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ABSTRACT

Microseismicity was monitored in the Chaveroo oil field in southeastern New Mexico during,
and for 5 weeks following, a pressurized stimulation of a well being prepared as an injector for a
water flood operation. Three-thousand barrels of watcr were injected into the reservoir over a
5.5-hour period. Little seismicity was detected during the stimulation. Intermittent monitoring
over a 5-week period following the injection indicated detectable seismicity occurring with
activity levels varying in ime. The most active period recorded occurred just after production
resumed in the immediate area of the monitor well. Mapping the microearthquakes using the
hodogram technique indicates the events occur along linear trends which corroborate known
structural trends of the field. Seismicity trends were defined both paralle! aid perpendicular to
the regionally defined maximum horizontal stress direction. Seventy-three good quality events
were recorded, in a cumulative 24 hour period, from which structures were mapped up to 3000 ft
from the monitor well.

The lack of seismicity during the pressurized injection and the correlation of increased seismicity
levels occurring away from an injection well as normal flood production resumed, suggest
seismicity is not induced by Mohr-Coulomb failure. We suspect, as has been suggested by
previous investigators, that seismicity could be controlled by pressure variations in the reservoir
created by the injection and withdrawal of reservoir fluids and local changes in thes~ fluid
pressures along preferred flow paths.

INTRQDUCTION

The microseismicity of the San Andres Formation in the Chaveroo oil field in south astcrn New
Mexico was monitored during, and for 5 weeks following, a pressurized stimulation of a well
being prepared as an injector for a water flood operation. In addition, the production of tracers
injected into the reservoir during the stimulation was measured from nearby wells. The
objective of the study was to determine if seismicity was detectable in the San Andres Formation
during well stimulation and during normal water flood-production activity at rates practical for
mapping the fractures along which microearthquakes occur. Tracers were used to correlate flow
paths with trends of seismicity.

Oil is produced from the San Andres Formation in several individual fields that extend over an
areca of more than 100 miles across the Permian basin of west Texas and eastern New Mexico.
The Chaveroo field alone has produced 20.7 million barrels of oil. Generally, oi! reservoirs of
the San Andres occur locally as 2 to 3 separate zones of porous dolomite. Hydrocarbons are
stratigraphically trapped in the formation by porosity pinchouts controlled by dolomitization and
anhydrite plugging.!

Since 1965, the Chaveroo field has been under primary production and is just beginning to
undergo enhanced recovery by water flooding. A common problem of water flooding in the
Chaveroo field, as well as other fields producing from the San Andres Formation, is flow
anisotropy in the reservoir due to preferred flow along fractures. Premature breakthroughs
between injection and producing wells are frequent and reduce oil recovery. If the locations of
major fractures in the reservoir were known, then water floods could be designed with well
configurations which would delay breakthroughs and improve recovery. The Chaveruo field has
wells spaced uniformly at 1320 ft (400 m) in a grid pattern parallel with section boundaries.
Pressure interference testing at this well separation has not been successful and the density of
wells is insusficient to accurately infer flow directicn from breakthrough patterns alone.
Microseismic monitoring is an alternative method for determining the location and prevalent
orientation of fractures. The method has been successfully used in crystalline rock for mapping



hydraulic fractures.234 If the method can be applied in this environment, it could be a useful
tool for optimizing water floods in the Chaveroo field and other ficlds producing from the San
Andres Formation.

EXPERIMENTAL SET-UP

The experiment was conducted in Section 34 of the Murphy Operating Corporation’s (MOC)
Haley Unit of the Chaveroo field (Figure 1). Oil is produced from 3 porosity zones of the
Chaveroo field, and in this section they occur over the depth interval 4150-4370 ft (1265-1330
m). Three-thousand barrels of water were pumped into well 34-10 (Figure 1) in the second
porosity zone of the Chaveroo field at approximately 4275 ft (1300 m) depth. During the
pressurized injection, two 3-component, borehole geophone packages were used for
microearthquake detection. Based on regional stress data and a previous tracer experiment
conducted by MOC, microseismicity was expected to occur along a NW-SE trend of natural
fractures. Expecting this trend, the geophones were placed in wells 34-7 and 34-11 located
abou: 1320 ft (400 m) directly north and west, respectively, from the injection well.
Microearthquakes were anticipated to occur in the depth interval of the porosity zones associated
with fluid movement in the reservoir. Both geophone packages were stationed at 4200 ft (1280
m) depth. At this depth, the tools were located just above the perforated casing of the first
porosity zone putting them close to the expected depth of microseismic activity. Three
explosives charges were detonated in shallow holes for orienting the horizontal components of
the downhole geophone tools. The first two shots were 4 1bs (1.8 kg) charges detonated near
well 34-16, but failed to generate detectable signals. A third, larger charge (20 1bs [9.1 kg)),
detonated near well 34-15 was observed on both downhole stations.

