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ABSTRACT

Expanding the standard, singlell recording geometry used to monitor seismicity
during hydrefracture treatments could provide more accurate hypocenter locations and seismic
velocities, improving general reservoir characterization. él@w, for the real, twavell data set
obtained for this project, only-Bave picks were available, and testing resulted in anomalous
hypocenter location behavior. This study uses a hypocenter location algorithm and both real and
synthetic data sets to iestigate how the accuracy of the velocity model, starting hypocenter
location, recording geometry, and arritehe picking error affect final hypocenter locations.

Hypocenter locations improved using a velocity model that closely matched the observed
smic log rather than a smoothed version of this model. The starting hypocenter location did not
affect the final location solution if both starting and final locations were between the wells. Two
solutions were possible when the true solution was notttirbetween the wells. Adding
realistic random picking errors to synthetic data closely modeled the dispersed hypocenter error
pattern observed in the real data results. Adding data from a third well to synthetic tests
dramatically reduced location errand removed horizontal geometric bias observed in the two
well case.

Seismic event data recorded during hyftexture treatments could potentially be used
for threedimensional joint hypocentefelocity tomography. This would require observation
wells close enough to earthquakes to recorcad Swave arrivals or wells at orientations

sufficient to properly triangulate hypocenter locations. Simulating results with synthetic tests



before drilling could optimize survey design to collect data moec¥ely and make analysis

more useful.
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Introduction

Hydrocarbon materials reside within the pore spHcedimentary reservoir rocks. Their
extractionis limited to thevolume of pore space connectedthe drill holeby permeability
pathways. When connectivity and, therefore, extraction prevented by the sealing of pores,
drillers often choose to induce fracturing in the reservoirrdokth i s pr ocess,- cal l e
fracture treatment @ liquid or gel is pumpechtough an injection well into the reservoir at
pressure sufficient to dicture the rockFigure 11). AfA p r o p p lEghly pedneahle sand or
other solid, is sometimesombined withthe liquid or gel to ensure thatw fractures are held
open, allowing enhanced production along new permeability pathways.

The mechanism by vith fractures form is akin to the shear mechanism of an earthquake,
and the micro-scale vibrations created by fracturing aressentially micreearthquakeswith
typical magnitudes ranging frorl to -4. The microseismicity associated with the fracturing
process can be monitored and recorded by receiver grtagsd down observation wellstlie
arrays arewithin the necessargroximity to detectthe smallevents(~15062000 feet) First
arrival traveltimes from the resulting seisnmiecords, combined Wi a onedimensionakeismic
velocity model, can be used to locate the mEachquakes. The event locations disclose
important information about the structure of the fracture network, connectivity within the
reservoir (and potentially within surroundiggologicunits), and the induced fracturing process
itself.

In a typical induced fracturing survegicroseismic events am@cordedon a vertical
receiver array at a single, verticabsevation well and are located using a edenensional
velocity mocel. For this case, the depth of an event can be constrained by the difference in travel

times to different receiver deptfiSigure 1.2) The radial distance of an event from the well can



also be determined from the travel time. The azimuth of an ehemigver, cannot be
constrained for the oneell case. The lateralifpomogeneous, orgimensional velocity model
means that the location solution for an event at known coordinates (R, Z) is the same for all
possible azimuths about the well. Hodogramsracerds ofthreedimensional particle motion
associated with seismic events. By indicating the direction for wave arrivals, hodaggams
help narrow the range of possil#gentazimuths. However, even with the aid of hodogram
analysis, error in the azuthal direction remains larggompared to thator depth and radial
distance, reducing the overall quality of absolute event locatidimss difficulty of resolving
azimuth in the onavell case isvell known Rutledge, Phillips, and Mayerhof&004).

The standard ondimensional velocity model used to locate events is based on one
dimensional sonic log data. The model, therefore, is an assumption, -dsnemsional data
cannot accurately represent lateral heterogeneities in velocity structure. itianatid possibly
misrepresenting the true geology, a false velocity model can be detrimental to accurate event
locations.

A survey in which microseismicity is recorded simultaneously at multiple olig®rva
well locationshas potential taimproveabsolde event locations andanalso improve the seismic
velocity model beyond one dimensio® second observation well on the opposite sidarof
event cluster provideslense ray coverage in the crosswell reg{gimgure 1.3, (A))and
geometrical constraint cevent azimuth (Figuré.3 (B)). Theaddition of this second recording
well could provide useful geologic and engineering data not possible with a standardysihgle
recording geometry. This potential of the twell case motivates this study.

This study uses a hypocenter location algorithm (Hole et al., 2000) and both real and

syrthetic data sets to investigagources of location error in the tweell case. The real



microseismic data weneecorded simultaneousiyn receiver arrayat two vertical observation
wells during an induced fracture treatment of the R2ak sndstone reservoir in the
hydrocarborrich Arkoma Basin of southeast Oklahamahe data wer@rovidedby Pinnace
Technologies, Inc. and BP p.l.cSynthetic data mimicking the real @asetwere generatetb
control investigations of the source tbke location error. The location algorithm ugsa three
dimensional velocity modeinitial hypocenter locationseceiver locationsandtravetime picks

as inputand employs a finitelifference traveltime algorithmo invert for new, updated
hypocentetocations(Hole et al, 2000) Uncertainty on the inpytresents a liability for error in
the inversion(e.g. Giardini, 1992,Phillips and Fehler, 1991 This study exploreshow the
accurag of thevelocity model, starting hypocentetgjo-well receiver geometry, and traveltime
picks affectslocation quality. The objective isan improved understanding of the location error
that exists in the real data sa$ well adroader insights for pdicting and assessing errors for
other data setsSuch understanding can help optimdaga collection and inversion to improve

the accuracy of relocated hypocenters.
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Geologic Setting

Continental collisiorand shorteningauses localized mass accumulation, which, in turn,
causes downward flexel of the lithosphere, forming forelarzhsirs where eroded sediment
collects (Figure 2.1{DeCelles and Giles, 1996). The combination of rapidly deposited, arogen
derived sediments and active subsidence makes foreland basins prime settings for hydrocarbon
generation (Schwab, 1985).

The Arkoma basin of southeast Oklahoma and west ArkgRgage 2.2)is a foreland
basin formed in association with Ouackuarathon orogenesiuring the middle Mississippian
(Byrnes and Lawyer, 1999). During orogeng#ii® proteSouth American plate collided with
the passive continental margin of the prbtorth American plate. The resulting tectonism
ultimately gave rise to the easkst trending Ouachita Mountains with the Arkoma basin
forming syrorogenicallyto the northwestThe Ouachitas eroded rapidly, filling the basinhnat
sequence of sandstonesntaining highly economic hydrocarbon depogitécGilvery and
Houseknecht, 2000).

