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STRACT

Microseismicity was monitored in the Chaveroo oil field in southeastern New Mexico during,
and for 5 weeks following, a prcssurizal stimulation of a well being prepared as an injector for a
water flaid cqmation, Three-thousand barrels of water were injected into the reservoir over a
5.5-hour period. Little scismicity was dctaed during the stimulation. Intcxmittcnt monimring
over a S-week period following the injection indicatd detectable scismicity occurring with
activity levels varying in time. The most active period rccordd occurred just after production
resumed in the immediate area of the monitor well. Mapping the microeart.hquakes using the
hodograrn technique indicates the events occur along linear trends which corrdmrwe known
structural trends of the field. Seism.icity trends were defined both para.llc! titd perpendicular to
the regionally dcfmcd maximum horizontal stress direction. Seventy-th-rec 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 seisrnicity during the pressurized injection and the correlation of increased scisrnicity
levels occuning away from an injection well as normal flood prcxluction resumed, suggest
scismicity is not induced by Mohr-Coulomb failure. We suspect, as has been suggested by
previous investigators, that scismicity could be controlled by pressure variations in the reservoir
created by the injm.ion and withdrawal of rcscmoir fluids and lcm.1changes in these fluid
pressures along prefcncd flow paths.

The microscismicity of the San Andrcs Formation in the Chaveroo oil field in south astcm New
Mexico was monitored during, and for 5 weeks following, a pressuriti stimulation of a weU
being prepared as an injector for a water flood operation. In addition, the production of tracers
injected into the rcseIwoir during the stimulation was measured fim mu% wells. The

1objective of the study was to determine if seismicity was detectable in the ail Andrcs Fomnation
during well stimulation and during normal water flocd-pxuiucticm activity at rates practical for
mapping the fractures along which micrmarthquakes occur. Tracers were used to comlate flow
paths with trends of scistnicity.

Oil is prcxiuccd horn the San Andrcs Formation in several individual fields that extend over an
area of more than 100 miles across the Permian basin of west Texas and eastern New Mexico.
The Chavcroo field alone has produced 20,7 million barrels of oil, Generally, oil rcsewoirs of
the San And.rcs occur locally as 2 to 3 separate mnes of porous dolomite. Iiydrocarbons arc
stratigraphically trapped in the foxmation by porosity pinchouts controlled by dolomitization and
anhydrite plugging.1

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 floodin in the

hChaveroo field, as well as other fields producing from the San Andres Formation, is ow
anisotropy in the resetvoir due to preferred flow along fractures. premature breakthroughs
between injection and prcducing wells arc frequent and rduce oil recovery. If the locations of
major fmcturcs in the resetwoir were known, then water floods could bc designed with well
configumtions which would delay breakthroughs and improve recovery. The Chaveroo field has
wells spaced uniformly at 1320 ft (400 m) in a grid pattern ara.llel with section tmmhtries,

LPressure interference testing at this well separation has not en successful and the density of
wells is insufficient to accurate] y infer flow dirccticn from breakthrough patterns alone.
Microseismic monitoring is an alternative method for detcrm.ining the location and prcvalcn’
orientation of fractures. The method has been successfully used in crystalline rock for mapping



hydraulic fraCtU.reS.Z3S4If the method can lx applied in this envi.ronrmnt, it could be a useful
tool for optimizing water floals in the Chavcroo field and other fields producing from the San
Andrcs Formation.

SET UP.

