells but primarily in
a linear zone 4—6 km away and at a depth of 4-6 km. The occurrence of the one small
earthquake near the well, as shown in Figure 20, gives some support to the possibility
that other earthquakes, including the 1986 mainshock, may also have been triggered by

injection activities.

Estimation of the State of Stress

The principle sources of information about crustal stress in the epicentral area
are: measurements of the instantaneous shut-in pressure (ISIP) made during commercial
hydrofracture operations (these indicate the magnitude of the least compressive stress),
breakdown pressures during well stimulation (these provide estimates on a combination of
both the maximum compressive stress and the tensile strength of the rock being fractured),
fracture re-opening pressures (which provide estimates of the maximum compressive stress
alone), and focal mechanism orientations which provide some indication of the ratios
between all three principal stresses. In the case of Lake County, Ohio, data from three wells
(the two Calhio wells and the Diamond Alkalai brine disposal well near Painesville) can be
used to set bounds on many of the critical values necessary to make a proper evaluation of
the degree to which stress conditions may have been affected as a result of well operations.

In addition, K. Evans (written communication, 1986) has compiled a number of
ISIP measurements into a map showing the ratio of overburden stress to the minimum
compressive stress for the Appalachian Basin. Several of the measurements included in his
data set were made expressly for the purpose of determining the state of stress in the rock
and not simply for well stimulation. These data show that below the regional evaporite
layer, this ratio is uniform throughout much of the northern Appalachian basin. These
stress ratios vary from about 0.6 to 0.7, with values tending to decrease slightly toward
the south. Stress ratios smaller than unity suggest that the vertical direction is either the
intermediate or greatest principal stress, and therefore that hydrofrac operations in this

region open vertical fractures perpendicular to the horizontal least compressive stress.
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For those hydrofrac operations that were performed for the purpose of stress
measurement, the direction of maximum compressive stress is NE to East. Although a
shallow stress measurement was in fact made very near the disposal well site (at the Perry
Nuclear Power Plant), the unusually high stress ratio found is probably attributable to
decoupling above the evaporite layer and consequently not representative of the basement

stress-field magnitude ratios (K. Evans, written communication).

The horizontal NE striking maximum compressive stress obtained by hydrofrac
measurements is consistent with the preliminary focal mechanism for both the 1986
mainshock and many of its aftershocks. An important implication, however, of the focal
mechanisms is that because the predominant style of faulting observed is nearly pure strike-
slip, the maximum compressive stress is horizontal and greater than the overburden. The
fact that some of the earthquakes exhibit large components of normal faulting, however,
implies that the stress difference between the vertical and maximum horizontal compressive

stress is not large.

State of stress at bottom of injection wells

Table 4 lists relevant values for principal stress available from both existing well
data and regional variations. The calculations or extrapolations are done in bars (1 bar
= 14.7 psi), and represent the best estimates presently available. It should be noted
that there is a large uncertainty in many of these values (particularly the maximum
horizontal compressive stress), mainly because commercial measurements are ill-suited
for this analysis and because accurate detailed measurements within the epicentral region
are not available. In nearly all cases, some assumptions and interpretations of the existing
well records had to be made to determine the values calculated. Thus, the values presented
in Table 4 should be considered very preliminary. The preferred values listed at the bottom
of the table are not simple averages of all the available estimates for that particular value,

but represent our considered opinion as to the most likely estimate.

The vertical stress can be calculated once the weight of the overburden is known.
Density logs taken in the Calhio wells indicate an average density of 2.6 g/cm® (K. Evans,

written communication). This implies a density gradient of .255 bar/meter or 459 bars at
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the bottom of the well. Nearly identical values of overburden stress were measured in a

deep Michigan hole drilled through similar materials [Haimson, 1978|.

Values for the least principal stress at the base of the Paleozoic section (bottom of the
wells) can be estimated from the instantaneous shut-in pressure (ISIP) recorded while each
of the wells was hydrofractured. The actual measurement of this pressure is made at the
top of the hole, so it has to be corrected by adding to it the pressure of the weight of the
fluid column in the drill string. Some uncertainty is introduced by this correction because
although most of the wells were stimulated with fresh water (specific gravity 1.0 g/cm?3),
the presence of other material in the injected fluid (acid, sand, waste, brine, etc.) will make
the density of the fluid somewhat higher. To simplify matters, a standard value of 180
bars is assumed for the correction to the bottom of the wells (1800 meters), unless specific
information was available to indicate a different value was more appropriate. In several
cases, values for the ISIP are measured both early and late into the hydrofrac procedure.
Table 4 lists both values. Since the value measured after extended pumping is often not a
true indication of the least principal stress, initial values of ISIP are assumed to be more
valid. Initial values, corrected to the bottom of the well, range from 262 to 302 bars. If
regional values of the stress ratio are used (assuming 460 bars for the vertical stress), the
minimum stress ranges from 275 to 321 bars. Thus, these two independent estimates yield
similar values. Extrapolations from downhole measurements made at regional distances
(Michigan and western New York) range as high as 370 bars [Haimson, 1978; Hickman
et al., 1985|. The preferred value is taken to be 300 bars. This is on the conservative side,
as small values of ISIP (and therefore the minimum horizontal compressive stress) imply a
larger stress differential relative to the maximum horizontal compressive stress, and thus
a greater likelihood for shear failure along preexisting favorably-oriented fractures.

