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Abstract

Downhole microseismic monitoring tests were conducted
in Clinton County, Kentucky to determine if
microearthquakes associated with primary production
could be detected on a scale of interwell distances (= 400
ft) and to determine if such microearthquakes could be
used to map reservoir fractures. The oil reservoirs occur in
shallow (750 to 2400 ft), low-porosity (< 2%), carbonate
rocks of Ordovician age. The reservoir fracture system
controlling the occurrence and flow of oil and its relation-
ship to the local and regional geology is poorly under-
stood. Discrete reservoir microcarthquakes were detected
at an average rate of 11 events per week and at distances
up to 4000 ft in an initial monitoring test using a single,
triaxial downhole geophone receiver. In a second monitor-
ing test 2 downhole, triaxial geophone tools were placed
in a monitor well 800 ft from a new, high-volume oil well.
Over a 6-month period of continuous monitoring 165 dis-
crete, high-quality, microearthquake waveforms were
recorded. Approximately 11,000 barrels of fluid were
extracted in the monitor area during the 6-month period.
Presently, it is unknown whether or not the microseismic-
ity is induced by production. Hypocenters computed for
121 events delineate 4 extensive (up to 0.15 square-
miles), low-angle, planar features striking approximately

References and illustrations at end of paper.

N65°E within the Ordovician reservoir depth interval. A
composite fault-plane solution indicates a thrust focal
mechanism. Such thrust structures are not observed in the
surface-exposed Mississippian section, which lies above
and is separated from the Ordovician section by a major
unconformity of Devonian age. General relationships
between the fractures revealed by the microseismicity and
oil occurrence have yet to be demonstrated in the study
area. The observed microseismicity occurs away from
production wells, and to date, no new wells have been
drilled into the mapped fractures along which shear dis-
placement was detected.

Introduction

Significant potential for high-volume oil production has
been demonstrated by recent discoveries from shallow,
fractured, carbonate reservoirs in Clinton County, Ken-

wcky.! The nature of the fracture system controlling the
occurrence and flow of oil and its relationship to the local
and regional geology, however, is poorly understood.
Clinton County is located in south-central Kentucky and
lies on the eastern flank of the Cincinnati Arch separating
the Appalachian basin to the east from the Iilinois basin to
the west (Figure 1). The Paleozoic section is divided into
three major stratigraphic sequences by two regional
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unconformities (Figure 2). A major unconformity at the
top of the Knox Group marks the simultaneous effects of
the Taconic orogeny and eustatic sea-level fall during the

middle Ordovician.? Another regional unconformity of
Devonian age, at the base of the Chattanooga shale, marks

the effects of the Acadian orogeny.>* Low-amplitude
structures in the surface-exposed Mississippian section
were formed during the Alleghanian orogeny of Permian
age.

Qil production in Clinton County, Kentucky is from very
low porosity (< 2%), fractured, carbonate rocks of Ordov-
ician age, including the Lexington Limestone, High
Bridge Group, Wells Creek Dolomite and Knox Group, at
relatively shallow depths ranging from 750 to 2400 ft
(Figure 2). Recent high-volume discovery wells in the
area have produced from the upper part of the middle-
Ordovician High Bridge Group (equivalent to the Stones

River Group of Tennessee).! The High Bridge Group con-
sists mainly of argillaceous limestone, and was deposited

in a shallow-marine to tidal-flat environment.’ Production
from well to well varies widely and is assumed to result
from fracture control of oil occurrence and permeability.
Typical wells in the area produce about 2 barrels (bbls) of
oil per day or less. Fracture production is suggested by
some high-volume wells with initial production rates as
high as 400 bbls per hour and sustained rates of 100 to
250 bbls per day.

Finding the fractures that control the occurrence and flow
of oil in the Ordovician section appears to be the key to
drilling a successful high-volume well, Despite the shal-
low depths, the success rates of wildcat and even step-out
wells in the area has been low. Conventional geological
data available in the area have not provided any useful
information on the location or orientation of reservoir
fractures. Regional structures in the middle-Ordovician
section tend to reflect regional gravity and magnetic
anomaly maps suggesting basement control of structures
in the Ordovician section. Structures in the near-surface
Mississippian section, deposited subsequent to the Aca-
dian orogeny (Devonian), are distinctly different. Infer-
ence of structures in the Ordovician aged reservoirs from

the surface geology, therefore, may not be warranted'.