The Arkoma basin province spans over 30,000 square miles bounded by the Ozark
Plateau to the north, the Choctaw and Ross Creek faults at its southern contact with the
Ouzhitas, the Arbuckle Mountains to the west, and the Mississippi embayment to the east
(Figure2.3) (Perry 1995 Byrnes and Lawyer, 1999). Sedimentary rock thicknessege from
3,000 to 20,000 feet within the basin and include many slope channel agidaksubmarine
fan deposits (Perry1995 McGilvery and Houseknecht, 2000). The formation and entrapment of
hydrocarbons within these sediments occurred during a relatively short period, from the start of

Atokan time (~311 Mya) in the miBennsylvaniana early Permian (~296 Mya) (Byrnes and



Lawyer, 1999). Hydrocarbon exploration and production in the basin has been successful and
long-lasting and includes several majoraesirs (Boyd, 2005; Peryy995.

The Red OalNorris gas field is the largest the Arkoma basin and the third largest in
the state of Oklahomdaigure 2.4) (Houseknecht and McGilvery, 1991; Boyd, 2005). Active
since 1931, the field produces more than 150 million cubic feet per day and holds ultimate
reserves exceeding 2 trilliorulsic feet (Boyd, 2005; Houseknecht and McGilvery, 1991). The
Atokan Spiro and Red Oak sandstones are major reservoirs, sourced by underlying shales and
secured bya combinationof stratigraphic and structural traps (House&ht and McGilvery,
1991; Perry1995.

The basal Atokan Spiro sandstone is a quartz arenite with a porosityl&fddrcent and
reservoir thickness of 480 feet (Housekneclt#nd McGilvery, 1991; Perryi995. The Spiro
was deposited within deltas in a stable shelf setting dadslabject to normal faultingnd facies
selective diagenesis (Houseknecht and McGilvery, 1991). The Spiro reservoir is trapped by the
overlying Atoka shale, which serves as the source for the ovgried Oak reservoir (Perry,
1995.

The Red Oak sandste is a sublithic arenite of highlxariable thickness and porosiby
12-20 percent (Houseknecahd McGilvery, 1991; Perry, 1995Turbidite deposition of the Red
Oak in slope channels was followed by diagenesis during burial, which had an irregdaoeff
porosity, enhancing some areas @estroying others (Perr$995. The best reservoir quality is
found along the base of the depositional horizon inwast channel trends (Houseknecht and
McGilvery, 1991). Differences in reservoir charact&sbetween the Spiro and the Red Oak
are largely due to unique tectonic influenceespite their close proximity. Isolated by

decollements in the Atokan shale between reservoirs, the Red Oak was subject toetaden



deformation not affecting the Bp (Houseknecht and McGilvery, 1991). Compression forced
the Red Oak into a thrusted anticline, accounting for the structural element of the reservoir trap

(Houseknecht and McGilvery, 1991).
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Data

RealData: Field Site and Collection

In November of 2007, Pinnacle Technolegji Inc. monitored an induced fracture
treatment of the Red Oak sandstone reservoir, a hydrochdaing unit within the Arkoma
Basin, at a field site in LeFlore County, Oklahoma. The survey area covers ~0.5midesre
with the horizontallydeviated injection well (Lowery #426H) running nortksouth and
observation wells (Lowery #3 and Lowery -28), each containing an array of 12 three
component receivers, on either side of the injection (#@jure 31). While the injection well
was drilled at miereservoir depth (inclining slightly with thdipping reservoir but averaging
~9300 feet), both receiver arrays are located above the reservoir. Receivers in Lowery #3 span a
depth range of 8683.3 feet to 9088.6 feet at a regular spacing of 36.9 feegcaners in
Lowery #226 span a range of 8275.9 feet to 8817.6 feet at 48d@Spacing.

The fracture treatment was completed in five successful stages (two additional stages
were not completed)otused at neaegular spacing, averaging 454 feepra the injection
wel. Tr eat ment began at the north Atoed of the
(Figure 3.2). Microseismic data for the survey were recorded for the@2duration of the
treatment and produced 15,918 seismic recordgpkea at 0.25 milliseconds for 0.5 seconds.

Events range in magnitude froto-4.

Real Data: Selection for Study
Less than ten percent of the seismograms recorded at the LeFlore County survey were
ultimately used to obtain firsdrrival traveltime ks for the hypocenter inversion. Because of

the studyds Hwelcass, ontyrthose bBvents twithopotential to be recorded and
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located by both observation wells were of interest. Therefore, records from stages 1 and 2 were
not considered, as ast events would be located near their associated stage locations, both
outside the detection radius for the Lowery #3 well. Discarding stages 1 and 2 eliminated nearly
half of the records collected from the experiment. The location of the remainieg,s3adg, and
5, in the general crosswell region, increased the likelihood of detecting their events at both wells.
Examination of the 8549 records from these stages produced a working data set of 14197 high
quality records (828 from stage 3, 241 fromgst 4, and 128 from stage 5), in which first arrival
time picks for events could be made few&ves on both arrays andwve picks could be made
on at least onarray The small magnitudes of events combined with large distances (~1600
feet) to receivex resulted in low signal relative to noise fomBve arrivals, making them
difficult to detect for most events. SincemMave arrival times were available at both wells for
only 30% ofthe 1197events,S-wave data (picks and starting velocity model) wesed for the
hypocenter inversion rather thamRve dataor joint P and Swave data

Gamma ray and sonic logs (Figure 3.3) were obtained from test wells near the survey.
For thesandstone reservoithey indicate a fvave velocity (\j) of ~15,000 ft/sand Swave
velocity (Vs) of ~8600 ft/s. Overall background velocities for the logs, inclugnegominantly
shaleunits both overlying and underlying the reservoir, remain reasonably uniform with an

average Y value of ~12,000 ft/s ands\f ~7000 ft/s.

Real Data:Preparation forlnversion
Arrival times for thel197 relatively high-quality records wergicked manually using
SeisPT, aproprietary microseismic processing program developed by Pinnacle (Figure 3.4).

Each record contains 2threecomponeh seismic traces, with tracesl1P corresponding to

12



receivers in the Lowery #3 well and-23 corresponding to those in the Lowery-282 well.
Record are multicomponent to show the full, threlmensional receiver response. Amplitude
gain and bandpadstering (typically 31:500 Hz) were applied to all records to enhance signal
to-noise for improved picking. Picks were made at the onset of the signal on éleusses
for each arrival. Thevarage pickig error is estimated to be ~3ris.