Injection took place on June 7, 1989 and lasted 5.5 hours. The pump rate was initially 8.0
barrels per minute and was increased in steps up to a maximum of 10.5 barrels per minute by the
end of purmmping. These rates corresponded to pressures ranging from 9.6 to 25.7 MPa in excess
of hydrostaiic pressure over the pumping period. The two tracers were injected with the 3000
barrels of water. Nine-hundred 1bs (408 kg) of fluorescein dye were equally distributed in the
injection water tanks (3000 barrels total volume) before pumping. Two-hundred lbs (91 kg) of
ammonium thiocyanate were injected as a short slug at the start of pumping.

After pumping, the geophone package in well 34-11 was removed. The geophone tool in well
34-7 was left in place to continue monitoring the field for a 5-week period ending on July 13.
Immediately following the pressurized injection, Section 34 of the field was shut down for 12
days. On June 19, Section 54 was put back on normal production with the injection well 34-10
taking 250 barrels per day under hydrostatic pressure. ssures at the depth of the injection
(:;l)_lproximately 4300 ft [1310 m]) was about 12.8 MPa when the tubing column was full to the
surface. On July 5, wells 34-2, 34-4, and 34-12 were also put on line as water injectors, each
taking about 200 barrels per day under hydrostatic pressure.

Data were recorded on analog tape throughout the pressurized injection of June 7 and for several
hours thereafter. Monitoring during the 5 following weeks was not continuous. Post-injection
data were recorded using both analog tape and a digital event recorder. The digital recorder
stored signals captured by an algorithm which triggered on signal levels of a specified amount
over a continuously-measured, background level. On the average, the memory capacity of the
digital recorder filled in about 40 hours. The total time covered by the digital recorder was 315
hours over the 5 weeks following injection. An additional 76 hours of coverage was recorded on
analog tape on 7 different nights. Night recordings had substantially less noise than daytime
recordings. Unlike the digital data, the analog tapes give a continuous record of the geophone
output. Subsequent digitization of the analog records using more sensitive triggering algorithms



and higher sampling rates, provided the increased signal bandwidth required for analysis and
allowed detection of microearthquakes too small to trigger the digital recorder that was used in
the field.

JRACER DATA

Ten wells of Section 34 were sampled daily for tracer content after production resumed on June
19. From June 1Y to late-July, the fluorescein dye was detected in small quantities (8 maximum
of 5§ ppm) which were near the limit of its detectability in the reservoir water . The ammonium
thiocyanate was not detected at all. Sampling was reduced in late August to once a week. In the
7 months since injection, the dye has not been detected again. If the measured fluorescein levels
are accurate, then the negative results for thiocyanate would be expected since less was injected
and the analytical sensitivity is less than that of the dye. But, since the fluorescein measurements
are equivocal, it is possible that neither tracer was, or will be, detected. Possible explanations for
no detection are: 1) the tracers were adsorbed on the rock surfaces, 2) the transit times between
wells ere very long for the injection and production rates used in the section, 3) transit times are
fast enough for the tracers to have been missed, or 4) the concentrations of the tracers were
diluted below dete~tion limits. Adsorption is possible, but not likely considering that these two
tracers are commonly used in o1l reservoirs, and are known not to exhibit significant adsorption.
Tracer dilution does not seem to be very likely either, considering the large quantities of tracer
injected. The two most plausible explanations are opposites. Fluid transit times could have been
fast enough that the tracers were produced in adjacen areas of the field which were producing
during the 12 days Section 34 was shut down. This would imply that flow in the reservoir is
highly anisotropic and occurs predominantly along a few highly conductive fractures. The
opposite explanation, that fluid transit times are long enough in the reservoir to have produced
no tracer, suggest that there are no dire~t flow paths connecting the injector with any of the
producing wells that were sampled.