In other areas, detecting and locating microearthquakes
induced during hydraulic fracture operations has been
successfully used in mapping conductive reservoir frac-
tures opened up during injection operations.® Triggered
seismicity has also been associated with stress changes

accompanying fluid extraction, but the association
between the induced seismicity and fluid-flow paths is

much less direct.” We have conducted tests in Clinton
County to determine if reservoir microseismicity, detect-
able on the scale of interwell distances, cccurs during pri-
mary oil production from new, high-volume wells. The
test results have been positive, and indicate that the reser-
voir microseismicity may be useful in delineating reser-
voir fractures in the vicinity of high-volume wells,

Initial Monitoring Test

An initial test was conducted during the winter and spring
of 1993 to determine if reservoir microseismicity couid be
detected during new, primary oil production. A single 3-
component, borehole geophone tool was deployed in well
M, 400 ft north of well FS1 (Figurel). At the time, well
FS1 was a new, isolated discovery well. Well FS1 pro-
duced from the upper part of the High Bridge Group at a
depth of approximately 1000 ft. The geophone tool was
placed at 1100 ft depth, within the High Bridge Group.
Over a 10-week period of continuous monitoring, 110
shear-slip type microearthquakes were detected (e.g. Fig-
ure 3). Events were detected up to 4000 ft from the moni-
tor well. Most events detected occurred within 2000 ft.
Figure 4 shows the daily production an¢i event detzction
count. A cumulative volume of 10,300 barrels (bbis) of
fluid (100% oil) had been produced from FS1 by the time
monitoring ended and 51% of this volume was extracted
during the first 9 days of production in late-December,
1992, 6 weeks before monitoring began (Figure 4). Rela-
tionships between the microseismic event occurrence and
temporal fluctuations in production are not evident. The
in-situ stress field and induced stress changes resulting
from the fluid extraction are not known. Neither are back-
ground microseismicity levels prior to production known.
However, linear/planar features revealed by the locations
of the microearthquakes implied that discrete shear slip
was occurring along fractures within the reservoir interval
and that the microseismicity, whether natural or induced,
was useful in delineating reservoir fractures at large dis-
tances from the monitor well.

Two-Station Monitoring

In late August, 1993 a second producing well, FS2,
located 800 fi northeast of the monitor well M was com-
pleted (Figure 1). Three weeks later, we reoccupied well
M by deploying two borehole, 3-component geophone
tools at 500 and 1100 ft depth. Resuits from the analyses
of the data collected with the 2-geophone deployment are
presented in this paper. The tools were equipped with 3
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orthogonal, 8 Hz (deep tool) and 30 Hz (shallow tool)
geophone components. A mechanical arm couples each
instrument to the borehole wall. The analog geophone
outputs are amplified 60 dB downhole before transmis-
sion uphole. At the surface the data signals are further
amplified and anti-alias filtered before input to a digital,
PC-based, data acquisition system. The PC stores discrete
signals captured by an algorithm which triggers on signal
levels of a specified amplitude over a continuously-mea-
sured background level. The digital sample interval was
0.2 msec per channel.

Mapping Microearthquakes with Two Receivers

Over a 6 month monitoring period, from September 16,
1993 10 February 10, 1994, 196 microearthquakes were
detected on both instruments. Of the 196 events, 165 had
clear P- and S-wave arrivals that could be identified on
both instruments (e.g. Figure 5). The hypocenter locations
were determined in 2 separate steps. In the first step a
radial distance and depth from the monitor wellhead were
computed using the traveltime data alone. Depth, radial
distance and origin time were determined using a stan-
dard, iterative computation in which the difference
between the predicted and observed data are minimized.
An initial location was computed assuming straight ray
paths from source to receivers in a homogeneous medium.
Subsequent locations were computed by ray tracing
through a 2-dimensional, layered, P-wave velocity struc-
ture determined from nearby sonic logs (Figure 2). An
average ratio of P-wave velocity over S-wave velocity
(Vp/Vs) equal to 1.9 was determined from a downhole
calibration shot detonated in well MF2 at 1218 ft depth
(Figure 1). Onset arrival qualities of both P- and S-waves
were, in general, very impulsive. Estimated errors in the
arrival-time picks are 0.5 msec or less. Computed loca-
tions were discarded if the final rms traveltime residuals
between data and predicted arrival times were greater than
1.0 msec.

