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Abstract N65"EwithintheOrdovicianreservoirdepthinterval. A
compositefault-planesolution indicatesa thrustfocal

Downholemicroseismicmonitoringtestswere conducted mechanism.Such thruststructuresarenotobserved in the
in ClintonCounty,Kentuckyto determineif surface-exposedMississippiansection, which lies above
microearthquakesassociatedwithprimaryproduction andis separatedfromtheOrdoviciansection by a maj_
could be detectedon a scale of interwelldistancesC_400 unconformityof Devonianage. Generalrelationships
ft) and to determineif such microeartl_uakescouldbe betweenthe fracturesrevealedby the microseismicityand
usedtomapreservoirfractures.Theoil reservoirsoccurin oil occurrencehave yet to be demonstratedin the study
shallow(750 to 2400 ft), low-porosity(< 2%), carbonate area.Theobservedmicroseismicityoccursaway from
rocksof Ordovicianage.The reservoirfracturesystem productionwells, andto date,no newwells havebeen
controlling the occurrenceand flow of oil andits relation- drilledinto themappedfracturesalong whichsheardis-
ship to the localandregionalgeology is poorlyunder- placementwasdetected.
stood.Discretereservoirmicroearthquakeswere detected
at an averagerateof 11events perweek and at distances Introduction
upto 4000 ft in an initialmonitoringtestusinga single,
triaxialdownlmlegeophonereceiver.Ina second monitor- Significantpotential forhigh-volumeoil productionhas
ing test 2 downhole,triaxialgeophone tools wereplaced beendemonstratedby recentdiscoveriesfrom shallow,
ina monitorwell 800 ft froma new, high-volumeoil well. fractured,carbonatereservoirsin Clinton County,Ken-
Over a 6-monthperiod of continuousmonitoring165dis- tucky.t The natureof the fracturesystem controllingthe
crete, high-quality,microearthquakewaveformswere occurrenceand flow of oil andits relationshipto the local
recorded.Approximately11,000 barrelsof fluidwere and regionalgeology, however, is poorlyunderstood.
extractedin the monitorareaduringthe 6-monthperiod. ClintonCounty is located in south-centralKentuckyand
Presently,it is unknownwhetheror not the microseismic- lies on the easternflankof theCincinnatiArch separating
ity is inducedby production.Hypocenterscomputedfor the Appalachian basin to the east fromthe Illinoisbasin to
121 events delineate4 extensive (up to0.15 square- the west (Figure 1).ThePaleozoic sectionis divided into
miles), low-angle,planarfeaturesstrikingapproximately threemajorstratigraphicsequencesby two regional

Referencesand illustrationsat endof paper.



Q

t

2 Subsurface Fracture Mapping Using Microearthquakes Detected SPE 28384
During Primary Oil Production, Clinton County, Kentucky

unconformities (Figure 2). A major unconformity at the accompanying fluid extraction, but the association
top of the Knox Group marks the simultaneous effects of between the induced seismicity and fluid-flow paths is
the Taconic orogeny and eustatic sea-level fall during the much less direct.7 We have conducted tests in Clinton

middle Ordovician. 2 Another regional unconformity of County to determine if reservoir micmseismicity, detect-
Devonian age, at the base of the Chattanooga shale, marks able on the scale of interwell distances, c_curs during pri-

the effects of the Acadian orogeny.3'4Low-amplitude mary oil production from new, high-volu,_e wells. The
structures in the surface-exposed Mississippian section test results have been positive, and indicate that the reser-
were formed during the Alleghanian orogeny of Permian voir microseismicity may be useful in delineating reser-
age. voir fractures in the vicinity of high-volume wells.