The ex@ment was conducted in Section 34 of the Murphy Operating Corporation’s (MOC)
Haley Unit of the Chavemo field (Figure 1). Oil is produced !lnm 3 ~osity zones of the
Chavemo ficl~ and in this section they occur over the depth intemd 4150-4370 ft (1265-1330
m). Three-thousand bands of water were pumped into well 34-10 (Figure 1) in the ~ond
porosity zone of the Chaveroo field at approximately 4275ft(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 cx@nmt
conducted by MOC, microscismicity was expected to occur along a NW-SE ucnd of natural
fmcturcs. Expecting this trend, the geophones were placed in wells 34-7 and 34-11 located
abet.i: 1320 ft (44X)m) directly north and west, respectively, from the injection well.
M.icroearthquakes were anticipated to occur in the depth interval of the porosity zones associated
with fluid movement in the reservoir. Both gcophone packages WCRstationed at 42(M)ft ( 1280
m) depth. At this depth, the tools were located Just above the perforated casing of the fmt
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 geo~hone tools. ‘I%cfmt two shots were 4 lbs (1.8 kg) charges detonated near
well 34-16, but faded to generate &tectablc signals. A third, larger charge (20 lbs [9.1 kg] j,
detonated near well 34-15 was obsme.d on both downhole stations.

Injection took place on June 7, 1989 and lasted 5.5 hours. The pump rate was initially 8.0
bands per minute and was increased in steps up to a maximum of 10.5 barrels per minute by the
end of purnuing. These rates corrcspondd to pressures ranging fim 9.6 tfi 25.7 MPa in excess
of hydrostmic pressure over the pumping period, The two tracers were injec’d with the 3000
barrels of water. Nine-hundred lbs (408 kg) of fluorescein dye were qually distributed in the
injdon water tanks (3tXKlbatrels total volume) before pumping. Two-hundred lbs (91 kg) of
ammonium rhiocyanate were injected as a short slug at the start of pumping.

After pumpin~, the geophone package in well 34-11 was rcrnoved, The geophonc tool in well
34-7 was left m lace to continue monitoring the field for a S-week nod ending on July 13.

r FImn-diately fol owing the ressurkd injection, Section 34 of the leld was shut down for 12
days. On June 19, Section ?4 was put back on nomal reduction with the injection well 34-10
taking 250 bards per day under hydrostatic pressure, L ssu.res at the depth of the injection
(ap ximately 4300 ft [1310 m]) was about 12,8 MPa when the tubing column was full to the
83 ace. On July 5, wells 34-2, 34-4, and 34-12 were also put on line as water injectors, each
taking about 2CK)bands ~r day under hydrostatic pressure.

Data wm recoded on analog tape throu bout the pressurkd injection of June 7 and for several
fhours thereafter, Monitoring during the following weeks was not continuous. Post-injection

data were mmrded using both analog tape and a digital event mxxder. The digital recorder
stored signals captu.rul by an algorithm which triggered on signal levels of a apccified amount
over a continuously-measured, background level. On the average, the memory capacity of the
digital tmmrder filled in about 40 hours. The total tirm covered by the digital recorder was 315
hours over the 5 weeks following injection, An additional 76 hours of coverage was recoded on
ado tape on 7 different nights. Night recordings had substm.ially less noise than daytime

$rear “n s. unlike the digital data, the analog tapes give a continuous rcmrd of the geophone
Outputm! ubsquent digitization of the analog m.cords using mom sensitive triggering algorithms
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and higher sampling rates, provided the increased signal bandwidth required for analysis and
allciwed detection of microearthquakcs too small to rngger the digital rmxder that was used in
tht fiekl.

DAT A

Ten wells of Section 34 were sampled daily for tracer content after production rcsumd on June
19. From June 19 to late-July, the fluorcscein dye was detected in small quantities (a maximum
of 5 ppm) which were near the limit of its detectability in the reservoir water. The ammonium
thcyanate 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 masured fluoresccin levels
sue accurate, then the negative results for thiocyanate would be expected since less was injected
and the anal~cal sensitivity is less than that of the dye. BULsince the fluorcscein measurements
are quiv~al, it is possible that neither tracer was, or will be, detected. Possible explanations for
no detection arc: 1) the tracers were adsorbed on the rock surfaces, 2) the transit times &twcen
wells we 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
cW.Itcdbelow detection limits. Adsorption is possible, but not likely considering that these two
tracers are commonly used in oil reservoirs, and am known not to exhibit significant adsorption.
Tram dilution does not seem to be very likely either, considering the large quantities of tracer
injected. Tlw two most plausible explanations are oppositrs. Fluid transit times could have been
fast enough that the tracers were produced in adjacem areas of the field which were prcducing
during the 12 days Section 34 was shut down. This would imply that flow in the rescmoir 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 tm.ccr, suggest that there are no di.rm flow paths connecting the injector with any of the
producing wells that were sampled.