Formation pore pressure is measured directly during drill stem tests. Table 5 lists
values of pore pressure measured in both the Mt. Simon and Maynardville formations from
the two Calhio wells. The two sets of measurements were made about 9 years apart. Those
made in the Calhio #2 well indicate a change in the formation pore pressure since extensive
pumping began in the Calhio #1 well four years earlier (1975). The apparent increase in

pore pressure with time found in the Maynardsville is consistent with calculated effects of
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fluid injection in the adjacent well. The apparent decrease in pore pressure found in the
Mt. Simon, however, is anomalous and may reflect the imprecision of the measurements.
In any case, the values obtained are all close to hydrostatic if the density of the connate
water is assumed to be 1.2 g/cm?.

From the preliminary focal mechanism solutions, the maximum horizontal compressive
stress is at or above the vertical stress (i.e., > 460 bars). Values extrapolated from regional
downhole measurements are in excess of 500 bars [e.g., Hickman et al., 1985]. Estimates
derived from formation breakdown pressures during well stimulation in the Calhio wells
give lower values, but they need to be corrected for the effective tensile strength of the rock.
This would revise these estimates upwards by anywhere from 40 to 100 bars, as tensile
strength can vary over a considerable range. Measurements derived from well records made
during the stimulation of the brine well near Painesville are suspect, since the hydrofrac
procedure was done through perforated casing [Petro Evaluation Services Inc., 1985]. Of
all the measurements, the value of the maximum compressive stress is the least well known.
Accurate assessment of this value is critical to evaluations of the effects of the injection
wells. Larger values imply a larger stress differential, and thus a greater potential for
failure of the rock. It must be emphasized that because of the large uncertainties in the
value of the maximum principal stress, no definitive statement regarding the potential for
failure can be made at the present time, however, estimates based on the lower bound to
the maximum horizontal compression (i.e., the vertical stress of 460 bars) are useful, as
they would represent conservative estimates on how close to failure conditions are at the

top of the basement.

Using the preferred values given in Table 4, it appears that without fluid injection,
the conditions are near but do not exceed failure at the bottom of the wells. Figure
22a is a graphical representation of the Mohr—Coulomb failure criterion. Shear failure
is likely to occur when the shear stress (7) exceeds values defined by the linear relation
T = 7o + uoyn , where 7o is the effective tensile strength, u is the coefficient of friction, and
op is the stress normal to the plane of slip. For a preexisting fracture with no cohesion,
7o is zero. Shear stress along fractures of various orientations are linear combinations of

the maximum and minimum compressive stresses, and are defined by the locus of points
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around the Mohr circle, whose center is the average between the maximum and minimum
principal stresses (right circle, Figure 22a). Larger stress differences between the maximum
and minimum, result in larger Mohr circles and larger available shear stresses for favorably
oriented fractures. In the presence of a fluid, the effective stress levels are reduced by the
amount of the formation pore pressure, which moves the Mohr circle to the left (middle
circle, Figure 22a). This condition is close to but does not exceed the failure criterion for
a fracture with no cohesion. At a nominal injection pressure of 110 bars, however, this
would bring the zone immediately surrounding the well bottom to an effective stress state
near critical for favorably oriented preexisting fractures having a cohesive strength of as
much as 40 bars and friction coeflicient near 0.6 (left circle, Figure 22a). Preliminary focal
mechanisms and hydrofrac stress measurements suggest that vertical planes striking NNE
and ESE would be most favorably oriented for failure. And since the overburden is only
a lower bound for the estimate of the maximum compressive stress, the actual conditions
for failure would be more critical than the situation shown.

Because fluid injection could have brought at least the region near the bottom of the
well into a critical stress state, the absence of any known earthquakes in the immediate
vicinity of the well suggests that there are no favorably oriented weak fractures near the
well. Thus, either existing fractures have cohesion strengths greater than 40 bars, or if
weaker fractures do exist, they are not favorably oriented for failure in the existing stress
field. The predominant dip of fractures observed in a core taken from the injection zone
in Calhio well #2 is 20 degrees. Such fractures would not be favorably oriented for failure

according to the forgoing analysis, as shear stress is maximum only for near vertical faults.

State of stress in the hypocentral region

Estimation of the preexisting state of stress at the hypocenter requires extrapolation of
measurements to a depth of 5 to 8 km, a procedure that is somewhat controversial. McGarr
(1980) shows that although it is permissible to extrapolate individual stress components to
depth in laterally homogeneous environments, the linear extrapolation of principal stresses

is not theoretically justified.

In the epicentral region, the compilation by K. Evans indicates a stress ratio of about
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0.63 determined in hydrofrac operations in the Silurian Clinton—-Medina sandstone. If the
same ratio is applied at the hypocentral depth of 5 km, then the overburden pressure of
about 1300 bars corresponds to a minimum compressive stress of 820 bars. Hydrostatic
fluid pressure at 5 km depth would be 590 bars, assuming a density of 1.2 g/cm?® for
the connate brines. This state of effective stress is plotted on the Mohr circle diagram in
Figure 22b. This figure again indicates a near-critical stress state for favorably oriented

pre-existing fractures.

