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suMMARY

Induced microscismicity was monitored in the Chavcroo oil field in southeastern Ncw Mexico
during a pmssurizd stimulation of a well being prcpa.rc.das an injector for a watefflood
operation. In addition, the microscismicity was monitored for 5 weeks following the stimulation
while the area was under normtd waterfhxx! production. Little scismicity was dctectcd during
the 5.5 hour sti.cmdationin which three thousand barrels of water were injected into the rcscmoir
at prcssu.rcs ranging from 96 to 257 bars in excess of hydrostatic pressure. Intcrm.ittem
monitoring over the S-week period indicated detectable seismicity occurred during waterflcmd
production. Monitoring during the 5 weeks, however, was not complete enough to draw general
conclusions on temporal variations of obscmcd mimoseismicity. Scvwtty-th.rce gmd quality
events recordul over IIcumulative 24 hour >f intetmittcnt monitoring were located using the
hodogmm uchnique. Events were dctectcd at distances up to 17(K)m fkom the monitor well but
most occurred within 900 m. The map of micmearth uake locations indicates that events

%occurred in the vicinity of producing wells and away om injection wells. The f~st half of the
sequence of mappable events occurml along linear trends, but the pattern kcarnc mme scattered
during the later half of the sequence.

The lack of seismicity during the pressurized injcaion and the incrcascd seiwn.icily levels
occting away from injection wells during waterflood production, suggest scismicity is not
induced by Mohr-Coulomb failure. We suspect, as proposed by previous investigators, thar
sciwnicity could be induced by the decrcasc of pore pressure resulting from reserve ir fluid
withd.rawl.

INTRODUCTION

Oil is produced from the San Antis Formation in several individual fields that extend over an
tuca of more than 100 miles across the Permian basin of WCSITexRs md eastern New Mexico.
The Chaveroo oil field in southeastern New Mexico has alone produced 23.1 million barrels of
oil. Since 1965, the Chavcroo field has been under prinw.ry production and is just beginning to
undergo enhanced rccovcry by watefflooding. One proi “mwith watefflood,ing in some fields
producing from the San Andrcs Formation is flow anisotropy in the reservoir duc to preferred
flow along fractures. This can result in premature breakthroughs bctwccn injection and
pralucing WCUSwhich reduces oil rccovc~. If the locations of major fractures in the reservoir
were known, then watcffloods could bc designed with well configurations which would delay
breakthroughs and improve rccovcry, The Chavcmo field has wells spaced unifomdy at 4K) m
in a grid pattern parallel with section boundaries, Pressure intcrfcrcnce testin$ has not been
successful due to the large WCI1separation, and the density of wells is insufficient to accurately
infer flow dimaion from breakthrough attcms a.lone, Microscismic monitoring is an altcmativc

{mcthcxl for dctcrrnining the location an prcwdcnt orientations of fractures. The rncthod has
lx-en successfully used in crystalline rock for mapping hydraulic fractures (e.g. Fehler et
a.1.,1987). The method relies on the obscmation that micrwmhquakcs occur rlcmg frticturtx that
rnakc up flow paths when stzess is than cd along the fractures by incrcascd fluid pressure. By
determining the Imations of the inducc1 microcarthquakes, K)mc knowlcd c of U)Clocations and

\orientations of the dominant fluid paths is obtained. If the mcdmd can bc s own to bc successful
in the San Andrcs Formation, it could bc a uwful tool for optimizing watcrflottds in the
Chavcrw field and other fields producing from the San Andrcs Formntioni

The rnicroscisrnicity of the San Antis Formation in the Chavercm oil field was monitorul
during, and for 5 weeks following, a rcsswizcd stimulation of a WCIIking prepared as an
injector for a watcrfloml opcrationt A e obj~ctive of the study was to determine if acismicity
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was detectable in the San Andrcs Formation during well stimulation and during normal
watcfflood production at rates practical for mapping the fractures along which micrmarthquakes
Eur.