Initial Monitoring TestOil production in Clinton County, Kentucky is from very
lowporosity(<2%),fractured,carbonaterocksofOrdov- An initialtestwasconductedduringthewinterandspring

icianage,includingtheLexingtonLimestone,High of1993todetermineifreservoirmicroseismicitycouldbe
BridgeGroup,WellsCreekDolomiteandKnox Group,at

detectedduringnew,primaryoilproduction.A single3-
relativelyshallowdepthsrangingfrom750to2400ft component,boreholegeophonetoolwas deployedinwell
(Figure2).Recenthigh-volumediscoverywellsinthe

M, 400 ftnorthofwellFSI (Figurel).Atthetime,well
areahaveproducedfromtheupperpartofthemiddle- FSIwas anew,isolateddiscoverywell.WellFSIpro-
OrdovicianHighBridgeGroup(equivalenttotheStones

ducedfromtheupperpartoftheHighBridgeGroupata

RiverGroupofTennessee).IThe HighBridgeGroupcon- depthofapproximately1000ft.The geophonetoolwas

sistsmainlyofargillaceouslimestone,andwas deposited placedat1100ftdepth,withintheHighBridgeGroup.
inashallow-marinetotidal-flatenvironment.5Production Overa 10-weekperiodofcontinuousmonitoring,110

fromwelltowellvarieswidelyandisassumedtoresult shear-sliptypemicroearthquakesweredetected(e.g.Fig-

fromfracturecontrolofoiloccurrenceandpermeability, ure3).Eventsweredetectedup to4000ftfromthemoni-

Typicalwellsintheareaproduceabout2barrelsCobls)of totwell.MosteventsdetectedoccurredwiLhi_-_20_ ft.

oilperdayorless.Fractureproductionissuggestedby Figure4 showsthedailyproductionandeventdetection
somehigh-volumewellswithinitialproductionratesas count.A cumulativevolumeof10,300ba_--_e!_Cobls)of

highas400bblsperhourandsustainedratesof100to fluid(100% oil)hadbeenproducedfromFSI by thetime

250 bblsperday. monitoringendedand5I% ofthisvolumewasextracted
duringthefirst9 daysofproductioninlate-December,

Findingthefracturesthatcontroltheoccurrenceandflow 1992,6 weeksbeforemonitoringbegan(Figure4).Rela-

of oil in the Ordovician section a_ to be the key to tionships between the microseismic event occurrence and
drilling a successful high-volume well. Despite the shal- temporal fluctuations in production are not evident. The
low depths, the success rates of wildcat and even step-out in-situ stress field and induced stress changes resulting
wells in the area has been low. Conventional geological from the fluid extraction are not known. Neither are back-

data available in the area have not provided any useful wound microseismicity levels priorto production known.
information on the location or orientation of reservoir However, linear/planar features revealed by the locations
fractures. Regional structures in the middle-Ordovician of the microearthquakes implied that discrete shear slip
section tend to reflect regional gravity and magnetic was occurring along fractures within the reservoir interval
anomaly maps suggesting basement control of structures and that the microseismicity, whether natural or induced,
in the Ordovician section. Structures in the near-surface was useful in delineating reservoir fractures at large dis-
Mississippian section, deposited subsequent to the Aca- lances from the monitor well.
dian orogeny (Devonian), are distinctly different. Infer-
ence of structures in the Ordovician aged reservoirs from Two-Station Monitoring

the surface geology, therefore, may not be warranted1. In late August, 1993 a second producing well, FS2,

In other areas, detecting and locating microearthquakes located 800 ft northeast of the monitor well M was corn-
induced during hydraulic fracture operations has been pleted (Figure 1). Three weeks later, we reoccupied well

successfully used in mapping conductive reservoir frac- M by deploying two borehole, 3-component geophone
tools at 500 and 1100 ft depth. Results from the analyses