Fluid Pressure Changes in Epicentral Area Due to Fluid Injection

Estimation of the fluid pressure change near the earthquake hypocenters is inconclusive
because we lack detailed information about the nature of the reservoir into which the
waste is being injected. The characteristics of the reservoir in the vicinity of the well are
known from measurements made during well completion. Using these characteristics, three
alternate reservoir models were evaluated in order to determine what the increase in fluid
pressure at the hypocenter may have been. The first model is an infinite isotropic reservoir;
the second two are reservoirs of rectangular cross section, extending to infinity in the third
direction, which is assumed to be in the direction connecting the well and the hypocenters.
These models are for the purpose of studying how fluid pressure propagated horizontally
from the well and do not address the question of how the fluid migrated downward 3 km

from the injection horizon to the approximate hypocentral depth of 5 km.
Reservoir properties

The wastes are injected into both the Maynardville and Mt. Simon formations that lie
just above the PreCambrian granitic basement. Table 6 lists properties of these formations
obtained from the UIC permit application for well number 2. It is stated in the report
from Resources Services [1980] that these two zones are very similar in wells numbers
1 and 2. A representative transmissivity for the entire injection zone is 4.2E-6 m?2 /s.
Although the storativity, which gives the amount of fluid released per unit column of
aquifer for a unit decline in head, is unknown, a minimum value can be obtained by
neglecting the compressibility of the reservoir. For a formation having the thickness of the

Maynardville and Mt. Simon formations combined, and a porosity of 0.08, the minimum
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storativity is 2.2E-5. An assumption of minimum storativity results in a maximum value
for the cone of impression surrounding a source. A more realistic value of 5.4E-5 for the
storativity is obtained by assuming a reservoir compressibility of 3.5E—-6 per bar. Although
the storativity does not have a great effect on the infinite reservoir calculations, it does
have a significant effect on the strip reservoir calculations.

For purposes of calculating pressure 12 km from the well, it suffices to use an average
fluid injection rate. The total volume injected into both wells is 1.17 billion liters (310
million gallons) during the period from March 1975 through November, 1985. For purposes
of the following analysis, this amount was assumed to be injected over the total lifetime of
the well (i.e, 1972-1986, or about fourteen years), corresponding to an average injection
rate of 6.7 million liters/month. This assumption slightly underestimates the pressure
affect of the wells. Because the distance between the wells (about 0.5 km) is small compared
to the distance from the wells to the hypocenter, the two wells have been modeled as a

single fluid source.

Infinite reservoir model (radial flow)

In order to maintain injection pressure of 110 bars or less for the assumed 14-year
period of operation of the injection wells, a slight increase in transmissivity to 4.5E-6
m? /s was assumed. Figure 23 shows pressure versus distance for different time periods
after initiation of injection at 7 million liters/month into an infinite reservoir with a
transmissivity as specified and a storage coefficient of 5.4E-5. Figure 24 is a plot of
pressure versus time at the well bore for the same model. The infinite reservoir model
yields an estimate of slightly less than 2 bars for the increase in fluid pressure 12 km from

the well, which is where the January 31°% earthquake occurred.

Infinite strip reservoir model

The pressure falloff with distance is greatest for the infinite reservoir because fluid
is free to flow in all directions. However, if fluid flow is confined to a narrow reservoir
trending from the wells to the hypocentral region, then the pressure at a given distance
from the well will be higher. This type of model was used by Hsieh and Bredehoeft [1981]

to calculate the pressure distribution around the Rocky Mountain Arsenal well implicated
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in the 1960’s Denver earthquake sequence. In the case of the Cleveland earthquakes,
there is no independent evidence that the injection zone has a long, narrow configuration.
However, the calculations are useful in that they illustrate how large a pressure buildup at
epicentral distances is possible, and because they show that the injection pressure history
at the well bore may be diagnostic of the shape of the reservoir.

Figures 25 and 26 show pressure versus distance for several times after the beginning
of injection for two strip reservoir models. The model used for Figure 25 has transmissivity
equal to that assumed for the infinite reservoir model, and a width of 7.5 km. The model
used for Figure 26 has a higher transmissivity of 2.0E-5 m? /s, and the reservoir is 1 km
wide. For the wider strip, pressure at the epicentral distance is comparable to that for
the infinite reservoir. However, for the narrow strip, pressure at the epicentral distance is

about 38 bars 15 years after beginning injection.

Injection pressure

Figure 24 shows the injection pressure versus time record that would have been
observed at the wellhead for the three different reservoir models. In each case, pressure
at the well bore is always less than the maximum injection pressure of 110 bars for the
first 14 years of injection, but the time history of the injection pressure is different in each
case. A detailed analysis of the injection pressure history would be able to discriminate
between the cases of an infinite reservoir and a narrow strip, and might thus place more
constraints on the amount of pressure buildup at the hypocenter. Preliminary analysis of
injection pressures with time at the Calhio #1 and #2 wells indicate that the pressure
buildup (i.e., resistence to flow) at the wells is consistent with a radial flow model (Ohio

EPA, written communication, 1986).

The effect of ceasing injection

Figure 27 shows pressure versus distance for the three reservoir models assuming that
injection is stopped after 15 years. In each case, although the pressure near the well
falls steadily, the fluid pressure at the epicentral distance, as well as at greater distances,
continues to rise for at least 10 years after cessation of injection. The pressure at the

wellhead would vary with time as shown in Figure 28 if injection were stopped; the rate of
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pressure decline would be diagnostic of the configuration of the reservoir, possibly within

a year after cessation.

Conclusions

With our present information, it is not possible to confirm or reject the hypothesis that
injection of waste into the Calhio wells triggered the earthquake activity near Painesville.
If the state of stress in the hypocentral region is comparable to that at the bottom of the
injection wells, then it appears that elevating the pressure by 110 bars would have resulted
in a state of effective stress that would be judged critical on the basis of the Mohr-Coulomb
failure criterion. The actual state of stress at the bottom of the well, however, is likely to be
closer to failure than this estimate because the stress regime appears to be one in which the
overburden underestimates the maximum compressive stress. Thus, because these stress
estimates are uncertain, and also because they are not based on measurements made at
the hypocenter, it is not possible to specify a level of pressure below which seismicity could
not have been induced.