A unique azimuth with respect to the monitor well M was
then determined for each event using the P-wave particle
motions recorded on both instruments. The trajectory
from a single receiver to a source, in a homogeneous
medium, can be measured as the principal axis of an ellip-

soid fitted to the 3-dimensional particle motion.® With
only one receiver there is a 180 degree ambiguity in the
trajectories, since it not known whether the direction cor-
responds to a compressional first arrival from the indi-
cated direction or a dilational first arrival from the
opposite direction. We resolved the ambiguity using the
polarities and particle motions recorded on the upper tool.

J. T. Rutledge, et al. 3

The traveltime-computed depths indicated that all events
occurred below the upper tool. The correct azimuth to the
event source was therefore taken as the azimuth corre-
sponding to the downward trajectory on the upper geo-
phone tool. The actual azimuth was computed from the 2
horizontal components of the lower tool which in general
had higher signal-to-noise ratios than the upper tool. Tra-
jectories computed from the upper tool data were only
used to resolve the ambiguity in azimuthal trajectories of
the lower tool data.

Determining the geographic orientation of each tools’
horizontal axes was accomplished by detonating small
charges (20 ft of 100 grain prima-cord) in shallo~ hole
(about 4 to S ft depth) offset 800 ft from the monitor well
M. Figure 6 shows the particle motion projection for the
horizontal components of the lower tool from one of the
orientation shots. A 2.0 msec window of P-wave data was
used to compute the particle motion trajectories of the
microearthquakes. The window width is minimized to
avoid any tool resonances and secondary arrivals. Azi-
muthal trajectories were considered well constrained if
the ratio of the principal axis of the ellipse, obtained by

eigenvector analysis,® over the sum of both axes exceeded
0.85. A perfectly linear particle motion would have a
value of 1.0. Eighty-eight percent of the located events
had principal-axis contribution ratios exceeding 0.95.

Results

Figure 7 shows the map view of the microearthquake
source locations for the data collected over the 6-month
monitoring period. One hundred twenty one events could
be uniquely located within the traveltime-residual and
particle-motion-linearity constraints defined above. Dif-
ferent symbols are used to group sets of source locations
that align as planar or linear features. The grouping is
based on the cross-section view (Figure 8) along the pro-
file A-B of Figure 7. Source locations that fall into no par-
ticular group are shown with the cross symbols. A
perspective view of the planes defined by the 4 spatially
coherent hypocenter groups is shown in Figure 9. The
axes of the planar volumes displayed in Figure 9 are
determined by the eigenvectors which describe the princi-
pal axes fitting the spatial distribution of each groups’
hypocenters.® Dimensions of the planar volumes exclude
20% of the extreme outer event locations in each dimen-
sion so that outlying hypocenters do not affect the shape
and size of the volume defined by the majority of events.
The strike and dip of each plane was also determined from
the eigenvector analysis and are summarized in Table 1.
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”ygﬁgﬁ:“"‘ Strike Dip
#

@ Group 1 N65°E 24°NW

¥ Group 2 N61°E 27° NW

® Group 3 N64°E 34° SE

8 Group 4 NG68°E 20° SE

Table 1. Strike and dip of planes defined by eigenvector
analysis of the 4 hypocenter clusters shown in Figures
7,8and9.

The low-angle planar features delineated by the hypo-
centers can be interpreted as a set of thrust faults striking
approximately N65°E (Figures 7, 8 and 9). The most
prominent fault, defined by group 1 (diamond symbols),
dips to the NW at 24° from the top of the High Bridge
Group to the top of the Knox (Figure 8). Croups 3 and 4
(circle and square symbols, respectively) define 2 surfaces
that are nearly co-planar and which dip to the SE at 34°
and 20", respectively, antithetic to the main fault structure.
Another minor fault, defined by group 2 (triangle sym-
bols), dips to the NW at 27°, synthetic to the main fault.