tures opened up during injection operations. 6 Triggered of the data collected with the 2-geophone deployment are
seismicity has also been associated with stress changes presented in this paper. The tools were equipped with 3
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orthogonal, 8 Hz (deep tool) and 30 Hz(shallow tool) The traveltime-computeddepths indicated that all events
geophonecomponents. A mechanical arm couples each occurred below the upper tool. The correct azimuth to the
instrument to the borehole wall. The analog geophone event source was therefore taken as the azimuth corre-
outputs are amplified60 dB downhole before transmis- sponding to the downward trajectoryon the uppergeo-
sion uphole. At the surface the data signals are further phone tool. The actual azimuth was computed from the 2
amplifiedand anti-alias filteredbefore input to a digital, horizontal components of the lower tool which in general
PC-based, data acquisition system. The PC stores discrete had higher signal-to-noise ratios than the upper tool.Tra-
signalscaptured by an algorithmwhich triggerson signal jectories computed fromthe upper tool data were only
levels of a specifiedamplitude over a continuously-inca- used to resolve the ambiguity in azimuthal trajectoriesof
sured background level. The digital sample interval was the lower tool data.
0.2 msec per channel.

Determining the geographicorientation of each tools'
Mapping Mkroearthquakes with TwoReceivers horizontalaxes was accomplishedby detonating,small

charges (20 ft of 100grainprima-cord)in,_tallo,_hole
Overa 6 month monitoringperiod,fromSeptember16, (about4 to 5 ft depth)offset 800 ft from the monitorwell
1993 to February10, 1994, 196 microearthquakeswere M. Figure 6 shows the particle motion projectionfor the
detected on both instruments. Of the 196events, 165 had horizontalcomponents of the lower tool fromone of the
clear P- and S-wave arrivals that could be identifiedon orientation shots. A 2.0 msec window of P-wave data was

both instruments (e.g. Figure 5).The hYlxx_enterlocations used to compute the particle motion trajectories of the
were determined in 2 separatesteps. In the first step a microearthquakes.The window width is minimized to
radial distance and depth from the monitor wellhead were avoid any tool resonances and secondary arrivals. Azi-
computed using the traveltimedata alone. Depth, radial muthal trajectorieswere considered well constrained if
distance and origin time were determined using a stan- the ratioof the principalaxis of the ellipse,obtained by

dard, iterative computation inwhich the difference eigenvector analysis,8over the sum of bothaxes exceeded
between the predicted and observed data are minimized. 0.85. A perfectly linear particle motion would have aAn initial locationwas computed assuming straight ray
paths fromsource to receivers ina homogeneousmedium, valueof 1.0.Eighty-eight percent of the located events
Subsequent locations were computed by ray tracing had principal-axis contribution'ratios exceeding 0.95.
through a 2-dinlensional, layered, P-wavevelocity struc- Results
ture determined from nearbysonic logs (Figure 2). An
average ratio of P-wave velocity over S-wave velocity Figure 7 shows the map view of the microearthquake
(Vp/Vs) equal to 1.9 was determined from a downhole source locations forthe data collected over the 6-month
calibrationshot detonated in well MF2 at 1218 ft depth monitoringperiod.One hundredtwenty oneevents could
(Figure 1).Onset arrival qualifies of both P- and S-waves be uniquely located within the traveltime-residual and
were, in general, very impulsive. Estimated errors in the lYarticle-motion-linearityconstraints defined above. Dif-
arrival-timepicks are 0.5 msec or less. Computedioca- ferentsymbolsareusedto group sets of source locations
tions were discardedif the finalrms traveltime residuals thatalign asplanaror linearfeatures.The groupingis
between data and predictedarrival timeswere greaterthan basedon the cross-sectionview (Figure 8) along the pro-
1.0 msec. fileA-B of Figure 7. Source locations that fall into no par-

ticulargroupare shown with the cross symbols. A
A unique azimuthwith respect to the monitor well M was perspectiveview of the planes definedby the 4 spatially
then determined for each event using the P-wave particle coherent hypocenter groupsis shown in Figure 9. The
motions recordedon both instruments.The trajectory axes of the planar volumes displayed in Figure 9 are
from a single receiver to a source, ina homogeneous determined by the eigenvectors which describe the princi-
medium, can be measured as the principal axis of an ellip- pal axes fittingthe spatial distribution of each groups'