The actual pressure elevation in the hypocentral region due to the injection operation
is certainly less than 110 bars, and probably less than about 40 bars. Whatever this
pressure is, it will continue to rise whether or not injection continues, unless an extraction
operation is undertaken.

However, in light of the fact that the mainshock and most of the aftershocks occurred
at considerable distance from the active wells, the pressure fall-off with distance from the
wells, the occurrence of small to moderate earthquakes in this region prior to initiation
of injection, the lack of large numbers of small earthquakes (commonly observed in cases
of induced seismicity) and the lack of earthquakes immediately below the wells all argue
for a “natural” origin for the earthquake on January 31°'. Thus, although triggering
remains a possibility, the probability based on existing data that the injection wells played

a significant role in causing the earthquake sequence is considered low.
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Solution Mining and Earthquakes in Northeastern Ohio

The association of solution mining with the occurrence of small earthquakes in western
New York State [Fletcher and Sykes, 1977], and the extensive salt mining operations in
northeastern Ohio [Clifford, 1973], motivated a study of possible correlations between
recent historical earthquakes and solution salt mining in Ohio. Solution mining for salt
began in northeastern Ohio in 1889 (Figure 29a) [Clifford, 1973] and continues to the
present, although several previously active operations have been closed down. The location
of solution mining operations and additional locations of deep fluid injection [Clifford,
1975] are compared with the location of felt earthquakes in Figure 29b. Based on the
spatial proximity and temporal association with active solution mining activities, it could
be argued that the 1906 and 1930 earthquakes, 15 and 35 km southeast of Cleveland,
respectively, could be associated with solution mining operations. Other earthquakes east
of Cleveland, might be associated with well activities, if the reported locations for these
events are in substantial error, and their actual locations are much closer to the well
operations. However, in view of the large number of earthquakes reported prior to the
initiation of solution mining, and the apparent occurrence of at least some earthquakes
in northeastern Ohio beyond the range of expected influence from mining operations, it
seems reasonably clear that at least some of the earthquakes are natural and that solution

mining is not a necessary condition for the occurrence of earthquakes.

VII. HIGH FREQUENCY GROUND MOTION

Overview

A ten-station array of broad-band digital instrumentation (GEOS) was deployed by
the U.S. Geological Survey to record the aftershock sequence of the moderate earthquake
that occurred on January 31, 1986 (16:46:43 UTC). The occurrence of the event has raised
questions concerning the character of earthquake-induced high-frequency ground motions
in the area. This report provides interpretation of some of the data collected by the
digital GEOS recording systems. Observations of ground motions generated by aftershocks

suggests that vertical ground shaking at frequencies near 20 Hz are significantly higher at
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a site near the Perry Nuclear Power Plant than are levels of shaking at 20 Hz for sites
closer to the hypocenters. Spectra computed for the mainshock recorded at the power
plant suggests similar exaggerated levels of vertical shaking near 20 Hz. Levels of shaking
observed on the annulus of the containment structure during the mainshock are larger than
those of the base of the reactor building foundation. This observation suggests that both
the containment vessel and the near-surface soil layer may have contributed to observed
levels of exaggerated vertical shaking near 20 Hz. Spectral amplifications computed from
broad-band high-resolution recordings of the aftershock sequence near Painesville, Ohio,
the aftershock sequence near Coalinga, California, and uphole-downhole recordings near
Parkfield, California, suggest that local site conditions may significantly amplify high-
frequency (10-80 Hz) ground motions. Such amplification effects are likely to be most
significant in areas of low attenuation such as the eastern United States, and are important
from an engineering point of view because of their potential influence on predicted peak

acceleration values.

Introduction

Considerable scientific and engineering interest in the event resulted in a team of five
seismologists being dispatched from Menlo Park, California on the evening of January 31 to
install ten digital event recorders (GEOS) in the epicentral area [see Borcherdt et al., 1985
and Borcherdt, 1986 for a detailed description of the recording equipment and configuration
used to record this data set]. The seismograms and computed Fourier amplitude spectra
collected from this deployment are presented in detail by Glassmoyer et al.[1986].

Recent improvements in recording system technology have permitted the extension of
both bandwidth and dynamic range for recorded seismic signals. In the case of the data
set recorded near Painesville, Ohio the digital recording systems (GEOS) were operated
at 400 samples-per-second (sps) per-channel at high gain (42,48,54 dB). These instrument
settings imply a Nyquist frequency of 200 Hz and a capability to record small-amplitude
seismic signals near background noise levels at high resolution. The Fourier amplitude
spectra computed for the recording of the larger aftershocks [Glassmoyer et al., 1986] show

that earthquake-generated ground motions in excess of 100 Hz were recorded for some of
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the larger aftershocks. Such signals are generally not recorded on conventional seismic data
acquisition systems. As a result, the collected data set provides an excellent opportunity

to examine the influence of local site conditions on high-frequency ground motions.