The an g field tapes were playui back through a computer based, data-acquisition system.
Micrc *quake 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 rns. The
digital field m.mrder had built in anti-alias filters low passing below 250 Jh Input to the digital
=order was high-pass filtered at 50 Hz to remove low-!hquency rt(~iscobsemed in the field.
Geophone output was recorded on analog tape without filtering. An anti-~lias filter was applied
during sub

%
uent digitizing. A noise smwce in the field persisted throughout the whole

ex~nment, e noise had a cycle of approximately 20 minutes on -20 minutes off and a
frequency bandwidth compamblc to that of the seismic signals. Useful data acquisition time in
the field was tltereforc effectively cut in half. The noise source may have been a gas compressor
facility located one mile cast of monitor well 34-7 where as is gathered and compressd to line

fpressure for distribution. The trigger sensitivity of the fie d recorder was lowcrui to avoid falling
the nmnory with noise events,

Signals resulting from microscisrnic events were selected by visually inspting plots of all
diSCrctr signals that were rwordcd. M.icroearthquakes were identified es signals with clearly
defined compressional (P) wave and shear (S) wave arrivals. one-hundred-fif -four events
were selected from the analog data and 115 events from the field digital data. % e time
distribution of the event occmences for the two data sets arc shown in Figures 2 and 3,
Monitoring was not continuous over the 5 weeks following injection resulting in Iar e gaps when
data was not gathered. Only 4 events were de~ted during the 5.5-hour, prcssti J injection
nnd these events were only detected in well 34-7. The scnsitivi~y of the second gcnphone
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Pi?chge was kss, and apparently too sW, todetectthefew events recorded in well 34-7. The
digital event nmmicr operated for the two days inmdiatcly following the injection, but
triggered during the noise periods so frequently that only 4 micrwarthquake events were
&tccted.. Trigger sensitivity was then lowered to prevent the complete ftig of rmnory during
dw noise pmiods. Because the recorder sensitivity level was different for these two days, these
four events are not included in Figure 3. ‘ile cmnputer algorithm used in digitizing the analog
dau enabled the detection of more microesmhquakes over shorter intmwals of time than was
possible fim the field digital-recmkr.

Most of the microcarhquakes that were obscwed occurrd during the period June 19-2~. Since
there arc gaps in the data acquisition, it is not bown when the microcanhquakc activity in the
ae-ctionactually 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 deacasing seismic
activity fkom the high of June 19 until July 1 when the field digital recorder showed an increase
in activity. The analog data recorded after June 23 is contaminated by high frquency noise of
unknown origin, which, because the signal-tmnoise ratio of events is lowed, makes triggering
the data acquisition system more difficult. The field digital data was not affectd by the higher
frequency noise because of the anti-alias filters.

The three components of particle velocity and a displacement amplitu& sputrum 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,
borchole, geophonc tools resonate differently than the vertical component. The resonance of t!!e
vertical component is effected by rigid IxKIymotion that depends predominantly on tool length,
while the resonances of the horizontal components arc sensitive to the coupling of the geophonc
package to the Wellbore.s

Like the sample spectrum shown in Figure 4, the displacement amplitude spectra in general have
a typical shape of a shear-slip scistic event, The corner frequencies range between about 50
and 90 Hz, which are an order of magnitude lower than corner frequencies of microseisrnic
events measured in crystdli.nc rock.b The lower comer frequencies observed in this environment
my be due to larger source areas and/or lower seismic Q of the rocks. The spectra’s fiequcncy
roll off above the comer ranges between ml and @,whcrc m is angular frequency. This value
range is also typical of shear-slip seismic events.