SEISMIC DATA

Thean g field tapes were played back through a computer based, data-acquisition system.
Micre  thquake signals triggering the system were digitized at a sample interval of 0.2 ms. The
data recorded digitally in the field were limited to a minimum sample interval of 2.0 ms. The
digital field recorder had built in anti-alias filters low passing below 250 }i2 Input to the digital
recorder was high-pass filtered at 50 Hz to remove low-frequency ncise observed in the field.
Geophone output was recorded on analog tape without filtering. An anti-z)ias filter was applied
during subscgﬁlcm digitizing. A noise source in the field persisted throughout the whole
experiment. The noise had a cycle of approximately 20 minutes on - 20 minutes off and a
frequency bandwidth comparable to that of the seismic signals. Useful data acquisition time in
the field was therefore effectively cut in half. The noise source may have been a gas compressor
facility located one mile east of monitor well 34-7 where gas is gathered and compressed to line
pressure for distribution. The trigger sensitivity of the ﬁcfd recorder was lowered to avoid filling
the memory with noise events.

Signals resulting from microseismic events were selected by visually inspecting plots of all
discrete signals that were recorded. Microearthquakes were identified as signals with clearly
defined compressional (P) wave and shear (S) wave arrivals. One-hundred-fifty-four events
were selected from the analog data and 115 events from the field digital data. The time
distribution of the event occurrences for the two data sets are shown in Figures 2 and 3.
Monitoring was not continuous over the 5 weeks following injection resulting in large gaps when
data was not gathered. Only 4 events were detected during the 5.5-hour, pn:ssurizuf injection
and these events were only detected in well 34-7. The sensitivity of the second geophone
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package was less, and apparently too small, to detect the few events recorded in well 34-7. The
digital event recorder operated for the two days immediately following the injection, but
triggered during the noise periods so frequently that only 4 microcarthquake events were
detected. Trigger sensitivity was then lowered to prevent the complete filling of memory during
the noise periods. Because the recorder sensitivity level was different for these two days, these
four events are not included in Figure 3. ‘ihe computer algorithm used in digitizing the analog
data enabled the detection of more microearthquakes over shorter intervals of time than was
possible from the field digital-recorder.

Most of the microearthquakes that were observed occurred during the period June 19-25. Since
there are gaps in the data acquisition, it is not known when the microearthquake activity in the
section actually peaked or how it fluctuated throughout the 5 weeks. It is interesting to note,
however, that the maximum seismic activity which was measured occurred immediately after
Section 34 of the field was put back on production. Both data sets show decreasing seismic
activity from the high of June 19 until July 1 when the field digital recorder showed an increase
in actvity. The analog data recorded after June 23 is contaminated by high frequency noise of
unknown origin, which, because the signal-to-noise ratio of events is lowered, makes triggering
the data acquisition systein more difficult. The field digital data was not affected by the higher
frequency noise because of the anti-alias filters.

The three components of particle velocity and a displacement amplitude spectrum of a
representative event are shown in Figure 4. The vertical component recorded higher frequencies
than the two horizontal components. Typically, the horizontal components of 3-component,
borehole, geophone tools resonate differently than the vertical component. The resonance of the
vertical component is effected by rigid body motion that depends predominantly on tool length,
while the resonances of the horizontal components are sensitive to the coupling of the geophone
package to the wellbore.5

Like the sample spectrum shown in Figure 4, the displacement amplitude spectra in general have
a typical shape of a shear-slip seismic event. The corner frequencies range between about 50
and 90 Hz, which are an order of magnitude lower than comer frequencies of microseismic
events measured in crystalline rock.6 The lower corner frequencies observed in this environment
may be due to larger source areas and/or lower seismic Q of the rocks. The spectra’s frequency
roll off above the corner ranges between w2 and w3,where  is angular frequency. This value
range is also typical of shear-slip seismic events.