Pioneering quantitative studies of the effects of local site conditions on ground motion
recorded in the United States [Gutenberg, 1957; Borcherdt, 1968, 1970] confirmed the
existence of amplified ground motions on certain types of geologic deposits, results that
had initially been observed in Japan and the USSR [for a comprehensive bibliography of
early observations see Duke, 1958]. The studies of the effects of local site conditions in the
San Francisco Bay region [Borcherdt, 1970; Borcherdt and Gibbs, 1976] and those in the
Los Angeles region [Gutenberg, 1957; Rogers et al., 1984] established that it is possible
to obtain estimates of the effects of local geological conditions from comparative ground
motion measurements. They showed that simultaneous measurements of ground motion at
appropriately selected recording sites can be utilized to isolate the effects of local geological
conditions from those of the source, travel path and recording instruments. Although the
measurements of the amplitude response of the local site conditions were shown to be an
approximation, their work showed that the general characteristics of the response could be
inferred and extrapolated over a wide range in amplitude to estimate the likely response
of the local deposits during large earthquakes. These studies established the existence of
predominant ground frequencies for certain types of deposits, however, other sites showed
no single predominant ground frequency [Borcherdt, 1970; Borcherdt and Gibbs, 1976;
Rogers et al., 1984]. Where data were available, it was also shown that exaggerated levels
of ground motion observed from small levels of ground shaking correlated well with areas
of high intensity during damaging earthquakes [Borcherdt and Gibbs, 1976; Rogers et al.,
1984]. These observations on the amplitude response for local geologic deposits have been
confined primarily for frequencies less than 5-10 Hz, because of the limited resolution
characteristics of instrumentation (24-40 dB). Modern instrumentation with substantially
improved signal resolution capabilities offers the opportunity to extend the bandwidth for

observed responses to much higher frequencies.
Recent studies of the effects of local site conditions using modern recording capabilities

suggests that the amplitude response characteristics of local deposits can be extended to
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frequencies perhaps as high as 100 Hz for sites near the source. Borcherdt et al.[1983]
observed that exaggerated ground shaking in the frequency range 10-25 Hz was apparent
for sites located on thick sections of alluvium in the vicinity of Coalinga, California.
They observed that local site resonances were consistently observed for events with similar
azimuths and locations, but that significant changes in azimuth and/or locations for the
events seemed to give rise to significant changes in the high-frequency amplitude response
characteristics inferred from spectral ratios. Cranswick et al. [1985] also have observed
exaggerated ground shaking at some sites in New Brunswick, Canada and near Goodnow,
New York. These observations obtained with modern instrumentation (GEOS) confirm
that local geologic conditions can play a significant role in modifying observed high-
frequency (> 10 Hz) ground motions. In addition, these effects may also play a significant
role in biasing estimates of small earthquake source parameters.

Recent studies of the response of near-surface deposits as observed on wide-dynamic-
range instrumentation near Parkfield, California [Borcherdt et al., 1985] show that near-
surface deposits can consistently yield significant levels of amplified high-frequency (> 10
Hz) ground motions.

In this section, we document the nature of the high-frequency ground motion observed
at the GEOS recording sites near Painesville, Ohio. In particular, the three sites selected
along a linear array between the epicenters and the shore of Lake Erie are examined in
detail. The high-frequency amplitude response of the lake shore sedimentary deposits are

estimated and compared with those observed on the main shock records.

Recording Instrumentation

The GEOS recording system (Figure 30), deployed to record the aftershock sequence,
was developed by the U.S. Geological Survey for use in a wide variety of active and passive
seismic experiments. The digital data acquisition system operates under control of a
central microcomputer which permits simple adaptation of the system in the field to
a variety of experiments including near-source high-frequency studies of strong motion
aftershock sequences, crustal structure, teleseismic earth structure, earth tidal strains,

and free oscillations [see Borcherdt et al., 1985, for detailed description)].
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The aftershock sequence was recorded on GEOS instruments configured as three-
channel systems. The recorders were operated at 400 sps at gains of 42, 48, and 54 dB
with no anti-aliasing filters [see Borcherdt, 1986, for variations on this configuration used at
other sites]. This instrument configuration permitted broad-band high-resolution records
to be obtained for the anticipated small magnitude events. Unit-impulse response for
the recording system and two types of sensors (velocity transducer and force-balanced

accelerometer) are shown in Figure 31.

Station and Aftershock Locations

Locations for the stations deployed in the 10-station array are shown in Figure 32
together with the location of the mainshock. Station locations, determined from 7.5-
minute series topographic maps, were independently checked by a second interpreter and
are believed to be accurate to within 60 meters. Station coordinates are listed in Table 1.

Objectives in the choice of the station locations included event location, source
parameter determination, attenuation of high-frequency ground motion along a linear
north—south array, and effects of local site conditions at stations GSO01 and GS02. Due to
the suspected low seismicity and expected small magnitudes for aftershocks, attempts were
made to locate the stations at sites with anticipated low seismic background noise levels in
areas (with the exception of station GSO1) where the effects of local soil conditions were
expected to be minimized. To reduce the effect of the adverse environmental conditions
(—15°C; snow and ice) on the recording equipment, each unit was located in an unheated
shelter (small tool sheds or abandoned animal shelters some distance from local sources of
cultural noise).

Six aftershocks were detected and recorded by three or more GEOS stations during
the time period 1 February 19:45 to 10 February 20:07 GMT. The occurrence times of
the six aftershocks, locations, and the number of stations detecting each one are listed
in Table 7. Comparison of the events recorded on GEOS with those apparent on visible
recorders (C. Langer and N. Seeber, personal communication, 1986) confirms that all events
identified on visible recorders were detected and recorded on at least the three stations

closest to the epicenters. Expansion of the digital traces on a graphics terminal permitted
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picking of P and S arrival times to within 0.02 seconds by two independent observers.
The automatic clock corrections provided every 12 hours and recorded on the GEOS tapes
indicate the clock errors for the GEOS recordings are within + 5 ms.