DATA ANALYSIS Am RESUJ.TS

Map ing microcafiquakcs remrdcd at two or mm locations cm be accomplished by using P-
{and -wave arrival times alone, Lfthe wlocity sbucturc is known accurately, microea.nhquake

locations can k determined uniquely 6om P- and S-wave arrival times with detection at at least
3 stations. Having only recorded svents at one 3<omponcnt 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 &termincd from the P-wave particle motion of the fwst
arrival, Direction to the event is parallel to the major axis of an ellipsoid fitted to the 3-
dimcnsional seismic particle mouon.T We have applied the method in 2dimcnsions by fitting an
ellipse to the horizontal components of particle motion. A sample htiogram of the P-wave
anival fhn an event is shown in Figure 5, Major and minor axes are shown in Figtut 5 for the
bes~fitting ellipse to the horizontal particle motion. me verncal component was not used
because it contains strong resonance at higher frequencies than the horizontal components, and
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its first anivals have a relatively poor signal-tmioisc ratio. The degraded signal-to-noise ratio
results fim consistently smaller P-wave amivals on the vertical axis, as seen in Figure 4. First
amivals fkmt the orientation shot at the surface have a much stongcr P-wave arrival on the
vutical component than on the horizontals as would be cxpcctcd with its steep incidence. The
smaller vcrlicakotnponcn~ P-wave arrivals fcwthe microcarthquakes, implies that scismicity is
restricted to depths C1OWto the gcophone depth. ‘11.isseems reasonable if scismicity is occtming
clue to strain release resulting from fluid movement in the porosity mnes of the rcscmoii.

Fcwcomputing distance, a P-wave velocity of 19,800 ft/s (6040 m/s) was used. This value was
&tcrmind from sonic logs of wells 34-7 and 34-10 by averaging over the 3 porosity zones of
the field A value ~f 1.75 was used for the ratio of P-wave velocity to S-wave velocity. This is a
reasonable number for brine-saturatd dolomitcs and anhydritcs with this high a velocity.g

The data that were digitally aqu.imd in the field were too under-sampled for applying the
haiogram technique. Only the digitimd analog data were used. These data were edited based
on the ellipticity of the hodograms. Events with an ellipse-trajcctcny a.spct ratio less than 4.0
were eliminated for mapping purposes. The high frequency noise contaminating the data late in
the experiment, rtmtioncd 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 htne 7 had a sufflcicntly reliable
hodogram uajcc~~ty for mapping. The fmt 2 ms of P-wave particle motion, about one-half of a
cycle, were used in hodogram trajectory mcasurcmcnts. hngthcning the fnt tmival data used
increasingly aligns event trajectories 45° to the horizontal components. Wr suspect that a strong
gcophonc-site response causes the event trajectories to align at 45° from the two axes. The
effect is minimized by using only the fmt half cycle of particle motion.

Figure 6 shows the locations of events that occurred on the nights of June 19 and 23. lhe map
indicates microcarthquakcs occurred along two orthogonal ttends xunning NW-SE and NE-SW.
Events were detected up to 5600 ft from monitor well 34-7 but most mcurmd within 3000 ft.
‘Tlwrcis a 180° ambiguity in locating events from one downhole, receiving station since its
position relative to shear motion at the microeanhquake source is unknown. An observed fmt
motion may be a compression fmt arrival from the indicated direction or a mmfaction first
arrival from the opposite direction. We have plotted all events to the SW of monitor well 34-7
so that they arc lwatcd closest to injection well 34-10. Some or all of the micrcmrthquakcs
‘muldjust as well he occu.ming to the NE of me monitor well. If the events were plotted on
tither side, the azimuthal trends of scismicity would not change. In a test, wc assumed that all
‘irstmotions were compressive, so that events plotted on each side of the monitor well. Both
wnds indicated in Fi

r
6 could be identified Syrnmcrncally about the monitor well. The

rdikcly possibility o a scism.icity gap between the monitor well and NW-SE trends spaced
plly on each side of the well suggest that most events am occurring to one side or the other of
e gmphone station and, if so, that the displaccmnt direction along fractures is not always in
ICdirection,