The thrust fault interpretation is supported by a composite
fault-plane solution computed using P-wave polarities
recorded on both geophone tools for all 109 clustered
events (groups 1 to 4). In a composite fault-plane solution
it is assumed that all the events have the same focal mech-
anism. Figure 10 shows the single, best-fit, fault-plane
solution to all 218 first motion polarities on an equal-area,
lower-hemisphere projection.9 A predominantly thrusting
mechanism is indicated, and within the error of fit, a pure
thrust mechanism can be accommodated. Twenty six
observations are discrepant with the solution. The orienta-
tion of the prominent plane dipping to the northwest,
delineated by group 1 (diamond symbols) in Figures 7 and
8, is in good agreement with one of the computed fault
planes (Figure 10).

'The composite fault-plane solution pressure axis (p-axis)
is oriented N32°W (Figure 10). If the fauit plane is the
plane of maximum shear, then the p-axis is the direction
of maximum principal stress.!® However, the fault motion
will depend on the orientations of preexisting planes of
weakness in addition to the contemporary stress field. P-

axis orientations, therefore, do not place strong con-
straints on the maximum principal stress direction. The
only restriction is that the maximum principal stress direc-
tion must lie in the quadrant containing the p-axis.!! Max-
imum horizontal stress directions for the Appalachian
basin are consistent with the ENE trend of the Midconti-

nent stress provin«ct’..’z"3 In Perry County of eastem Ken-
tucky borehole breakout data indicate a maximum
horizontal stress direction of N51°E'2, Stress orientation
in western Kentucky is affected by the New Madrid seis-
mic zone where the maximum horizontal stress orienta-
tion is rotated 20° to 25° clockwise from the Midcontinent

trend.!* Borehole breakout data in Hopkins County of
western Kentucky indicate a maximum horizontal stress

orientation of N81°W.12 We are not aware of any stress
orientation data in the Clinton County area (south-central
Kentucky). Maximum horizontal stress orientations in the
study area may be transitional between the measured
trends of eastern and western Kentucky. The strike of the
microearthquake-location trends and the composite fault
plane solution are consistent with the general NE-SW
strike of structures in the Appalachian basin as well as the
trend of local, surface-mapped geologic structures of the

study area.!’

During the 6-month period that the microseismic data
were collected, significant volumes of fluid were being
extracted in the monitor area only from the deviated well
FS2 (a cumulative 11,000 bbls of oil). The original dis-
covery well FS1 discussed above, only produced an addi-
tional 200 bbls of oil during the second, 2-tool monitoring
phase. Well MF2 showed significant potential for oil pro-
duction with a tested initial production rate of 430 bbis
per day at a true vertical depth (tvd) of 1270 ft but was
never put on-line, because high volumes of brine water
produced at 1140 ft tvd could not be effectively isolated.
The remaining three production wells shown in Figures 7,
8 and 9 (PD1, IW2 and IW4) only produced a cumulative
volume of 2750 bbls of oil, and less than 2% of this
extraction occurred during the 6-month monitoring
period. All the other wells, shown with open circles in
Figure 7, were dry holes. The wells that produced signifi-
cant volumes of oil in the study area or showed significant
potential for oil production are projected on to the cross-
section and perspective views (Figures 8 and 9, respec-
tively). Except for FS1, production intervals of these
wells (well bottoms) project onto, or close to, the projec-
tion of planes delineated by the microearthquake locations
(Figure 8). However, none of the producing wells have
been drilled into areas where the microseismicity
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occurred, that is, where the fractures along which slip
occurred are known to exist (Figures 7 and 9). The 2 frac-
tures revealed by groups 2 and 4 (triangle and square sym-
bols of Figures 7, 8 and 9) intersect the monitor well M.
Well M was reportedly drilled in the late 1940°s or early
1950’s, and records of the production history are not
known to exist. The intersection of the upper fracture
(group 2, triangle symbols) at about 875 fi depth is cor-
roborated with the density-derived porosity log from well
M. The largest anomaly on the density log, over the depth
interval 876 to 884 ft, indicates a porosity increases from
a baseline value of 3% to 35%. The only other large den-
sity anomalies correspond to lithologic variations (bento-
nite layers). Unfortunately, the density log was not run to
1200 ft where the lower fracture intersects well M,

Discussion and Conclusions

There are several reported cases of seismicity associated
with fluid extraction on larger scales than this study.®®