Four of the aftershocks (2 February 03:22, 3 February 19:47, 5 February 06:34, and
6 February 18:36) triggered four or more GEOS recorders with an appropriate station
distribution to permit' location of the events based only on P arrival times. The epicenters
for these four events, located with the layered crustal model #1 (Table 2) and P arrival
times only, are within 0.44 km of 41°38.85'N and 81°9.51’W, and at depths between 4.0

km to 6.5 km (essentially the locations shown in Figure 10).

Characteristics of High Frequency Ground Motions

Previous studies of seismic attenuation have established that seismic wave fields in
the eastern United States, in general, attenuate less rapidly than those in the western
United States [Nuttli, 1973]. As a result, high-frequency energy is generally more prevalent
in seismograms recorded in the eastern United States. In addition, improvements in
recording capabilities (bandwidth and dynamic range) also contribute to improvements in
resolution of high-frequency energy. Consequently, it is of some interest to investigate the
high-frequency character of ground motions recorded during the aftershock sequence and
compare the results with those recorded during the mainshock at the Perry Nuclear Plant.
The time histories and corresponding Fourier spectra for the recordings of the aftershocks
are presented by Glassmoyer et al.[1986]. The strong-motion records and corresponding
spectra as processed by Kinemetrics/Systems [1986] are presented in a strong-motion data

report by Cleveland Electric Illuminating Company.

Strong-motion data

Two sets of three-component strong-motion time histories were recorded at the Perry
Nuclear Plant during the mp 4.9 main shock. One set was obtained at the base of the
reactor building foundation (elevation 175 m or 575 ft) and the other on the containment
vessel annulus at an elevation of 208 m (or 682 ft). The recordings were made with

Kinemetrics model SMA-3 accelerograph systems with a nominal dynamic range of 40 dB,
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natural frequencies between 50.6-53.7 Hz, and percent critical damping between 64 and

72 percent.

The acceleration, velocity, and displacement time histories obtained at the foundation
of the reactor building are shown in Figure 33. The corresponding time histories obtained
on the annulus of the containment vessel are shown in Figure 34. Relative velocity response
and Fourier spectra corresponding to Figures 33 and 34 are shown in Figures 35 and 36,
respectively. Maximum acceleration, velocity, and displacement values observed for each
component and location are shown on the respective figures. A characteristic of special
interest regarding the recorded strong ground motions is the preponderance of relatively
high-frequency motions, especially apparent in the recordings made on the annulus of the
containment structure (Figure 34). Inspection of the relative velocity response spectra
and Fourier spectra computed for records from the annulus (Figure 36) shows well-defined
peaks at about 4 Hz and 20 Hz for all three components of motions. The peak near 20 Hz
is especially pronounced on the vertical and south-horizontal components. Comparison of
the spectra computed on the annulus with that recorded at the foundation of the reactor
structure shows that the peak relative response near 20 Hz on the annulus is 3-7 times as
large as that at the base of the reactor structure. Comparison of the spectra near 4 Hz for
the two locations shows the peak relative velocity responses are comparable on the vertical
components and 2-3 times larger on the annulus. These data, without further analysis,
would suggest that in general, vibratory motions at/or near 20 Hz were significantly larger
(3-7 times) than those observed at the base of the reactor building. Increases in motion of
the annulus near 4 Hz are smaller than those near 20 Hz and reach a maximum of about

2-3 times on the horizontal components.

Aftershock data

The seismograms and corresponding Fourier amplitude spectra obtained for the
aftershocks recorded at the GEOS stations are presented by Borcherdt [1986]. For purposes
of comparing the aftershock data with that of the mainshock, we shall restrict the discussion
to the data recorded for the two larger aftershocks (events 19:47, M ~ 2.2; 18:36, M ~ 2.5
in Borcherdt, 1986). We shall also restrict the discussion to the data collected along the
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north-south lineation of stations (GS01, GS02, and GS03). Station GSO1 is about 400 m
northeast of the Perry Nuclear Plant, station GS02 is located about 8 km further south,
and station GS03 an additional 5 km further south and about 2 km NNW of the epicentral
area.

Equiscaled plots of the time histories recorded at stations GS01 and GS02 are shown
for the 19:47 event and the 18:36 event in Figures 37 and 38, respectively. The time
histories have not been corrected for geometrical spreading. Comparison of the two plots
shows that some of the amplitudes recorded at the station farthest from the epicenter
(GSO01) are larger than those recorded at station (GS02), which is about 8 km closer to the
epicenter. The peak amplitudes for the 18:36 event slightly exceeded full-scale response
at 54 dB gain at station GS02. As a result, comparison of peak amplitudes for the 18:36
event must be less conclusive than similar comparisons for the 19:47 event. Exceedence
of full-scale response for the 18:36 event is expected to have only a minor influence on
estimates of Fourier amplitude spectra.

Comparison of the vertical time histories at stations GS01 and GS02 for the 19:47 event
(Figure 37) shows that the vertical peak amplitudes are as much as 4 times larger at station
GSO01 than at station GS02. The well-defined pulse of large vertical amplitude during the
time interval for the arrival of the P wave at station GS01 is to be contrasted to the more
gradual build-up in amplitude during the S wave arrival interval. The exaggerated vertical
motions, with a modulated appearance during the S wave interval, might be interpreted
as evidence for some type of resonance, either in the near-surface geologic layers or in
some nearby man-made structure. It does not appear that the same phenomenon can
account for the relatively large pulse near the onset of the initial P energy. Comparison
of the vertical time histories for the 18:36 event (Figure 38) again shows larger motions
at station GSO1 during the S wave arrival interval with some suggestion of resonance.
The peak amplitudes recorded during the arrival of the P wave are not larger than those
observed at station GS02.