1events were rotatd to geographic coordinates by determining the lwation of the orientation
)t via the hmiogram technique, As with the event trajectories, a half cycle (14 ms) of the shot
Itarrival was used. The trajectory ellipse assed our criteria of requiring an aspect ratio

ratcr than 4, but the signal-t~noise nmo o the horizontal components was paw Ixcausc shot
rgy, coming from the surface, had a steep vefical inci&nce, Therefore, the absolute
ntation of scisrnicity is not known with good accuracy, and added to tic 180° lwation
l~~i discussed above, makes the interpretation of seismic event locations nccessfuily

.% onethekss, trends can h idcmified, and these trends, as best as can be mapped, do
Nxmatc @or knowledge of the field. Regional stress data from this area indicates a
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maximum hotbma.1 stress oriented NW-SE so that microseismicity induc-ui by fluid flow would
& expected to occur along a NW-SE trend.g A previous mca rest conducted by MOC in the
section immediately west of the experiment site indicated a flow preference along natural
fractures oriented NW-SE. Premature bmahhrough observations during floding operations
have also indicated fractures oriented in the opposite direction, NE-SW, in nearby pans of the
San An&es Fcmmation.10 The NE-SW trtnd of seismicity is especially well defined by mapping
only the events OCCuningthe night of June 19. During an observation period of 13 hours, two
distincL parallel trends striking NE-SW along with the conjugate NW-SE trend are imaged
mm 7).

From an engineering viewpoint, quantifying the rccuncnce rate of seismicity in an oil field is of
use in predicting the tirm necessary to record a given number of mappable microcanhquakes in a
desired area of the field. Graphically, the recunence can be represented as a bvalue plot which
measu.ms the number of small events occuming relative to the number of large events occuning.
The bvalue is the slope of the regression line for the data fitted to equation

log N=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 pscudmnagnitude scale computed similar to Aki.11 Magnitude is taken as the log of amplitude
measured at a f~ed lapse time fhm the coda decay cutve of each event. Figure 8 represents the
rmmcnce of those events occurring over a cumulative 24-hour monitoring time on the nights of
June 19 and23(13 and 11 hours, respectively). The b-value computed is probably effected by
the gcaphone kation. Little seismicity is occtig within 15CN)ft of the monitor well. Had the
geophone been placed closer to the region of seismicity, more smaller magnitude events would
have been detectable, tkreby increasing the b-value. The threshold of detection, represented
where the cume flattens at smaller magnitudes, might also be lowered with a closer geaphone
position if such events are occurring.

Figure 9 shows the magnitude limit of detection as a function of distance. At 30CK)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 concep~ predict the cumulative number of events detectable
within XKKlft of a gcophone station over some time interval. TIE seismicity has not been
characterkl accurately enough in this field arc-ato make such a prediction. We can conclude,
however, that detectable scismicity did wcur in the Chavemo field during normal production
and can & shown to occur along linear trends. Wo, enough events were obtained within a
cumulative 24-hour period for mapping structures up to 3(XKlft from the monitor well.
Considering that one half the monitoring ti.m was contaminated by periodic noise, the effective
recording time of the 73 mappable events detect.d is 12 hours. This is generally true because the
rate of scismicity was evenly distributed over the two respective monitoring periods.