soid fitted to the 3-dimensional particle motion.8With hypocenters.8 Dimensionsof the planar volumesexclude
only one receiver there is a 180degree ambiguity in the 20% of the extreme outerevent locationsin each dimen-

trajectories, since it not known whether the directioncor- sion so thatoutlying hypocentersdo not affect the shape
responds to a compressional first arrival from the indi- and size of the volume defined by the majority of events.
cared direction or a dilational firstarrival from the The strike and dipof each plane was also determined from
opposite direction. Weresolved the ambiguity using the the eigenvector analysis and are summarized inTable 1.
polarities andparticle motions recorded on the upper tool.
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axis orientations,therefore,do not place strongcon-
straintson themaximum principalstressdirection.The
only restrictionis that themaximumprincipalstress direc-

Hypocenter Strike Dip tionmust lie in thequadrantcontaining the p-axis.!1Max-
Group imumhorizontalstress directionsforthe Appalachian- "I "'

@Group1 N65°E 24° NW basin are consistentwith the ENE trendof the Midconti-
nent stress province.12'13In Perry County of eastern Ken-

I' Group2 N61°E 27° NW tuckyboreholebreakoutdata indicatea maximum
' horizontal stress directionof N51 'E 12. Stressorientation

• Group 3 N64°E 34° SE in western Kentuckyis affectedby theNew Madridseis-
mic zone wherethe maximumhorizontalstressorienta-

l Group4 N68°E 20° SE tion is rotated20' to 25' clockwise fromthe Midcontinent
trend.14Borehole breakoutdata in Hopkins Countyof

Table 1. Strikeand dipof planes defined by eigenvector
analysis of the4 hypocenter clusters shown in Figures western Kentucky indicatea maximum horizontal stress
7, 8 and 9. orientation of N81'W.12We are not aware of any stress

orientationdata in the Clinton County area (south-central

The low-angle planar featuresdelineated by the hypo- Kentucky).Maximumhorizontalstressorientmkmsin the
centerscan be interpretedas a set of thrustfaultsstriking studyareamay be transitionalbetweenthemeasured
approximatelyN65'E (Figures 7, 8 and9). The most trendsof easternandwestern Kentucky.The strikeof the
prominent fault,definedby group 1 (diamondsymbols), microearthquake-locationtrendsand the compositefault
dips to the NWat 24' fromthe topof the High Bridge plane solutionareconsistent with the generalNE-SW
Group to the topof the Knox (Figure8). c'-roups3 and 4 sake of structuresin the Appalachianbasin as well as the
(circle andsquaresymbols,respectively)define2 surfaces trendof local, surface-mappedgeologic structuresof the
thatare nearlyco-planarandwhich dipto the SE at 34" study area.15
and 20', respectively,antithetic to themain faultstructure.
Anotherminor fault, definedby group2 (trianglesym- Duringthe 6-month period that the microseismicdata
bols), dips to theNW at 27', synthetic to the main fault, were collected, significantvolumes of fluid were being

extracted in themonitorarea only from the deviated well
The thrustfault interpretation is supportedby a composite FS2 (a cumulative 11,000 bbls of oil). The originaldis-
fault-plane solution computed using P-wave polarities coverywell FS1discussed above, only producedan addi-
recordedon both geophone tools forall 109clustered tiona1200 bbls of oil duringthe second,2-tool monitoring
events (groups1 to4). In a composite fault-plane solution phase.Well MF2showed significantpotential foroil pro-
it is assumed thatall theevents have thesame focal mech- duct_onwith a tested initialproductionrateof 430 bb|s
anism. Figure 10 shows the single, best-fit, fault-plane perday at a truevertical depth (tvd) of 1270 ft but was
solution to all218 firstmotionpolaritieson an equal-area, never put on-line, because high volumes of brinewater