SeisH calculates event locations bdsen thetime picks anda userdefined velocity
model. For this study, simple, onedimensional modelcomprised of constavelocity blocks
based on the sonic Id§igure 3.9, wasprovided by PinnacleBecause hypoceatinversion is
more stable with smoothed models (Hole et al., 2000), a newdiorensional model was
created by applying a series of moving average filters of different lengths (20, 50, and 100 feet)
to the sonicdg (Figure 3.5 This smoothing removetthe sharp contrasts and oscillations of
multiple frequencies that existed in the raw log, while retaining the significant velocity structure.
A model volume of 1700efe x 2600 £d x 1800 feetwas defined. Event locations and time
picks were exporteddm the software and converted from cylindrical coordinates to Cartesian

coordinates for use as starting locations in thewat hypocenter inversion (Figure 3.6).

Synthetic Data: Creation for Supplemental Investigations

Synthetic data were calculatéa allow control in hypocenter location tests and enhance
understanding of behaviors observed in the realida&sions The synthetic survey geometry
(model dimensions and receiver locations) is the santhaisfor the real data, but the true
hypoceners and velocity model wersimplified. This ensured errdree input data for

comparison with results using real data.
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Locations fortrue hypocenters were defined at-BGspacing throughout the entire model
volume, except on faces (Figure 3.7). Téense arrangement e&rthquaks, totaling 58,905,
was designed to expose any geometry dependencies in results. A eoelsteity model was
used to simplify the calculation of time picks and interpretation of results. A velocity of 7000
ft/s was chose to approximate the average &countered along raypaths through the real data
model. With known event locations, receiver locations and seismic velocity;frereotravel

times were easily calculated along straight raypaths for all hypocenters.
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Figure 31: Map view of survey location in LeFlore County, OK (image
used andmodified with permission ofPinnacle Technologies, Inc.).
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Figure 33: Gamma ray and sonic logs obtained for LeFlore County survey (image
used andmodified with permission ofPinnacle Technologies, Inc.5wave velocity
is computed from the sonic (Wwave) data.

16



(sw ¢7°) sojdues sty

0002 0SLL 0051 0sZL 000l 0SL 005 052 0

.IQN e e B ety B R B Rt Bt iy ..u.«ﬂ P T e e e S e I T e P

"y

97-7# A1aMo]
TPA SO T

oL = . = \Ilu»dﬂ.»ﬂm

§H# ATIMOT
‘TPA 'S0 ]

17

Figure 34: High-quality seismic record showing arrival time picks forWwaves (blue) and 8vaves (green) on 24
three-component tracesin two wells. Red, blue, and green traces display Easst, North-South, and vertical

components of motion, respeively.



Seismic velocity (ft/s) Seismic velocity (ft/s) Seismic velocity (ft/s)
o @ » & NN
S R N H H SN D H H H H /W 2 O D H B NN
ﬁ@‘ &S SFSFFSFFF & S b@ S SIS
7900 L . 7000 L 7900 Ly
-8000 1= -8000 -8000 1—
-8100 —% -8100 -8100
-8200 == -8200 -8200 ||
8300 T == ————————— -8300 -8300 ’
— \
-8400 — -8400 — -8400 N
8500 %L 8500 . -8500 !
B -8600 £ B -8600 - & -8600
= -8700 = -8700 — -8700 :
.S -8800 = .2 -8800 2 -8800 /
= = T 8 .
7 8900 = g 8900 7 -8900 \
= -9000 — m -9000 D -9000 }
I/
-9100 e — -0100 -9100 !
») —— "JOO 2
9200 = -92 9200
L -9300 -9300 —
-9400 1= -9400 9400
9500 = -0500 -9500 -
-9600 —_—= -9600 -9600 /
[
-9700 - — -0700 -9700 .
-0800 -9800 ~0800
Raw Sonic Log “Blocky” Velocity Model Smoothed
from Pinnacle Velocity Model

CA3dzNBE odpY [ 2 YL} NR a-gelbcity2bfock tmbdély{te@dr) Safh smadthed ambdelyu$ed in
hypocenter inversion (right, both derived from the raw sonic log (left). The higrelocity reservoir (9176340
feet) is a prominent featurein the log and the models. The smoothed model was obtained by applying -t 20
moving average filter to the raw log 5 times, followed by a-f(ilter 5 times, and a 106t filter once; this series
of filters was necessary to smooth the several frequées of oscillations and sharp contrasts present in the raw
sonic log.

18



Starting Hypocenters
2750
N A
2500 fressssti|ittstsafiessssssfsssssssesssssesfsssss
= 2250 -
L :
= 2000 -
8 17350 . :
g i a : * starting hypocenters
+ 1500 : 1 :
e a receiver locations
1250 T 1 .
2 ] R P S R I B QP model boundaries
S 1000 Y
3 q e
w2 750 o .
. o : b
ﬁ 500 . i 1
o
Z. 250 1
0 | - i I S - ] | I —
-250
-1250-1000 -750 -500 -250 0 250 500 750 1000 1250
East-West Distance (feet)
-7500
B
-7750 .
8000 | gethrsiens
-8250 .
—~~
>
L -8500 .
'3 . ing h
Z s starting hypocenters
% % SR .". . x. .5‘,::,:. . : a receiver locations
D -9000 I B e T R , ] model boundaries
Q H . d ...:.’}J‘. Aeigtf, . :
29250 T q w )
-9500 4 Lo
9730 E -
-10000
=250 0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750
North-South Distance (feet)
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Synthetic Starting Hypocenters
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Analysis

Original Motivation

The initial research objective was to apply a full earthquake tomography algorithm to
improve absoluteevent locations andseismic velocity structurefor the twowell case
Incorporating information from a second well can constrain the large azimuthal errors on
earthquakdocations obtained with a ofeell solution andcan also provideseismic velocity
details from the crosswell regiomo improve the velocity model beyond one dimension.
Accurate earthquake locations and velocity structure improve overall characterization of a

reservoir and can also provide insight into the fracture treatment process.

Method

The hypocenter location algorithm of Hole et al. (2000) was used to invert the data in all
investigations. Travel times are calculated in a taigeensional velocity model employing a
finite-difference solution to the eikonal equati@thole and Zelt,1995)that improves upon the
algorithm of Vidale (1990). For each source, travel times are calculated to all grid nodes within
thefixed velocity model. e code is able to simultaneously calculate times to a large number of
receiver locations for a giye earthquakewhich offers a computational advantage over other
relocation algorithms based on traditional raytracingive® that travel times and rays are
reciprocal between sources and receivers in a fixed model, it becomes practical to treat the
relatively small number of receiver locations as sources and the large number of earthquakes as
receivers. Because sources and receivers are not required to be located at model grid nodes,
precise travel time calculations that account for time spent witl@rcéil containing a given

earthquake are necessary. This precision is achieved usiimgar interpolation, which is the
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interpolation in all three spatial dimensions averaged over the eight grid nodes surrounding the
cell containing a given earthquafé&eale, 2004).