The kmpord variation of seismicity that was obscmd (Figures 2 and 3) should be understood
before any predictions of when micrmwt.hquakes will cxcur in the Chavetm field can be made.
Of pticular interest is why little scismicity was detected during pressurize.d injection and most
occurred scmn&r production in d.: field resumed. Ile model usually used to explain induced
Mismicity is Mob-coulomb failure in which shear failure cxxurs when fluid pTCSSUrCCXCW&
some critical level. With this model, seismicity would k cxpa.ed to occur in high pressure
areas close to the injection well as soon as pressure had built up over sufficient W. On larger
time and spatial scales, F%mington et al. IZand Davis and Penningtonlq appl y the barrier-asperity
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rmdcl to explain earthquake occurrence in water flooded oil fields of Texas. In this model,
aucngth varies over areas o? a fault. High strength arm (barriers) of the fault can be sucss
IoadMIby seismic or aseismic slip along weaker sections of the fault causing the high strength
areas to bccutrx high stress areas (asperities). Earthquakes occur when asperity strengths are
exceeded. Applying this model to a water-flooded oil fiel~ Davis and Pcn.ningtonls show that
the variations of effective rock smength over the field area induced by the injection and
withdrawal of rcscmoir fluids arc significant enough for earthquakes to recur by this
mechanism. In contrast to the Mohr-Gm.lomb model, scismicity occurs in low fluid pressure
areas of fluid withdrawal where the effective strength of the rock is increasML and stress loading
occurs by the coupling of stress released aseismically in high pressure areas of the field where
fluid is injected l%%speculate tha~ on z srder scale, pressure variations between injector and
producing wells are controlling the microscismicity that is obsenmd. Scismicity in this case can
be delayed hom the time of injection undl either stress loading exceeds asperity strength or
locally increased pressure 10WCI3the effective 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 microscismiciry 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
mimoearthquakes during the pressurid injection and then tie relative ‘,bundance of
microeathquakcs occu.ning where pressures would be expected to be relatively low in the
reservoir (Figure 6), suggest a pressure-controlledt barrier-aqmity model of induced seisrnicity.
If so, mimoearthquakes 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 prcssuri~ injection ascism.ically, or
at least below the detection threshold, are coupled m later stress release manifested as
mi~quakes. The stress release resulting in micrwarthquakes could just as well have
accumulated from strength variations along fractures induced by normal pruluction in the field.
A more robust experiment is needed to verify if ind~ee-dmicrow-thquakes are occu.ning in low
pressure areas of the rescmoir and to more accurately monitor how microscisrnicity varies widI
production activity. S cifically, constant monitoring time capability at several downhole

rgcophone stations (at east 3) is needed to produce an accurate mimocarthquake location map
and reliably characterize seismic recu.nence in the field. In addition, a successful tracer
expcxi.mcnt should be conducted in conjunction with seismic monitoring to conclatc flow paths
with the seisuuc stress release along fractures. Finally, we believe that modeling pressure
variations in the field, using tracer data and individual well production-injection volurtm, may
explain the mechanism causing microcarthquakes and thereby provide an understanding of the
temporal variation of microseistnicity in the field.

NCLUSIONS

Microscismk monitcning of the Chavcroo oil field during a 30(N)-barrel pressurized injection of
water over a 5.5-hour period resulted in little detectable seismicity.

Intermittent u.x)nitoring over a 5-wtik period following the injection indicated detectable
seismicity occurring with activity levels vatying in time. The most active

r
nod rccordcd

occurred just after praluction Rsurned in the section. Monito@n~ during e 5 weeks was not
complete enough m draw general conclusions on temporal vanabons of scismicity.

Mapping the microcarthquakcs using the hodograrn technique indicates the events occurring
along linear trends which comobomtc known structural rinds of the field. Seismicity trends
were &fmcd both parallel and pexpcndicular to the rcgionallydcfincd maximum, horizontal



sucss direction. Seventy-three good quality events were morded in a cumulative 24-hour
@3d b which StIUCtUfCSW~ ~pCd iIp to ~ fi ffom the monitor Well.

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

Tbe lack of scismicity during the pressurized injection and the correlation of increased scismicity
levels ocuuring away tim an injection well as normal flood production rcsuuxd suggest
seismicity is not induced by Mohr-Coulomb failure. We suspct, as have previous investigators,
that seismicity could result from pressure variations in the memoir created by the injection and
withdrawal of resclvoir fluids and the lcml changes in these fluid pressures along prefened flow
paths.
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