Comparing the horizontal amplitudes at station GS01 with those at station GS02 for
the 19:47 event shows that only the initial S arrival on the radial (north-south) component

is significantly larger at station GS01. Comparison of peak amplitudes for the 18:36 event
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(Figure 38) is inconclusive as the peak amplitudes slightly exceeded full-scale response at
54 dB gain at station GS02.

A plot of peak acceleration amplitudes as observed for the 19:47 event at stations
GS01, GS02, and GS03 is shown in Figure 39a. The plot shows that the maximum vertical
amplitude at station GS01 which occurred near the onset of the seismogram is about 4
times larger than that at either stations GS02 or GS03 which are closer to the hypocenter
at distances of 10.3 km and 6.9 km, respectively. Station GSO01 is 18.7 km from the
hypocenter. The plot (Figure 39) shows exaggerated peak amplitudes for the radial or
north—south horizontal component at station GSO01 but not for the east—west component.

A plot of peak amplitudes corrected for geometrical spreading is shown in Figure 39b.
The amplitudes at stations GSO1 and GS02 have been multiplied by the reciprocal of the
ratio in hypocentral distance of the station to that of station GS03. (The geometrical
attenuation factors are 2.8 and 1.7 for stations GS01 and GS02, respectively). The plot of
peak amplitudes corrected for geometrical spreading (Figure 39b) provides strong evidence
for exaggerated ground shaking at station GSO1.

Fourier amplitude spectra for each of the recordings at the three stations have been
computed [Glassmoyer et al., 1986; see Figures B-6, 7, 8 and B-17, 18, 19]. The spectra
show that the events 19:47 and 18:36 generated signals resolvable with the GEOS above
background noise up to frequencies exceeding 100 Hz. The spectra show that the vertical
motions detected at each of the sites show a rapid fall-off with increasing frequency only
for frequencies exceeding about 70 or 80 Hz. The spectra for horizontal motions indicate
an increased fall-off rate with increasing frequency for frequencies exceeding 30-40 Hz.
The increased fall-off rate for the horizontal motions is consistent with intrinsic material
absorption for shear waves being greater than that for compressional waves.

Spectral ratios for the frequency band 0-130 Hz are shown in Figure 40. Spectral
ratios for the band 0-50 Hz are shown in Figure 41. The spectral ratios shown in Figures
40 and 41a, b, ¢ have been computed from the ratio of the Fourier amplitude spectra for
station GSO01 to that of the corresponding component of motion recorded at station GS02.
The ratios in Figures 40 and 414, e, f, have been computed from corresponding spectra of

stations GS01 and GS03. The spectral ratios are computed for only those frequencies for
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which the spectral signal-to-noise ratios were greater than two. Spectral noise levels were
determined from 1.25 seconds of noise prior to the onset of seismic energy. The spectra
were computed from 10 seconds of time history sampled at 400 sps commencing about
1 second prior to the onset of the P wave. The spectra were smoothed with a 15-point
triangular Hanning window which corresponds to a window width of 1.5 Hz. The scale
factor to permit the ratios to be corrected for geometrical spreading is indicated in each

of the figures.

The computed ratios (Figure 40) show that seismic energy was resolvable above
instrument noise levels at the gain levels specified for the GEOS up to frequencies as high
as 130 Hz. This upper limit represents a substantial extension in observable bandwidth
over that previously observed from conventional strong-motion recorders with an upper
limit of about 30-35 Hz. Interpretation of the significance of seismic signals in the 50-130
Hz band must await more detailed investigations.

Comparison of the spectral ratios shown for the 0-50 Hz band (Figure 41) for the
19:47 event with those for the 18:36 event show that the spectral ratios are similar in
many respects with a few notable differences. The extent to which the ratios are similar
argues that these spectral ratios provide an estimate of the amplitude response of station
GSO01 relative to that at station GS02 (Figures 41a, b, and c) and station GS03 (Figures
41d, e, and f). One notable difference in comparing the ratios for the two events is the
reduction in the ratios computed for the vertical component of motion recorded from the
18:36 event. In situ relative instrument calibration characteristics computed prior to the
19:47 event and about 48 hours later, just prior to the 18:46 event, show that the computed
calibration curves agree to within a percent over the entire band for which there is a good
signal-to-noise ratio in the input signal. Variations near 100 Hz are due to seismic noise at
the site during the second calibration interval. As a result, the apparent reduction in ratios
for the 18:36 event does not seem to be associated with changes in instrument response.

Dominant features of the spectral ratios are the predominant peaks which occur for
the vertical motion near 20 Hz. The occurrence of these peaks on each of the ratios
computed from the vertical motions provides strong evidence for an exaggerated level of

vertical shaking near 20 Hz at station GS01. Evidence for exaggerated level of shaking
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near 20 Hz is also apparent in the spectra computed from the strong motion recordings
(see Figures 35 and 36). The distance (~400 m) of station GSO1 from the location of the
strong-motion recorders would argue that the predominant peak in the aftershock ratios
is associated with a resonance in the local soil layer. Consideration of the near-surface
velocity log (Table 8) as compiled from cross-hole measurements shows an abrupt change
in P velocity at an interface between glacial till and shale at a depth of about 20 meters
below the surface. If we assume a simple one-dimensional model with vertically incident

P waves, then the thickness corresponding to a 20 Hz resonance for an average P wave

velocity of 1525 m/sec (5000 ft/sec) would be

V 1525 m/s

H= 17~ 120 m)

=19m

The extent to which this estimated thickness agrees with that shown in drill hole logs (see
Table 8) for the till-shale interface, provides additional evidence that the exaggerated levels
of shaking near 20 Hz are due to amplification by the surface layer of soil of thickness about
20 meters. The exaggerated level of shaking observed on the annulus of the containment
vessel argues that a resonance near 20 Hz might also exist in the plant structure. If
both resonances do indeed coincide, then ground motions near these frequencies could be
expected to be significantly larger on the structure than if only one or no such resonances

existed.