The hypocenter lo¢@n algorithm, assuming a knowrelocity model, determines the
misfit between calculated phase arrival times and observed arrival times to invert for updated
hypocenter spatial coordinates, X, Y, and Z, and origin ,timgHole et al., 2000). The
linearized approximation of the relationship between time and hypocenter location (the Frechet
derivative) uses the ray direction and velocity at the location of the initial hypoceviisiits
calculated at all stations fal earthquakes are assembled and reorganized as matrices of linear
equations for each earthquake. Singular value decomposition is used to invert the matrices and
obtain leassquares corrections for the spatial coordinates and origin time of each ekethqu
hypocenter. As a quality control measure, the code rejects any earthquakes located at fewer than
four stations or any earthquakes whose matrices contain eigesvamaller than a specified
threshold. Times and matrices are recomputed for the neacéyters and inverted iteratively
solving the nonlinear inversion problem. With good data, the hypocenters converge to a final
solution in 34 iterations.

The tomography algorithm of Hole et al. (2000) updates an eadiecity tomography
algorithm (Hble, 1992) to solve alternately for hypocenter locations and velocity structure in an
iterative scheme that approximates simultaneous inversion of the traveltime data. Because the
linearized inversions for the two unknowns remain independent, the usefixmather the
locations of the hypocenters or the velocity model or may desigreighted convergence
scheme to solve for both hypocenter locations and velocity structure. This flexibility allows the
user to explore the trad#f that exists between the unknowns and the associated range of non

unique solutions for a given data set. The ability to explore the nonlinear hypegcsntety
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modeltradeo f f i s an advantage of Holeds algorithm

an additional intenakgoal for the original study.

Two-well Real Data Hypocenter Inversion

The starting hypocenter locations exported from SeisPT display radial and other
geometric artifacts (Figure 3.6 Because of this undesirable effect, an initial hypocenter
inversion was conducted to improve event locations intended for use ijoititevelocity and
hypocentetomography algorithmOnly Swave picks were used in the inversion, along with the
smooth vebcity model of Figure 3.Bxtrapolated to three dimensions over AQf x 2600 ft x
1800 ft model volume with a grid cell size of 10 feet.

This inversionresulted in a significant number of event locations diverging ouhef t
model volume (Figure 4.1). Aet eventsmoved deeper, below the model volume, but many
movedlarge horizonthadistances, up to tens of thousands of feet. A silngarizediteration of
the nonlinearhypocenter relocation algorithm moved 421 events, 35% of the original 1197, out
of the modelvolume removing them from further iterations. ft& a second iteration, 887
events hadeft the modelleaving only 310, or 26%, of the original set.

Movementfor most events appeardéd be systmatic in a preferred directionearly
perpendicular to the crosswell direction. For comparison, the lihe gerpendicular to that
between wells is displayed in Figure 4.1. However, the seemingly biased orientation of relocated
events may be a trugeologic phenomenon, governed by fracture network geometry amd th
local stresdield. In support othisidea,the trendof relocated events roughly perpadicular to

the horizontaltreatmentwell, which is often intentionally drilled at a high angle to natural
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fractures for a known stress field. This orientation maximizes permeability pathways into the
well.

A test of the relocation algorithm was conducted using -éreer synthetidravel times
for synthetic eventsomparable to the real event locations. This test elimirstidare bugss
a source of error in the unexpected relocation solution, pointstgad to an inherent lack of
hypocenter constraint in the tweell problemusing only Swave times Theremainder of this

study is a more detailed and thorough investigation of this problem.

Damping Factor

Many hypocenterselocate outside of the mod&lume in the first iteration of inversion,
removing them from subsequent iterations which could return them to the niodel.effort to
retain hypocenters within the model sparel slow divergengedamping factors ranging from
10° to 10 times thelargest eigenvaluerere tested in the inversioDampinglimits the size of
steps that hypocenters can take for iteratminthe inversionpreventinghypocenters that take
indirect paths to their final locations from accidentally leaving the model aloagway.
Because the hypocentdtsat were observed taccidentally move outside the modielthe first
iteration often moved very large distances, the largest damping factof, w@s required to
sufficiently restrict step size. This measure helpeéginehundreds of hypocenters in the model
and in the finhinversion solution (Figure 4)2 Notice that damping does not change the
solution other than retaining hypocenters that left the model on accident. General location
patterns and geometric eccécities are the same for the damped and undamped solutions.

Damping was applied to all inversions used in investigations of the real data.

Revised Motivation
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The geometric anomalies observed in early attempts to improve hypocenter locations
were unexpeted and motivated the remainder of this study. The focus of rcbse@s
redirected to expl@rthis problem and specific sources of error on hypocenter locattamther
investigations of the real data were combined with synthetic data tests to detdvomv the
accuracy of the velocity model, starting hypocenters, receiver geometry, and traveltime picks
affect hypocenter location. A better understanding ofdbationerrorobservedn the real data
could be helpful in improving and optimizing thdleotion and analysis of other earthquake data

sets
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Figure 4.1: Anomalousypocenters after a single relocation iteration in map view (A) and Neffbuth cross
section (B). The trend line in (A) corresponds to the directiomgendicular to the crosswell directionNote the
large scale of the map and relatively small size of the model volume (red box).
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Damped Relocated Hypocenters
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Investigation 1: Effect of Velocity Model

The arthquakes unexpectedly reloed to greater depths with each iteratiohthe
inversion. Initial hypocenter locations were mostly withirabove the reservoir (Figure 5A
and C), but, upon inversionmigraied well below the reservoifFigure 5.1 B and D).
Furthermore, plotting hypocenters for several successive iterations suggestgstamatic,
hyperbolic path that many hypocenters take when convelggtay the reservoir (Figure 5.2
Tracking the pathef individual earthquakes confirms this suggestion (Figure 5.3).

Because the induced fracture treatment was conducted within the Red Oak reservaoir,
hypocenters should relocate primarily within the reservoir. The tfeat they systematically
relocatemuch deeper could be due to a refraction effect of the-dicity reservoirthis would
cause theray path determined by raytracing in the inversion code to differ from the path
determined by time picks.The effect of a false velocity model upon hypoeeribcations is
known to be profound (Giardini, 1992; Hole et al., 2000).