lower-hemisphereprojection.9 A predominantlythrusting produced at 1140 ft tvd could not be effectively isolated.
mechanism is indicated, and within theerrorof fit, a pure The remaining threeproductionwells shown in Figures7,
thrustmechanism can be accommodated.Twentysix 8 and 9 (I'D1, IW2 and IW4) only produceda cumulative
observationsarediscrepant with thesolution. The orienta- volume of 2750 bbis of oil, and less than 2% of this
tion of the prominentplane dipping to the northwest, extractionoccurredduring the 6,-monthmonitoring
delineated by group I (diamond symbols)inFigures 7and period. All theother wells, shown with open circles in
8, is in good agreement with one of the computed fault Figure 7, weredryholes. The wells thatproducedsignifi-
planes (Figure 10). cant volumes of oil in the study areaor showedsignificant

potential foroil productionareprojected on to the cross-
Thecomposite fault-plane solution pressure axis (p-axis) section and perspective views (Figures 8 and 9, respec-
is oriented N32'W (Figure 10). If the fault plane is the tively). Except forFS1,production intervals of these
plane of maximum shear,then the p-axis is the direction wells (well bottoms) projectonto, orclose to, the projec-

of maximum principalstress.I° However,the faultmotion tion of planes delineated by the mi_quake locations
will depend on the orientationsof preexistingplanes of (Figure8). However,none of the producingwells have--

weakness in addition to the contemporarystress field•P- been drilledinto areas where the microseismicity
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occurred, that is, where the fractures along which slip wells have been drilled into the mapped fractures along
occurred are known to exist (Figures 7 and 9). The 2 frac- which shear displacement was detected. Plans have been

tures revealed by groups 2 and 4 (triangle and square sym- made to monitor other producing areas of Clinton County
bois of Figures 7, 8 and 9) intersect the monitor well M. to determine whether microearthquake occurrence is
Well M was reportedly drilled in the late 1940's or early widespread and is associated with production, in general.
1950's, and records of the production history are not Knowledge of cause/effect relationships are important in
known to exist. The intersection of the upper fracture understanding the relationship of fractures along which
(group 2, triangle symbols) at about 875 ft depth is cor- slip occurs to the state of stress, geologic structures and
roborated with the density-derived porosity log from well the occurrence and flow of oil. Currently, we do not know
M. The largest anomaly on the density log, over the depth if the microearthquakes are induced by production. We
interval 876 to 884 ft, indicates a porosity increases from have recently re-deployed a single geophonc tool in the
a baseline value of 3% to 35%. The only other large den- monitor well at 1100 ft depth to determine if microseis-
sity anomalies correslxmd to lithologic variations (bento- micity rates will be reduced as production in the monitor
nite layers). Unfortunately, the density log was not run to area ceases. Comparison of daily production vafiatioe_
1200 ft where the lower fracture intersects well M. with the microseismic event rates (e.g. Figure 4) do not

show any clear correlations nor do we expect them to. If
Discussion and Conclusions the microearthquakes are induced by production, we

would expect them to be due to the cumulative effective
There are several reported cases of seismicity associated

stress loading and stress pertm'bationsaccompanying res-
with fluid extraction on larger scales than this study,e'g" ervoir pressure reduction. Discrete shear displacement
16,17,18Segall 7 has computed poroelastic stress changes will occur along a fracture when the threshold shear

accompanying fluid withdrawal for a simple reservoir strength of the fracture is exceeded. The time when slip-
geometry that are qualitatively consistent with several page occurs will depend on the initial state of stress and
observations of earthquakes associated with aged reser- the rate and magnitude of induced shear stress changes.
volts in which reservoir pressures have declined by 10's Daily production variations can be attributed primarily to
of MPa. Rock surrounding the reservoir, where no change production operations and wellbore conditions (e.g. pump
in pore fluid content has occurred, can accumulate stress performance, and paraffin accumulatior_) and do not
due to contraction of the reservoir accompanying fluid reflect gross reservoir pressure conditioas away from the