DATA ANALYSIS AND RESULTS
Mi hauake Locati

Mapging microcarthquakes recorded at two or more locations can be accomplished by using P-
and S-wave arrival times alone. If the velocity structure is known accurately, microearthquake
locations can be determined uniquely from P- and S-wave arrival times with detection at at least
3 stations. Having only recorded =vents at one 3-component station, we are limited to mapping
using the hodogram technique in which distance is determined from the S-P arrival time
difference, and direction to the event is determined from the P-wave particle motion of the first
arrival. Direction to the event is parallel to the major axis of an ellipsoid fitted to the 3-
dimensional seismic particle motuon.” We have applied the method in 2-dimensions by fitting an
ellipse to the horizontal components of particle motion. A sample hodogram of the P-wave
arrival from an event is shown in Figure 5. Major and minor axes are shown in Figure 5 for the
best firting ellipse to the horizontal particle motion. The vertical component was not used
because it contains strong resonance at higher frequencies than the horizontal components, and



its first arrivals have a relatively poor signal-to-noise ratio. The degraded signal-to-noise ratio
results from consistently smaller P-wave arrivals on the vertical axis, as seen in Figure 4. First
arrivals from the orientation shot at the surface have a much stonger P-wave arrival on the
vertical component than on the horizontals as would be expected with its steep incidence. The
smaller vertical-component, P-wave arrivals for the microcarthquakes, implies that seismicity is
restricted to depths close to the geophone depth. This seems reasonable if seismicity is occurring
due to strain release resulting from fluid movement in the porosity zones of the reservois.

For computing distance, a P-wave velocity of 19,800 ft/s (6040 m/s) was used. This value was
determined from sonic logs of wells 34-7 and 34-10 by averaging over the 3 porosity zones of
the field. A value of 1.75 was used for the ratio of P-wave velocity to S-wave velocity. This is a
reasonable number for brine-saturated dolomites and anhydrites with this high a velocity.8

The data that were digitally acquired in the field were t0o under-sampled for applying the
hodogram technique. Only the digitized analog data were used. These data were edited based
on the ellipticity of the hodogramns. Events with an ellipse-trajectory aspect ratio less than 4.0
were climinated for mapping purposes. The high frequency noise contaminating the data late in
the experiment, mentioned above, resulted in no mappable events after June 27. Seventy-three
events were selected, all of which occurred on the nights of June 19 and 23 (Figure 2). None of
the 4 events occurring during the pressurized injection of June 7 had a sufficiently reliable
hodogram trajeciory for mapping. The first 2 ms of P-wave particle motion, about one-half of a
cycle, were used in hodogram trajectory measurements. Lengthening the first arrival data used
increasingly aligns event trajectories 45° to the horizontal compenents. We suspect that a strong
geophone-site response causes the event trajectories to align at 45° from the two axes. The
effect is minimized by using only the first half cycle of particle motion.

Figure 6 shows the locations of events that occurred on the nights of June 19 and 23. The map
indicates microcarthquakes occurred along two orthogonal trends running NW-SE and NE-SW.
Events were detected up to 5600 ft from monitor well 34-7 but most occurred within 3000 ft.
There is a 180° ambiguity in locating events from one downhole, receiving station since its
position relative to shear motion at the microearthquake source is unknown. An observed first
motion may be a compression first arrival from the indicated direction or a rarefaction first
arrival from the opposite direction. We have plotted all events to the SW of monitor well 34-7
so that they are located closest to injection well 34-10. Some or all of the microearthquakes
>ould just as well be occurring to the NE of the monitor well. If the events were plotted on
sither side, the azimuthal trends of seismicity would not change. In a test, we assumned that all
irst motions were compressive, so that events plotted on each side of the monitor well. Both
'ends indicated in Fi 6 could be identified symmetrically about the monitor well. The
nlikely possibility of a seismicity gap between the monitor well and NW-SE trends spaced
jually on each side of the well suggest that most events are occurring to one side or the other of

¢ geophone station and, if so, that the displacement direction along fractures is not always in
\e direction.