Four new velocity models were created to test the effect of velocity structure on
hypocenter location. All five models used were basethesonic log data, smoothed to varying
degrees (Figre 5.9. The origind model (Figure 5.4C) had been obtained by applying aff0
moving average filter to the raw log five times, followed by atS®oving average filter five
times, followed by a 10& moving average filter once. This sothing scheme was designed to
preserve the significant structure seen in the raw log but remove most of the sharp dontrasts
stabilizethe inversion. Two rougher models were built by applying-& 4toving average filter
to the sonicdg only once (Figre 5.4 B) and by recreating the constaraiocity block scheme
of Pi nnacl eds , Ao twoIlsmoéthier nyodels everéd buit by applying a -#00

moving average filter to the sonic log, followed by a -20Moving average filte(Figure 5.4
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D), and by using the average of all of the sonic log velocities within the model range as the value
for a corstantvelocity model (Figure 5,4). All models were tested in the relocation inversion,
keeping other input datnd inversion parameteitse same.

The numbers of earthquakes retained through iterations of the inversion varied
significantly among the fivenodels and are listed in Tablel5or all 60 iterations. Increased
velocity structure improves earthquake retention in the relocation soluthohc@nversely,
increased smoothing causes more earthquakes
with sharp velocity contrasts (Model A) is most successful at retaining earthquakes is somewhat
counterintuitive, as smoothing is usually considdra tool to make inversion more stable.
Additionally, the block model also helps hypocenters conveitien the reservoir (Figure 55
Although many still diverge along a hyperbolic path, 33% of the earthquakes included in the
inversion after 20 iteteons are located in the reservoir. The higher earthquake retention and
better convergence within the reservoir obtained with the block model (A) made its solution the
most desirale in the velocity model testHowever, most earthquakes still move sysigoally
downward and outward in this resultThis demonstrates that the geometric bias in hypocenter
locations can be improved, but not resolved, with an improved velocity modehdicdtes

other factors governing the anomalous relocation behavior.
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Diverging Hypocenters in East-West Cross Section
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Figure 5.2 EastWest cross section of hypocenters from several successive relocation iterations shows many
events convergingutward and downwardalong a hyperbolic path.The paths of earthquakes in the green box
are displayed for the same six iteratiws inzoomed view inFigure 5.3.

Closer View of Diverging Hypocenters in East-West Cross Section
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Figure 5.3: Zoomedin view of earthquakes diverging along hyperbolic paths in EW#tst cross section.
Hypocenter loations for a single earthquake are trackechrbugh several iterations of the inversiorand
displayedas points of the same color, connead by a line indicating the travel path The green box outlines the
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Figure5.4: Raw sonic log (upper left) compared to five velocity models based on log. Model (A) is comprised of
constant-velocity blocks and is a recreation of Pinnacle's model. Model (B) is the raw log with-f d@ving
average filter applied to retain significant and detailed structure. Model (C) was used in the original test and is
the raw log with a series of mang average filters applied to retaitessstructure. Model (D) is the raw log with
1004t and 206ft moving average filters applied to retaitessstructure. Model (E) is a constant velocity model
where the velocity value is the average of the raw log.
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Improved Hypocenters in East-West Cross Section
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Figure 5.5 EastWest cross section afmproved hypocenters from several successive relocation iterations using
a2RSt 1T 6F&aSR 2y t A ysgldci bl&ksa Moree&tduakes FemarRirytiieimodélispace,
and more converge within the rgervoir. However, even in this preferredcase most earthquakes travel
downward and outward, demonstrating that the geometric bias in hypocenters can be imprqviedt not
resolved by an improved velocity model.
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410 41
403 41
396 41
391 40
387 39
381 39
378 39
373 38
366 38
363 38
361 37
357 36
352 36
350 35
347 35
344 35
343 35
341 35
338 34

336

34

334

34

334

34

332

34

330

34

330

33

327

33

326

33

326

33

326

33

325

33

325

33

325

33

324

33

323

33

323

33

323

33

323

33

321

33

321

33

34

Table 51: Numbers of earthquakes retained
(out of the original 1197) throughall 60
iterations of the hypocenter relocation
inversion for each of the fivemodels, AE,
tested (smoothing increases from left to
right).



Investigation 2: Effect of Starting Hgpenter Locations

In the original inversion attempt, earthquakes quicklgnedperpendicular to the line
between observation wellss &hown previously in Figure 4.2Further iterations caused the
hypocenters to move on paths along that line in map aiesvhyperbolic in cross section, as
seen earlier in Figurg.2 From this geometrical behavior, it appears that hypocenters converge
to a besffitting solution that isoutside the model space. The systematic bias apparent in this
behavior suggests thdhe relocation solution is not likely affected by starting hypocenter
locations. To investigate whether this anomalous convergence behavior is indeed independent of

starting locations, tests were conducted using both real and synthetic data sets.

RealData Test

A test of the real data used a different set of starting hypocenters with all other input data
the same. The fracture treatment was conducted in several stages, each focused at a different
location along the injection well (Figure 3.2). All #ajuakes used in the inversion were
generated during the three treatment stages located in the betetkteagion(stages 3, 4, and
5). For this test, earthquakes were placed at the spatial coordinates of their associated stage
locations, so that all sting hypocenters were at one of three locatiofi$is set of starting
hypocenter locations is compared with the original set obtained from Seisijure6.1. Final
hypocenter locations for both inversions are compareBigare 6.2. The solutions & not
identical, but strong similarities are apparent in both map view and cross section. Inversion
using stage locations as starting hypocenters produced 612 converged hypocenters in the final

solution, compared to 50%singstarting hypocenters from S8T. Of the earthquakes retained
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in each solution, 487 are common to both, meaning each contains earthquakes unique to that
solution.

It is difficult to assess the degree of similarity between these solutions with confidence by
visual inspection aloneAlthough it appears likely that common earthquakes are associated with
common final locationsthis is speculation, further complicated by the existence of unique
earthquakes in each solution.To confirm the similarity of the solution® measure of the
difference between solutions was determined by calculating the distance between a final
hypocenter in one solution and its counterpart in the other, for all earthquakes common to both
solutions. A summary of the results from this calculation is presastedhistogram ifrigure
6.3. As the histogram showsostfinal hypocenters arshort distances (<1lféet) from their
counterparts in the other solutioQutliers locate as far as 1833 feet from their counterparts but
are few in number. This resulugports the hypothesis that final hypocenter locations are
independent of starting locations. To further test the hypothesis, a synthetic study was conducted

to better isolate and examine the effect of starting hypocenters on the final location solution.

Synthetic Data Test

A synthetic study was designed to test the ability of the inversion to recover the true
location of an earthquake for any possible starting location when all other input data are error
free. Eight hypocenter locations were definedrae locations for earthquakeBigure 6.4).
These eight were chosen to sample and explore a variety of location scenarios throughout the
model space: closer to one well (locations 5, 6, 7, 8) versus nearly equidistant between them
(locations 1, 2, 3, 4near the line between wells (locations 1, 2, 5, 6) versus off line (locations 3,

4, 7, 8), at depth within the receiver range (locations 1, 3, 5, 7) versus true reservoir depth below

36



the receivers (locations 2, 4, 6, 8). For eatle tlocation, errofree travdime picks were
calculated to all receivers and used in the inversion. False starting locations were distributed at
dense 5@t spacing vertically and horizontallythroughout the entire model volume. This array

of 58,905 starting hypocenteragvdescribed previously and is shown in Figure 3.7.