extraction. Similarly, stress perturbations will occur away borehole. Measurements of reservoir pressure changes
from a fracture being drained due to contraction of the and the in-situ stress field are needed to quantitatively v,_r-

fracture opening. IllShear-slip along drained fractures will ify that the microearthquakes are triggered by stress
be inhibited, because the effective stress loading will pre- changes accompanying production.
dominantly increase the normal load across the drained
fracture. Fractures in a state of incipient failure and adja- Acknowledgment
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Figure 2. Geologic section and the sonic-log-derived P-wave velocity structure
¢c_'elated to _e monitor well M. The monitor well total depth is 12,10ft. The Figure 3. An example of the waveforms of a microear_qu_e

lop of the Knox Group was correlated from well DD! (Figure 1). Depths of the recorded on the 3-component, borchole gcophone during the
Devonian and Ordovician unconformities are shown with dashed lines on ,he left. initial monitoring test. V marks the vertical component, H! and r_

The P-wave velocity structure was derived from a composite of sonic logs from H2 mark the 2 horizontal components. The P-wave arrives at .¢
the Clinton County area. The composite sonic log was smoothed by computing about 0.05see. The S-wave arrives at about 0.10 scc. "__o

median valuesovera I00 f_ movingwindow andwas then decimatedat 20 ft _..
intervals. Mic__l_e kx-._ationswe_ deterrained using the msuilan! veloci[y
struclure.
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Figure 4. Histogram comparing the daily production from well FSI (above) with the daily microearthquake event

count (below) during the initial, single-geophone-tool monitoring test. Of the total production shown, 51% was
extracted during the first9 days of production in mid-December, 1992. The well was then shut in for completion. Pro-
duction then resumed in February (note the production scale change) 6 days after monitoring began.
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10 Subsurface Fracture Mapping Using Microearthquakes Detected SPE 28384
During Primary Oil Production, Clinton County, Kentucky
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Figure 6. First-breakmotionsrecordedon the2 horizontal
componentsof the lower tool at ! 100ft depth (below) andthe
particlemotionprojection(hodogram,shownabove) for an
orientationshotfired in a shallowhole 800 ft from the

monitor well. The hodograrnplotshowsthe particlemotionfor
the 8 msecdatawindow markedon the seismograms.
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Figure 5. An example of the waveforms of a microearthquake
recorded on both geophone tools during the 2-station deployment.
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Figure 7. Map view of microcarthquakchypocentcrs.
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12 Subsurface Fracture Mapping Using Microearthquakes Detected SPE 28384
During Primary Oil Production, Clinton County, Kentucky
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Figure 8. Depth-section projection of hypocenters along profile A-B of Figure 7. Projection of production wells are
also shown. Geophone tool locations are shown as solid dots along well M. Source locations that fall in no particular
cluster are shown with the cross symbols (group 5). No vertical exaggeration.
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Figure9. A perspectiveview of the fractureplanesdefinedby hypocentergroupsI through4. The axes of the planar
volumes aredeterminedby theeigenvectorswhich describethe principalaxes fittingthe spatialdistributionof each
groups'hypocentcrs.Dimensionsof the planarvolume exclude 20%of the extremeouterevent locations in each
dimensionso thatoudying hypocentersdo not affect the shapeandsize of the volumesdefinedby the majorityof
events. Hypocentersoutsideor nearthe definedboundariesof the planesam also displayed.
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14 Subsurface Fracture Mapping Using Microearthquakes Detected SPE 28384
During Primary Oil Production, Clinton County, Kentucky
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Figure 10. Compositefault-plane solutioncomputedusingP-wave polarities recordedonbothgeophonesfor the 109
clusteredhypocenterevents(218 first motionpolarities). The fault planedcfinedby the hypocentersof group ! (dia-
mondsymbolsof Figures7, 8 and9) is shownwith the dashedcurve. P andT mark thepressureand tensionaxes,
respectively.
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