VIII. CONCLUSIONS AND RECOMMENDATIONS

Absence of Obvious Structure

Analysis of the mainshock and aftershocks indicate no obvious structure or fault with
which the January 31 earthquake can be associated. The hypocenter of the earthquake
was located in the PreCambrian basement rocks. Two kilometers of Paleozoic and younger
age rocks cover basement in this region. Although there is no evidence of any surface
expression of the fault responsible for the earthquake, gravity and aeromagnetic field data

display some relief, suggesting the presence of a basement structure; but no structure
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has been currently defined which might be considered a capable fault in the sense used
by the Nuclear Regulatory Commission. Locations of aftershocks obtained to date are
permissive of the interpretation of a fault striking somewhat east of north, but as most
of the aftershocks are tightly clustered in space, they provide only very weak evidence for

the orientation of a fault.

Stress Regime

Analysis of available stress measurements as discussed above seems to indicate that
the state of stress in northeastern Ohio is close to the theoretical threshold for small
earthquakes as predicted by the Mohr-Coulomb failure criterion. This should not be

surprising given the history of small to moderate earthquakes in the region.

Possible Role of Injection Wells

Although given the state of stress discussed above, triggering of small earthquakes
by fluid injection would not be surprising, the distance of the January 31 earthquake and
its aftershocks from the wells (with the exception of the very small earthquake on March
12), the lack of any small earthquakes detected near the bottom of the wells, the history
of small to moderate earthquakes in the region prior to the initation of injection, and the
attenuation of the pressure field with distance from the injection wells, all argue for a
“natural” origin for the earthquake. Therefore, although triggering remains a possibility,
the probability that the injection played a significant role in triggering the earthquake,
based on the information currently available, must be regarded as low. The analysis of the
possible relation between the injection wells and the January 31 earthquake has indicated
nothing to suggest the occurrence of an earthquake larger than that expected for the broad

region, or the activation of a major structure closer to the wells or near the power plant.

Value of Continued Earthquake Monitoring

Continued earthquake monitoring in the vicinity of the epicenter of the January 31
earthquake will be of considerable value for two reasons. First, as indicated above, the

lack of many small earthquakes detected near the bottom of the injection wells is a very
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important factor in concluding that the probability of an injection being the triggering
mechanism is low. Although the single, small earthquake on March 12*® may have been
induced, no large numbers of small earthquakes, typical of induced earthquake sequences,
have yet to be detected near the injection wells. Any more earthquakes closer to the bottom
of the wells than the January 31 earthquake and its initial aftershocks could significantly
alter the local seismic hazard assessment. Second, from the point of view of trying to
understand the generic problem of eastern U.S. seismicity, the earthquake sequence near
Hambden is invaluable and continued monitoring could prove of substantial importance in
developing an understanding of the relationship between the January 31 earthquake and

crustal structure, if any.

High Frequency Ground Motions

High-resolution (up to 96 dB), broadband (< 200 Hz) recordings of the aftershock
sequence show that seismic signals as high as 130 Hz were resolvable above noise levels
for the larger aftershocks (mp 2.2; 2.5) at hypocentral distances up to 18 km. Fourier
amplitude spectra of velocity show that amplitude spectra decrease most rapidly with
increasing frequency only for frequencies exceeding 70-80 Hz for vertical motion and 30—
40 Hz for horizontal motion.

Signals relatively rich in high frequencies were also observed on the strong-motion
records of the mainshock for frequencies up to the upper bandwidth limit of the recorders
(30 Hz). Based on the aftershock data, spectral ratios computed to estimate the amplitude
response of local site conditions at a site near the Perry Nuclear Plant (site GS01) show
exaggerated vertical ground shaking near 4-7 Hz and near 20 Hz. The peaks in the spectral
ratios near these frequencies appear to be attributable to resonances in the near-surface
soil layers. Smaller, but apparently significant, resonances are also indicated in the spectral
ratios for horizontal motions.

Inspection of response spectra computed for strong-motion records of the mainshock
on the annulus of the containment vessel and on the foundation of the reactor building also
show amplified vibration of the containment structure near 20 Hz. These strong-motion

data suggest that a 20 Hz resonance may also be associated with the containment structure.
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At present insufficient data exists to conclusively determine if separate 20 Hz resonances
exist in both the containment structure and the near-surface soil layers. If both resonances
do exist then significantly exaggerated shaking near 20 Hz can be expected from future
earthquakes.

Future studies to better describe the resonances suggested by the strong-motion data
and the aftershock data would help in assessing the potential levels of exaggerated ground
shaking and their significance for engineering purposes. Ambient vibration studies of
pertinent structures, soil-structure interaction studies and comparative ground motion
studies could contribute to an improved understanding of the significance of the observed
motions. Additional investigations of local geologic and seismic site characteristics together
with appropriate numerical models may also be warranted.
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