Results of the synthetic study show that starting hypocenter location determined whether
an earthquake converged in the final relocation solution or diverged out of the model. In order to
converge, stding hypocenters must be within the volume of the maoldad is wellsurrounded
by receiver stations This important finding is illustrated ifrigure 6.5, where starting
hypocenters that ultimately converged for a particular true location test are shpwk and
those that diverged are showrgiray.

When the true earthquake location was close to the line between observatiortheells,
hypocenters that did converge reached the true earthquake loéagjore 6.5. This was true
regardless ofthea t hquakeds | ocation along the |ine be
Figure 6.6 tracks hypocenters converging to the true earthquake location over several iterations
for one of these cases. This figure confirms the suggestion of early obsesv#iet
hypocenters quickly converge to a line perpendicular to the betwekkrnine and then take
smaller steps along that line to a final location.

In cases where the true earthquake location seasedistance from the lindetween
wells, hypocentergonverged to one of two minin{&igure 6.7. In these cases, one minimum
was always the true earthquake location, while the other was located on the opposite side of the
betweenwell line. Recall from Figure 1.3 (B) that traveltime data from two wells ezsult in
two possible solutions for a single earthquake location. Hanéna create a line perpendicular

to the betweenvell line but are not exactly symmetric to the receiver geometry, as they are not
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equidistanfrom the betweenvell line. This cauld be due to asymmetry of the receiver arrays,
which are mostly symmetric in map view but cover different depth rangesavergencéo one
minimum or the other is governed entirely by the location of a starting hypocenteredahe
betweenwell line (Figure 6.7). In general, &thquakes converge to the nearest of the two
minima. Tracking a dual minima solution through several iterations, as shoWwigume 6.8,
further illuminates the role of the betweemrll line in guiding hypocenters toward tvaistinct

minima.
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Figure 61: Comparison of starting hypocenters for real data test. Original hypocenters from SeisPT are shown in
map view (A) and NortkSouth cross section (C), along with new starting hypocenters at stagatlons in map

view (B) and NorthRSouth cross section (D)The stage locations are the same as those shown in the survey map
in Figure 3.2 for treatment stages 3, 4, and 5.
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Map View of Converging vs. Diverging Hypocenters
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Figure 65: Map view of starting hypocenters that converge the true earthquake location(pink) versus those
that divergein earlyiterations to positions outside othe model (gray. Final locations for the hypocenters that
converge are shown in blue relative to the true earthquake location, represented by a red diamond. This ideal
behavior of converging to the true location was gbrved for cases where the true earthquake location was
close to the betweenwell line. These results arfor true earthquake location lat spatial coordinates (500, 800,

-8800).
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Hypocenter Movement Over Several Iterations
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Figure 66: Convergencepaths of hypocenters to true earthquake locatiolver several iterations. For clarity,
only hypocenters starting in the plane of the earthquake are displayed, at-208pacing. These results are for
true earthquake location 1, at spatial coordinates (500, 868300).
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Map View of Hypocenters Converging to Two Minima
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Figure 67: Map viewof starting hypocenters that converge to the true earthquake location (pink) versus those
that converge to the second minimum west of the betweemell line (green). Starting hypocenters at the edge

of the model (not shown) diverged to positions outside the modl early iterations. Final locations for the
hypocenters that converge are shown in blue relative to the true earthquake location, represented by a red
diamond. Convergence to two minima was observed for cases where the true earthquake location was a
significant distance from the line between wells. These results are for true earthquake location 7, at spatial
coordinates (750, 250:8800).
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Hypocenter Movement Over Several [terations
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Figure 68: Convergencepaths of hypocenters to true earthquake location and second minimum over several
iterations. For clarity, only hypocenters starting in the plane of the earthquake are displayed, atfpacing.
These results are for true earthquake location 7, at spatial coordinates (750, ZBR00).
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Investigation 3: Effect of Recording Geometry

Geometric location artifacts observed in Investigation 2 indicate a dependence upon
recording geometry. Earthquakes that do not converge to the true location are pushed in the
direction perpendicular to the betweell line toward a second minimum. TBhobservation
suggests that recording geometry fails to constrain specific directions, resulting in bias of the
location. The onsvell case has already been documented to lack azimeghstraint(Rutledge
et al., 2004). The azimuthal direction is comatned only by threeomponent ground motion.
Adding a second observation wetinstrains the azimugtout two error minima still exist along
the line perpendicular to the line between wehslding a third observation well sbld improve
geometric consaint and result in just one error minimum and a unique solution.

Three synthetic tests were conducted to assess the effect of recording geometry on
location error. Each test incorporated different recording geometry. True earthquake locations
were deined at 56ft spacing throughout the model volume (Figure 3.7) and were the same for
all tests. Starting hypocenters were the same as the true hypocentersfreErt@avel times
were calculated through a constant velocity model for each recording gg@oenario. With
this experiment design, the inversion is testing the ability of the recording geomeétgtmine

the eathiquake location, with no travehe errors.

Test 1: Two Vertical Wells

The first test conducted used the twell recording gometry of the real data set. Both
receiver arrays arpearly vertical and located above the reserwshere fracturing is induced.
Results of this test show that hypocenters are located an average of 7.3 feet from their true

locations. This error seemmieasonabldor numerical effectonsidering thdinite-difference
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traveltimegrid cell size of 10 feet. However, a significant numbiehypocenters are mislocated

by as much as 133.7 fedtigure7.1is a map view slice of the final hypocenters at ptllef

9300 feet, within the reservoir depth rangddypocentersclose to the betweenell line
experience the largest location errofhehorizontal errois much larger thathe vertical error

error is largest in the xlirection, followed by the irection, ad finally the zdirection.
Hypocenters within the verét range of the receiver arraggperience less location error than
those above or belgvas shown irFigure 72. Here hypocenters are within the receiver range at

a depth of 8800 feet, dralthough location error remains largest along the betwedidine, the
magnitude of error is reduced in all dimensions, and average error for all hypocenters at this
depth is less than half that for hypocenters at 9300 Td@t result suggests thsnall numerical

errors may cause relatively large hypocenter mislocations for this recording geoniéiey.
location error for earthquakes directly between the wells is in the direction perpendicular to the
raypaths from the earthquakes to the receiveiost& A small change in hypocenter location in

this direction has very little effect on the observed travel times.