1 events were rotated to geographic coordinates by determining the location of the orientation
i via the hodogram technique. As with the event trajectories, a half cycle (14 ms) of the shot
't arrival was used. The trajectory ellipse Fassed our criteria of requinng an aspect ratio

ater than 4, but the signal-to-noise ratio of the horizontal components was poor because shot
Tgy, coming from the surface, had a steep vertical incidence. Therefore, the absolute

ntation of seismicity is not known with good accuracy, and added to the 180° location

iguity discussed above, makes the interpretation of seismic event locations necessarly

ted. Nonetheless, trends can be identified, and these trends, as best as can be mapped, do

aborate prior knowledge of the field. Regional stress data from this area indicates a



maximum horizontal stress oriented NW-SE so that microseismicity induced by fluid flow would
be expected to occur along a NW-SE trend.9 A previous tracer test conducted by MOC in the
section immediately west of the experiment site indicated a flow preference along natural
fractures oriented NW-SE. Premature breakthrough observations during flooding operations
have also indicated fractures oriented in the opposite direction, NE-SW, in nearby parts of the
San Andres Formation.!0 The NE-SW trend of seismicity is especially well defined by mapping
only the events occurring the night of June 19. During an observation period of 13 hours, two
dai:s:tinct. paralle]l trends striking NE-SW along with the conjugate NW-SE trend are imaged

gure 7).

Seismic R nce R

From an engineering viewpoint, quantifying the recurrence rate of seismicity in an oil field is of
use in predicting the time necessary to record a given number of mappable microearthquakes in a
desired area of the field. Graphically, the recurrence can be represented as a b-value plot which
measures the number of small events occurring relative to the number of large events occurring.
The b-value is the slope of the regression line for the data fitted to equation

logN=a- bm 1)

where N is the cumulative number of events of magnitude m or larger. We computed a b-value
cf 0.63 over a relative scale of 2 orders of magnitude (Figure 8). Our relative magnitude scale is
a pseudo-magnitude scale computed similar to Aki.1! Magnitude is taken as the log of amplitude
measured at a fixed lapse tirne from the coda decay curve of each event. Figure 8 represents the
recurrence of those events occurring over a cumulative 24-hour monitoring time on the nights of
June 19 and 23 (13 and 11 hours, respectively). The b-value computed is probably effected by
the geophone location. Little seismicity is occurring within 1500 ft of the monitor well. Had the
geophone been placed closer to the region of seismicity, more smaller magnitude events would
have been detectable, thereby increasing the b-value. The threshold of detection, represented
where the curve flatticns at smaller magnitudes, might also be lowered with a closer geophone
position if such events are occurring.

Figure 9 shows the magnitude limit of detection as a function of distance. At 3000 ft, for
instance, events with relative magnitudes less than -0.7 are not likely to be detected. Relating
this limit to Figure 8, one could, in concept, predict the cumulative number of events detectable
within 3000 ft of a geophone station over some time interval. The seismicity has not been
characterized accurately enough in this field area to make such a prediction. We can conclude,
however, that detectable seismicity did occur in the Chaveroo field during normal production
and can be shown to occur along linear trends. Also, enough events were obtained within a
cumulative 24-hour period for mapping structures up to 3000 ft from the monitor well.
Considering that one half the monitoring time was contaminated by periodic noise, the effective
recording time of the 73 mappable events detected is 12 hours. This is generaily true because the
rate of seismicity was evenly distributed over the two respective monitoring periods.

The temporal variation of seismicity that was observed (Figures 2 and 3) should be understood
before any predictions of when microearthquakes will occur in the Chaveroo field can be made.
Of particular interest is why little seismicity was detected during pressurized injection and most
occurred soon after production in t.. field resumed. The model usually used to explain induced
scismicity is Mohrs-Coulomb failure in which shear failure occurs when fluid pressure exceeds
some critical level. With this model, seismicity would be expected to occur in high pressure
areas close to the injection well as soon as pressure had built up over sufficient areas. On larger
time and spatial scales, Pennington et al.12 and Davis and Pennington!3 apply the barrier-asperity



model to explain earthquake occurrence in water flooded oil fields of Texas. In this model,
strength varies over areas of a fault. High strength areas (barriers) of the fault can be stress
loaded by seismic or aseismic slip along weaker sections of the fault causing the high strength
areas to become high siress areas (asperities). Earthquakes occur when asperity strengths are
exceeded. Applying this model to a water-flooded ol field, Davis and Pennington!3 show that
the variations of effective rock strength over the field area induced by the injection and
withdrawal of reservoir fluids are significant enough for earthquakes to occur by this
mechanism. In contrast to the Mohr-Coulomb model, seismicity occurs in low fluid pressure
areas of fluid withdrawal where the effective strength of the rock is increased, and stress loading
occurs by the coupling of stress released aseismically in high pressure areas of the field where
fluid is injected. W'e speculate that, on a smialler scale, pressure variations between injector and
producing wells are controlling the raicroseismicity that is observed. Seismicity in this case can
be delayed from the time of injection until either stress loading exceeds asperity strength or
locally increased pressure lowers the etfective strength of asperities. During flooding, local
pressure increases should occur along preferred flow paths.