EXPERIMENTAL SEI’-UP

The experiment was conducted in Section 34 of the Murphy Operating Corporation’s (MOC)
Haley Unit of the Chavemo field (Figure 1). Oil is produced ficm 3 porosity zones over tic
depth interval 1265-1330 m in the Chaveroo field. Three thousand barrels of water were
pumped into well 34-10 (Figure 1) in the intcnnc.d.iate porosity zone at approximately 13CNIm
depth. During the pressurized injection, two 3-component bchole g“zophoncpackages were
placed in wells 34-7 and 34-11 located about 400 m direct.ly north and WCSLrespectively, from
the injection well. Both geophonc packages were stationed at 1280 m depth, just above the
perforated casing of the shallowest porosity zone, putting them C1OSCto the expected depth of
microscismic activity. An explosive charge was detonated in a shallow hole near well 34-15 for
orienting the horizontal components of the gcaphone tools.

Injection took place on June 7, 1989 and lasted 5.5 hours, The pumping tatc was initially 8.0
batmls pm minute and was incrcascd in steps up to a maximum of iO.5 barrels per minute by the
end of pumping, Rssurcs ranged from 96 to 257 bars in excess of hydrostatic pressure over the
pumping period. After pumping, the gc.ophonc package in WC1l34-11 was removed. The
gcophone tool in well 34-7 was left in place to continue monitoring the field for a 5-week period
ending on July 13, Following the prcssurizu! injection, WC1lS34-2, 34-4, 34-10 and 34-12 began
taking water under hydrostatic pressure at a rate of about 2Ml to 250 bamels per day and
remained on line as injectors throughout the 5 week monitoring period. Pressure at the depth of
t.hc injection (ap roxirnatcly 1300 m) was about 130 bo.rswhen the wells were fuU to tic surface.
Except for well L -16, the remaining wells of Swtion 34 went back on line as prod~cers wilhin 5
days following the stimulation of well 34-10.

Seismic data were rccordcd on analog tape throughout the pressurized injection of June 7 and for
scvcml hours themftcr. Monitoring dting the 5 following w~ks was not continuous. Post-
injcction data were recorded using both analog tape and a digital event mconier. The digital
rczordcr stored signals capturul by an algorithm which rng crcd on signal levels of a spccificd
amount over a continuously -trmwtrd, background ICVC1.8 n the average, the mcmo~ of the
digital rwmrdcr ftllul in about 40 hours. The total time covcrcd by the digital rccodcr was 3! 5
hours over the 5 weeks following injection, An additional 76 hours of data were rccordcd on
analog tape during 7 different nights. Night twordings had substantially less noise than daytime
rumrdings.

M.ICROSEISMIC DATA

The analo~ field taps wcm played back through a computer bascxl,data-acquisition system,
Microcarthquake BI nals triggering the system were digitized at a sam~lc interval of 0,2 ms, The

ddata rcardcd digi Iy in the field were limited to a minimum sample mtcrval of 2.0 ms.
Microcarthquakcs were &find as signals with clearly defined comprcssiontd-wave (P) and
shear-wave (S) arrivals, One-hundred-fifty-four events were selected from rhe analog data md
115 events tim the digital data. The time distribution of the event wcurrcnccs for the IWOdaui
MXSam shown in Figures 2 ●nd 3. Monitoring was not continuous over the 5 weeks following
injection rcsultin in Iargc gaps in time when data were not gathcmd, Only 4 events were

Jdctcctcd during c 5.5-hour prcsw.rk.cd injection and these events WCRonly dctcctcd in well
34-7, Thc sensitivity of the gcaphone package in WCII34-11 was Icss, and app~ntly too small
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to detect Lhefew events recoded in well 34-7. The computer algorithm used in digitizing the
analog data enabled the dctwtion of more microatthquakes over shorter intervals of time than
was possible with the field digital recorder.