Test 2: One Vertical Well and One Horizontal Well

Altering the recording geometry so that one of the wells and its array of receigers ar
horizontal rather than vertical should better constrain hypocenters in the horizontal dimension.
The receiver stations associated witie Lowery #3 well were redefined in a horizontal
configuration(Figure 7.3)to simulate results from a horizoltyadrilled observation well. The
original receiver spacing from Lowery #3 was maintained, but receivers were oriented along a

line perpendicular tohe line between real wellat a depth of 8885.9 feet, the average receiver
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depth from Lowery #3.In a realisic scenario, a horizontal well in a survey area is likely to be
within the reservoir, providing an optimal version of this geometry.

Inversion of the errefree synthetic data with this recording geometry prodacssong
improvementn the hypocenteitocations. The location error is too small to be detected visually
at the scale of Figure 7.4 because these hypocenters are surrounded by the recording geometry in
all dimensions.On averagethe hypocenters locate only 3.2 feet from their true locafitms is
less than hélthe average error producedsing two vertical wells. The maximum error on
hypocenters is also reduced by more than half, to 65.4 feet. Horizontal errors are reduced and
are similar to vertical errors for this recorg geometry.The average error for all hypocenters is
greatest in the -girection, which could be inferred from the orientation of the horizontal
receivers, whiclpbetter constrainthe xdirection. For the hypocenters at 9300 feet (Figure 7.4),
errois are largest ithe zdirection, perhaps becaugese hypocenters are below the depth range
of the receiverswhich is reduced by the reorientation of the Lowery #3.w€&He zdirection is
the best constrained direction for hypocenters at 8800 feet, withimep# rage of the

receivers

Test 3: Three Vertical Wells

An alternateway to improve the poor performance of the tvesticatwell recording
geometry igo add a third vertical well This improvement may be more practical than using a
horizontal observationvell, as horizontal wells are typically used for production or fracture
treatments, making them less likely to be available. The -theflerecording geometry was
tested by defining a third wedit a considerable horizontal distance from the other twshas/n

in Figure 75. The depth range and spacing for the receiver array are averagestbétheeds.
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This recording geometry produces the best locatesults of all those tested. The
average location error is less than 2 feet and maximum ard8.5 feet, approximately otfiéth
of the maximum error from Test 2 and eteath of he error from Test 1. Errors areduced in
all spatialdirections Examination of hypocenters at a depth slice of 9300 feet reveals that the z
direction is the leastonstrainedbut it is better than any of the previous resuli$ie plotted
hypocenters appear the same as starting hypocenters in Figure 3.7, as errors are too small to plot.
For a depth slice at 8800 feet, where a central earthquake cluster wouldrdaended by
receivers in all directions, hypocenters show the least error, with average error less than 1 foot in
all directions. Errors for this depth slice are also too small to plot. This recording geometry is

more expensive but significantly impraséhe accuracy of hypocenter locations.
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Figure 71: Depth slice of relocated hypocenterst 9300 feetfor Test 1 (two vertical wells). Depth iwithin the

reservoir depth range and below the receiver depth range. Location eiisogreatest for hypocenters near the

line between wells.
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Figure 72: Depth slice of relocated hypocenteia 8800 feetfor Test 1 (two vertical wells). Depth is above the

reservoir depth range and within the receiver depth range. Location error iscim less than for hypocenters at

9300 feet (Figure 7.1) but is still greatest for hypocenters near the line between wells.
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Recording Geometry for Test 2:
One Vertical Well, One Horizontal Well

2600
N e e

2400 || .

2200 || ]

2000 | ]

1800 | .
1600 | : 5

1400 | ]

1200 i . . ;
i a receiver locations

1000 . """ model boundaries

North-South Distance (feet)

800 | .

600 | i .

400 || .
200 | .
: -
0 T T AAAA T T T T T 1
.................................. [ Yo SR SN NN YRR e ypapa—. |
200

600 400 -200 0 200 400 600 800 1000 1200
East-West Distance (feet)

Figure 73: Map view of recording geometry for &st 2 (one vertical well, one horizontal well) The southwest
vertical well from the real survey geometry (Lowery #3) has been replaced with a horizontal well, perpendicular
to the betweenwell line, at the average depth of the real array

53



9300 feet

Hypocenters from Test 2, Depth

* hypocenter locations

a receiver locations

.. model boundaries

H
H
1
H

2600

LU B B A I I B B B N IR RN R I R I B B B R I B R B AN B B AR L A Om
9 0 0 0 0 0 0 8 OO PP L L B E LSS NSNS NG eSS e .m
© 606000000000 0000s0000000b00000000s0000s000s000s0s00 b
© © 0600000000000 08°% 000080090890 s s eSO Se
........'....-'..'.'.-...............-......... -m
D A I I IR BN I R I R R R R R IR SO
® 0 0 0 0 0 0 @ 00 0 90 s e $°% 0 00000 e 0 e e e NN 0 e e S 0 80GOS BSOS S BRD .“
6086008060688 06060 19° 9 6 8 6866606686 664006090-0-0-9-0-0-0 0664 ot
........'......n......'..‘..‘.‘-........-...... .m
® 8 8 8 0 0 0 8 O 0 00 OB B BT OSSN N BN S ‘m
© © 9 © 0 0008 0008 006 P00 000G 0 0SSO0 0000000 SEOESESEEOSOETOE cm
L e e e e e o o o S e e ....l..-.'..........-..I......'...Y."
© 0060000 c0 00 geoebseeesseesessssssse00s0000s000000 s e
© 900000800 000000 P s PP GEEPOOOROCLOSOCOCOLSIOCEOIOESIOIEOEOEORIRTOEOOS RO
® © & ¢ © ® 0 P 9 O O B O S S S PP eSS LN NSNS N -"
G A A G G GRS (AU AS S SSPUPA S GRS RSPRI SHPRSPRSPR WP |
© 006600660600 0680000000000080000se0O0sOLIOIOCEIEOGOIOIEOEOIEOIOETOSOEOEO SO T
R R R R NI B R R A N I R I S IC I SRR RE Y B
® & & 8 8 8 0 8 8 S8 0SS NSRS eSS R ."
l'..‘....'.'........"'......l.....'.'.'.......r.m
s e s e e des e e s e s s es es et ee s e s ess s s ssssssessee e s o i
® & & & 0 0 5 4 O S G SO S EEEEESEEEESe e EEE e EEN e A“
® ® 0 @ 0 0 0 O O O O O OO PO O OO O SO SO OB S 0SS BN %m
2 4 * t 1 1 * T 14 1 2 g * p. 0
© 6 9 5 0000000000 00000000000 C0S0000000000s0E6sOESE S
® 8 8 5 5 5 8 0 0 5 0 DSOS SN S e eS eSS EeE SN TPNYL L]
'."....‘..'...‘........‘.‘..‘.I'......-'-...A. L]
'.'............'...............'.-'.."......%.1.
L I DN L B I I I IR T I I I I I I I I B I B I I B B B A AN AR R I ] L]
L B I D B I B B B I Y BN RN TN RN BN I R R BN TN N Y R BN I NN N N Y N NN R RN R R R ) L
® 0 8 5 5 0 0 50 0000000000000 000000000 s0OLOEBSSEESEBES
...."".'..........................-..."...l...'l.
I P e e e s et e eese009000 0000000000000 IOOEIOLEREISOOEYS Lo
.....................................................................................................................................
LT
o o o o o o o o o o o f=]
(=2 (= o o o (= o o (=1 (= =
<t (% =) o0 < ol (=7 *e] o <t (@]

o
2
<
)