16,17.18 gegall” has computed poroelastic stress changes
accompanying fluid withdrawal for a simple reservoir
geometry that are qualitatively consistent with several
observations of earthquakes associated with aged reser-
voirs in which reservoir pressures have declined by 10's
of MPa. Rock surrounding the reservoir, where no change
in pore fluid content has occurred, can accumulate stress
due to contraction of the reservoir accompanying fluid
extraction. Similarly, stress perturbations will occur away
from a fracture being drained due to contraction of the

fracture opcning.18 Shear-slip along drained fractures will
be inhibited, because the effective stress loading will pre-
dominantly increase the normal load across the drained
fracture. Fractures in a state of incipient failure and adja-
cent to a drained volume could slip if the induced stress
changes are large enough to perturb the state of stress to
the point of shear failure. If the observed
microearthquakes are triggered by stress perturbations
associated with drained fracture closure, then the
microseismicity may be revealing undrained reservoir
fractures.

The most significant result from this study has been the
discovery of extensive (up to 0.15 square-miles), low-
angle, thrust faults within the Ordovician reservoir inter-
val. These low-angle features are not observed in the sur-
face-exposed Mississippian section, which is separated
from the Ordovician section by the Devonian unconfor-
mity. General relationships between the fractures/faults
revealed by the microseismicity and oil occurrence have
yet to be demonstrated in the study area. To date, no new
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wells have been drilled into the mapped fractures along
which shear displacement was detected. Plans have been
made to monitor other producing areas of Clinton County
to determine whether microearthquake occurrence is
widespread and is associated with production, in general.
Knowledge of cause/effect relationships are important in
understanding the relationship of fractures along which
slip occurs to the state of stress, geologic structures and
the occurrence and flow of oil. Currenuy, we do not know
if the microearthquakes are induced by preduction. We
have recently re-deployed a single geophone tool in the
monitor well at 1100 ft depth to determine if microseis-
micity rates will be reduced as production in the monitor
area ceases. Comparison of daily production variations
with the microseismic event rates (e.g. Figure 4) do not
show any clear correlations nor do we expect them to. If
the microearthquakes are induced by production, we
would expect them to be due to the cumulative effective
stress loading and stress perturbations accompanying res-
ervoir pressure reduction. Discrete shear displacement
will occur along a fracture when the threshold shear
strength of the fracture is exceeded. The time when slip-
page occurs will depend on the initial state of stress and
the rate and magnitude of induced shear stress changes.
Daily production variations can be attributed primarily to
production operations and wellbore conditions (e.g. pump
performance, and paraffin accumulation) and do not
reflect gross reservoir pressure conditio.)s away from the
borehole. Measurements of reservoir pressure changes
and the in-situ stress field are needed to quantitatively v2r-
ify that the microearthquakes are triggered by stress
changes accompanying production.
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Figure 1. Map of the study area. M = monitor well. Solid circles show production wells. Open circles show dry wells.
Traces show trajectories of deviated wells FS2, MF1 and MF2.
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Figure 4. Histogram comparing the daily production from well FS1 (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 first 9 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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Figure 6. First-break motions recorded on the 2 horizontal

components of the lower tool at 1100 ft depth (below) and the
H2 particle motion projection (hodogram, shown above) for an

orientation shot fired in a shallow hole 800 ft from the

monitor well. The hodogram plot shows the particle motion for

the 8 msec data window marked on 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 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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Figure 9. A perspective view of the fracture planes defined by hypocenter groups 1 through 4. The axes of the planar
volumes are determined by the eigenvectors which describe the principal axes fitting the spatial distribution of each
groups’ hypocenters. Dimensions of the planar volume exclude 20% of the extreme outer event locations in each
dimension so that outlying hypocenters do not affect the shape and size of the volumes dcfined by the majority of
events. Hypocenters outside or near the defined boundaries of the planes are also displayed.
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Figure 10. Composite fault-plane solution computed using P-wave polarities recorded on both geophones for the 109
clustered hypocenter events (218 first motion poiaritics). The fault plane defined by the hypocenters of group 1 (dia-
mond symbols of Figures 7, 8 and 9) is shown with the dashed curve. P and T mark the pressure and tension axes,

respectively.
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