Most of the mimocarthquakes that were observed oc.cu.rrd during the period June 19-23. Since
there were gaps in the data acquisition, it is not known when the rnicroearthquake activity in the
section actually peaked or how it fluctuatd throughout the 5 weeks. The ~riwl of maximum
seismic activity shows no stinplc correlation with the production acriviry of Section 34. Both
data sets show d.cctmsing seismic activity from the high of June 19 until July 1 when the field
digital rcan-dcr showed an increase in activity. The analog data rworded after June 23 is
contarninat.d by high frequency noise of unknown origin, which, because the signal-t~noise
ratio of events is lowered, rnakcs triggering the data acquisition system more diffiCU]L The field
digital data was not affected by the higher frequency noise because of anti-alias filters.

The three components of panicle velocity and a displacement amplitude spectrum of a
representative event arc shown in Figure 4. In general, the displacement amplitude spccua have
a shape similar to sheti-slip seismic events. The comer fnquencies range bctwem-i about 50 and
90 Hz. The spectra’s frequency roll off above the comer ranges bctwem tw~ and
Oq,whcrc m is angular frequency. This value range is also typical of shear-slip seismic events
(Aki and Richards, 1980).

DATA ANALYSIS AND RESULTS

If t.hc vclcrcity structure is accurately known, rnicrocarthquakc hxations can he determined
uniquely from P- and S-wave arrival times dctczted at a minimum of 3 $t.ations. Having only
recorded events at one 3-com~mncn[ station, we were limited to mappi;lg using the hodogram
technique in which d.istancc is determined from the S-P arrival time difimence, amd direction to
the event is determined from the P-wave particle motion of the first a.mival. The dirwtion to t-he
event is tien as the orientation of the major axis of an ellipsoid fi~tcd to the J-dirncnsional
seismic particle motion of the P-wave (Matsumura, 1981). We have applied the method in 2-
dimcnsions by fitting an ellipse to the horizontal components of particle motion. The vertical
component was not used bccausc it contained a strong trsonancc at higher frequencies than the
horizontal components, and its fwst arrivals had poor signal-t~noise ratios. The degrade-d
signal-t~noisc ratio results from consistently smaller P-wave arrivals on the vertical axis, as
mm in Figure 4. First arrivals from the orienmtion shot at the surface have a much stongcr P-
wavc arrival on tic vetical component than on the horizontis as would be cxpcctcd from its
steep angle of approach to the gcophonc, The smaller vctical-compcmcnt P-wave arrivals for
the microcarthquakes imply that scisrnicity is rcsrncd to depths CIOSCto the gwphonc depth,
that is, within or rwa.f the producing zones of the reservoir.

For computing d.istar~ce,a P-wave velocity of 6040 m/s was used. This value was dcterrnind by
averaging die sonic log~ of wells 34-7 and 34-10 over the 3 porosity zones of the reservoir, The
mtio of P-wave velocity to S-wave velocity was taken to be 1.75. This is a reasonable mtio for
brine-satumtd dolomi[cs and nnhydritcs using the P-wave vchxity above (Ra.favich ct al,,
1984).

The dal.a tht wcrt digiudly acquinx! in the field were too under sarnph-d to successfully apply
the hodogmrn technique, Only the events that were d.igitiwl from anal>g tapes could be located.
T’hcse data were edited based on the ellipticit of the hodograms, Evcn[s with the ratio of the