(399)) 20um)SI(] YINOS-YHON

-200

-400 -200 0 200 400 600 800 1000 1200

-600

East-West Distance (feet)

Figure 74: Depth slice of relocated hypocenterat 9300 feetfor Test 2 (one vertical wellone horizontal well).

Depth is within the reservoir depth range and below the receiver depth range.

Location errors are greatly

reduced, demonstrating the improved horizontal constraint of this recording geometry.
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Recording Geometry for Test 3:

Three Vertical Wells
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Figure 75: Recordinggeometry for Test 3(three vertical wells)in map view (A) and NortiSouth cross section
(B). A third well of receiver stations is added at considerable lateral distance from the other two. Similar
receiver spacing and depth rander receivers are maintained.
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Investigation 4: Effect of Picking Error

The seismic records have low sigtanoise ratios, particularly for-Raves, creating
significant uncesdinty in thearrival time picks. A low level of signal relative to noise is a
destabilizing factor in iterativenversion methods and an obstacle in tomographic imaging
(Phillips and Fehler, 1991). Because of the lowd¥e signal amplitudes, only-wave arrival
time picks could be used in the inversinthe real data The lack of Rvave arrival time data
causesthe tradeoff between earthquake time and distatocébe poorly constrained. The
uncertainty m arrival times, combined with limitegeometrical constraint, has a largiect on
the final hypocenter locations. Tests were conducted using both real athettsy data sets to

investigate the effect of picking ersmnthe hypocenter location error.

Real Data Test

The quality of arrival time picks was evaluated for a representative subset of the seismic
records to explore a possible connection betwéwn quality of arrival time picks for an
earthquake and the ability toclate the hypocenterQuality categories A, B, C, and X were
assigned by considering factors including sigioahoise, the number of traces picked, and the
behavior of the arrivalime moveout curvedefined by those picks (Figurely. Category A
was assigned to the highest quality picks and had an avestigeated picking error of 2.1
milliseconds. Category B picks were of lower quality and had an avesigeated picking
error d 2.9 milliseconds. Category C was assigned to the lowest quality picks and had an
averageestimated picking error of 4@illiseconds. Category X was reserved for arrivals that

could not bereliably detected. Pick quality was assessed separately favabe and Svave
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arrivals and for receiver arrays for the two wells, so that for each record, four quality factors
were obtained (Table 8.1, Figure 8.2).

The Rwave arrivals have lower signal strength than therfvals and, therefore, have
lower qualitypicks. The Lowery #3 well has a large number of unpickaklguality) P-wave
arrivals due to the large distance between the well and the location of stage 3, where most of the
earthquakesni the data set occur.The lack of Pwave picks for onevell prompted the use of
only S-waves for this studywhosegoalis an exploration ofhe advantages and utility of two
wells over a single well It was anticipated that the accuracy of the arrival time picks should
correlate with the poor performance of thev8ve real data hypocenter results of the original
inversion attempt.

Three subsets of earthquakes were examined for possible trends through several iterations
of the inversion. For each subset, thev&@e picks on both wells were of equal quality, such
tha one subset contained all earthquakes of entirelgudlity picks, one contained all
earthquakes of entirely-Buality picks, and one contained all earthquakes of entireqyality
picks. No systematic improvement of the SeisPT starting hypocenfggaré 8.3) or final
hypocentersKigure8.4) was detected for picks of better qualifyhe percentage of earthquakes
retained after 60 iterations of thkamped inversion vgaroughly equal: 44%, 43%, and 47% for
A, B, and C quality, respectivelyThe ratesat which hypocenters divergdrom the model
during the iterative inversiowere similar for all subsets.With many factors contributing to
hypocenter locatiorerrois on the real data, a relationship between picking error and location

error may be disguesl by other contributinactors.

Synthetic Data Test
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A study using synthetic data was designed to test the effect of realistic picking error on
hypocenter locations when all other input data are éreer The eight hypocenters defined as
true earthquee locations for the synthetic data testinvestigation 2 (Figure 6.4yere sed
again in this investigation.The true locations wer@soused as starting hypocentersrrorfree
arrivattime picks were calculatetbr all receivers. Bndom errors lsed on picking error
estimates from the real data were then added to the true picks. Random errors were drawn from
a normal distribution with zero mean and standard deviation of 2.9 millisecsindkar to B
quality picks. For each earthquakeedunded sets of random ersowere generated and added
to the true arrival times for one hundred separate inversiofisis produced a cluster of
hypocenters for different random errors for the same earthquake.

The fnal hypocenters contain large location esrtrat average 270.8 feet from their true
locations with a maximum location error of 1318.6 feet. Location errors are largest in the x
direction, followed by yand z directions at a ratio of approximately 5: 2.5: 1. Examination of
the hypocenters in nfaview (Figure &) shows that the large horizontal errors occur along the
directionapproximatelyperpendicular to the betwesevell line. In EastWest and NortfSouth
cross sections (Figures 8.6 and)8 a relationship between earthquake depth and ogenvee
behavior is revealed Shallow earthquakes within the depth rangfethe receiversaare well
constrained in depthvhile those below the receiver range migrate significant distances in depth
along a hyperbolic path.

A comparison of final hypocentefrom the real and synthetic tests showsilarities in
map view (Figure 8). Both sets of hypocenters display geometdatterin the direction
perpendicular to the betweevell line and both extend similar distances (~2000 feet) along that

line. From this comparison, the synthetic result appears to model the real data lHesudiver,

58



thereal data earthquakesay be aligning with fracture geometry, whose orientation is similar to
the direction of geometric scatter observed in both results. Tdssilplity complicates any

comparison of the results or conclusions about the origin of their similarities.
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Figures
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Figure 8.1 (A): Seismic record showir
A-quality picks. A singleevent is
present in this record. P-wave arrival
picks are in blue and -#ave arrival
picks are in greenNote that signaito-
noise is better than in records (B) anc
(C), all four arrivals are pickedmost
traces are pickedor each arriva] and
picks defne a smooth curve.