All producing wells of Section 34 were shut down during the pressurized injection. Nearly all of
the microseismicity detected in the field occurred just after production resumed on June 19, with
the injection well 34-10 taking water under hydrostatic pressure. The paucity of
microearthquakes during the pressurized injection and then the relative -.bundance of
microeathquakes occurring where pressures would be expected to be relatively low in the
reservoir (Figure 6), suggest a pressure-controlled, barrier-asperity model of induced seismicity.
If so, microearthquakes have probably been induced during flooding by local pressure increases
along preferred flow paths, lowering the effective strength of the rock where stresses have
accumulated. It is not known if stresses released during the pressurized injection aseismically, or
at least below the detection threshold, are coupled to later stress release manifested as
microearthquakes. The stress release resulting in microearthquakes could just as well have
accumulated from strength variations along fractures induced by normal production in the field.
A more robust experiment is needed to verify if indeed microearthquakes are occurring in low
pressurs areas of the reservoir and to more accurately monitor how microseismicity varies with
production activity. Specifically, constant monitoring time capability at several downhole
geophone stations (at least 3) is needed to produce an accurate microearthquake location map
and reliably characterize seismic recurrence in the field. In addition, a successful tracer
experiment should be conducted in conjunction with seismic monitoring to correlate flow paths
with the scismic stress release along fractures. Finally, we believe that modeling pressure
variations in the field, using tracer data and individual well production-injection volumes, may
explain the mechanism causing microearthquakes and thereby provide an understanding of the
temporal variation of microseismicity in the field.

CONCLUSIONS

Microseismic monitoring of the Chaveroo oil field during a 3000-barrel pressurized injection of
water over a 5.5-hour period resulted in little detectable seismicity.

Intermittent monitoring over a 5-weck period following the injection indicated detectable
seismicity occurring with activity levels varying in time. The most active 'ﬁeriod recorded
occurred just after production resumed in the section. Monitoring during the 5 weeks was not
complete enough to draw general conclusions on temporal variations of seismicity.

Mapping the microearthquakes using the hodogram technique indicates the events occurring
along linear trends which corroborate known structural trends of the field. Seismicity trends
were defined both parallel and perpendicular to the regionally-defined maximum, horizontal



stress direction. Seventy-three good quality events were recorded in a cumulative 24-hour
period from which structures were mapped up to 3000 ft from the monitor well.

Two chemical tracers were pumped into the reservoir during the pressurized injection. After 7
months, the fluorescein dye has not yet been detected at levels considered above noise of the
analytical measuring technique. The ammonium thiocyanate has not been detected at all. The
reason for the failure to recover tracer is not known.

The lack of seismicity during the pressurized injection and the correlation of increased seismicity
levels occurring away from an injection well as normal flood production resumed, suggest
seismicity is not induced by Mohr-Coulomb failure. We suspect, as have previous investigators,
that seismicity could result from pressure variations in the reservoir created by the injection and
withdrawal of reservoir fluids and the local changes in these fluid pressures along preferred flow
paths.
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Figure 4. Three components of a typical microseismic event detected (above) and the
dtb,segl:olncemem amplitude spectrum of the P- and S-wave of the horizontal component H1
(below),
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Figure 5. Two milliseconds of the horizontal-component, P-
wave particle motions for the event shown in Figure 4. Major

and minor axes of the best fitting ellipse to the particle motion
are shown.
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Figure 6. Microearthquake location map for events detected on June 19 and 23 shown
with the interpreted trends and the wells of Section 34.
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Figure 7. Microcarthquake location map for the events
detected on June 19,
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Figure 8. B-value plot for the microearthquakes detected on June 19 and 23.
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Figure 9. Magnilude versus distance plot for the microearthquakes detected on June 19
and 23. The line shows the relative-magnitude limit of detectability as a function of
distance.