fmajor-to-minor axes of the ellipse trajwto~ ess than 4,0 were ellminalcd for mapping pu~scs
because the direction to the event was consderd poorly constrained. The high-fmqucncy noise
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contaminating the data late in the cxperirnen~ mentiond above, restricted the detection of any
mappable events after June 27, Seventy-three events were selected for mapping, all of which
cmurred on the nights of June 19 and 23 (Figure 2), None of the 4 events detected during the
pressurize-d injection of June 7 had reliable hodograms, The first 2 ms of P-wave particle
motion, about one-half of a cycle, were used in hcdcgmrn trajwtory measurements. In a series of
test lengthening the first arrival data used increasingly alignd event trajectories 45° from the
horizontal components. We sus~t that a strong gcophonc site response caused the event
trajectories to align at 45° from the two axes. The effect was minimiti adequately by using
only the fmt half-cycle of panicle motion. All events were mated to geographic coordinates by
clctermining the location of the orientation shot via the hodogram technique. As with the event
trajectories, a half-cycle (14 ms) of the shot fist arriva.i was used. The trajectory ellipse passed
our cxitena of requiring a ratio of rnajor-tmminor axes greater rhw, 4.0, but the signal-to-noise
tmtio of the horizontal components was poor because shot energy, coming from the surface, had a
steep vertical incide~ce. Therefore, the absolute orientation of seisrnicity is not reliably known.

Figurt 5 shows the l~ations of events tha[ occurrd on the nights of June 19 and 23. The
hxation map shows no distinct trends. However, if the events which occurred cm the night of
June 19 alone are mapped, two distinct, parallel trends striking NE-SW can be identified (Figure
6). Events were detected at distances up to 1700 m horn monitor well 34-7, but most occurred
within 900 m. There is a 180° ambiguity in locating events using only one downhole ~eiving
station since its azimuth relative to the direction of shear motion at the microearthquake source is
unknown. An observed fust motion may lx a compression first arrival from d-mindicated
direction or a rarefaction fwst arrival from the opposite direction. We have arbitnrily plotted all
events to tie SW of monitor well 34-7, Some or all of the microearthquakcs could have
occurred to the NE of the monitor well. Lf tic events were plottu! on either side, the azimuthal
trends of scismicity would not change. In a tes~ wc assumed [hat all first motions were
compressive, so tha[ events plotted on each side of the monilor well. The orientation of the
trends indicated in Figure 6 could be identified symmetrically about the monitor well. Since no
events occurred close to the monitor well, allowing events to be lwated on both sides of the
geophone results in the unlikel~ possibility of ti gap in seismicity that is equally s aced on each

/’side of the well. Thus, most events must have xcumd to one side or the other o the geophone
smtion, and, if so, the sense of shcu motions, either Ief[-lateral or right-lateral, arc not consistent
at th: sources of microemhquakes which occurrul along linear trends.

The rnicroca.rthqua.ke locations, as shown in Figure 5, Gccurrd near producing wells and away
from the injection wells 34-10 and 34-12, No cventt occurred within 140 m of wells 34-10 and
34- ]2, If all events MCmapped to the northeast of the monitor well 34-7, the relationship of
event lNahons with res

r
t to the closest irijwtion well, 34-2, are identical to t-hat shown for

injection well 34-10 in igure 5. Despiw the 180° ambiguity in event lcwations, it can be
concludcxl that the mic-roearthquakcs, u best as c~n be mappxl, recurred in the vicinities of
producing wells and away from the injection wells,

DISCUSSION

Little iuislnicity was detectd during the ressuriz.d injection phase and most occurred during
normal waterflocd activity in the field. A c mcxlel usually usd to explain induced seismicity is
Moh.r-Cmlomb failure in which effective rock strengths are reduced by increased pom ressure,

Jand shear failure occurs when fluid pressure exceeds some critical level. With this m cl,
seismiciry would be cxpatd to occur in high pressure areas close to the injection well as soon
as pressure builds up over sufficiently large areas. The paucity of microearthquakes during the
pressurized injection phase and the subsequent relative abundance of micrmarthquakes
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occurring near producing wells, where pressures would k expected to be relatively low in ●Ac
reservoir (Figure 5), suggest a me-cha.nismother thai, Mohr-Coulomb failure is conuolling
induced seismicity. We suspect that rnicroseismicity is being induced by the reduction of pore
prcssu.m in the rcsemoir. Other investigatcm have rcprmcd cases of earthquakes induced from
the wit.hdrawl of reservoir fluid (e.g. Davis and Bennington, 1989). There am various ways
microseisticity could be induced by reduction in pore pressure. Laboratory cx~riments have
shown that decreasing pore pressure can change the characteristics of movement along a fault
from aseismic stable sliding m seismic stick-slip (Bycrlet and Brace, 1972). If aseismic
deformation is taking place in the reservoir due to tectonic or overburden stresses, the lowering
of pore pressures could induce mimmarthquakes by changing the mode of deformation within
the reservoir to seismic stick-slip, Withdrawl of reservoir fluids could also induce
microcarthquakes as a result of differential compaction along prc-existing fractures or faults in
or above areas of the rcscmoir that arc being depleted. Davis and Rnningmn (1989) have
applitd a failure nmdcl which i.ncorpmatcs stress loading, on larger time and spatial scales than
our study, to explain carthqualc occurrence in relatively low pressure areas of a watcrflooded oil
field of Tcxas.

A more thorough, long term experiment is needed 10 verify if indcd microcarthquakes arc
occurring In low pressure areas of the reservoir and to more accuramly monitor how
rnicroseisrnicity varies with production and flooding activity. Specifically, constant monitoring
time capability a[ scveml downhole geophonc stations (at least 3) is needed to produce m
accurate microcarthquake location map and to reliably characterize seismic murrcnce in the
field. Finally, modeling pressure variations in the field, using haccr data and individual WCII
production-injection volumes, may explain the nwhanism causing microearthquakes and
thereby allow the prediction of microseismicity which will be useful in understanding fluid flow
within L’.: reservoir.

CONCLUSIONS

Microscismic monitoring of the Chaveroo oil field during a 30CK)-barrel pressurized injection of
water over a 5.5-hour period resulted in little dcm.ctable seisrnicity. Intermittent monitoring over
a 5-week period following the injection indicated dctcctablc scismicity ocmrrd during normal
waterflood production. Monitoring during the 5 weds, however, was not complete enough [o
draw general conclusions on the tcmpoial variations of microscismicity observrd

Seventy-three good quality events recorded over a cumulative 24 hours of intermittent
monitoring were locatd using the hodogram technique. E.vents were detected at distances up to
17MIm from the monitor w I. but most occut-icd within 900 m. The map of microca.nhquake
locations indicates that events occurrud in the vicinity of reducing WCIISand away from
injection wells, The first half of the

7
rucnce of mappab e events occti along linear trends,

but t-hepattern became more scattcmcl uring the later half of tic Seqllencc.

The lack of seisrnicity during the pressurized injection and the increased scismicity levels
owtnin awny from injection wcl.ls dting normal waterfmaling, suggest Scismici[y is not

tinduc-d y Mohr-Coulomb failure. We suspect, as proposed by previot]s investigators, that
seismicity could be induced by t.hc &crease of pore pressure resulting from reservoir fluid
Withdrawl,
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FIGURE C&TIONS

Fig. 1. Gcnmd kxation map and the well coti]guration of Section 34 of the Murphy operating
qti~n’s Wcy Unit of the Chaveroo oil ficl~ New Mcfico.

Fig. 2, Number of m.icmcarthquakcs detected from ti.nalog tape per 12 hour recording session.

Fig. 3. Number of micrmarthquakes detected by AC field digital event rcmrdcr per 40 how
recording session.

Fig. 4. Th.rcc components of a typical microscismic c~cnt detected (above) and the displacement
amplitude spectrum of the P- and S-wave C! the horizontal component H 1 (below).

Fig. 5. Micrwa.rthquakc location map for events detected on June 19 and 23, I=injcaor WCI1,
M=monitor well

Fig. 6. Micrcmrthquake location map for the events detected on June 19 shown with the
interpreted trends. I=injcctor WC1l,M=monitor well
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Fig. 4. Three components of a typical rrsicroseismicevent
detected (above) aridthe displacement amplitude spectrumof
the P. smdS-wave of the horizontal component H1 (below).
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