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ABSTRACT

Hydreulic fracturing his gained in popularity
fn Frecenl yrars as A wiy to determine the urienta-
tiens and mignitudes of tectonic stresses, Ny
Vuimenting conventinnyl Wy deaulic 1racturing
meaasrenenty with dete tion and rapping ol tne
mycroorrthjukes  induced by frd "uring, we  oan
suppisment, and iccdepend oty contirm intormation
obh‘ained from convsntional analysis,  [mportant
infarmytion  obtained  trom  sedysmic moniterina
fnclules: t + state ot stress of  the rock,
orfentation na spacing ot the major joint sets,
and  measurements of rock elastic parameters at
Tovations distant  from  the  wellhore,  While
conventional welY loyging operations can provide
fnfarmytion about several of these param:ters, the
rone of interronation s usually limited to the
imoandiate proxinity st the borehale.

Thie sefsmibc wavetorms at the micracarthquab ey
contatn a wealth of information about the rock in
reqfany that are otherwite .nac o essihle for studly,
By rolfably locating  the hyporentors of many
microvar thguakes, we  have  fnferred  the  goin,
patierny {n the  rock, Wee nbserved Lthat
microearthyuake locations ao not arfinn a simple,
thin,  planar distetbation, that the faylt plane
solutions are consistent «&ith sheawr siippage, ani
that spectral analysts dndd ates tha: the sourcee
domensfony and sl {p along the faulty are smal!,
Henen wie indirye that the microrarthgurkes rosult
from 1ip along preexivting joints, and not Mvom
tensile oxteonsion A the tip aof tae tra-tuyes,
Urientations ol the principa)l stresymy (an he
estimited by usving ftault plane solutions ot th
larger  microsar thquake:, Hy using  a Joint
varthquake  'acatfon scheme, and/ur calibrations
with downhole  fetonatars, rack  velocfties  and
hetermgennitios  therral oAt be fnvestigated n
rock yolunes that gave (40 snough from the homehole
te b representative ot inteiny rack propertiy,

INTROMIETION

In  stutien of esarth  stress by hydrauln
fractaring, a sl amount of fhutd I injectend at
the dopth selscted for wtudy and thy pressure

record vs, time is recorded, Thx magnitude of the
Teasi principal stress s deternined directly from
thr pressure record (Haimson and Rummel, 1982,
Stock, et a1, [935), Tar mignitude 31 the maximun
principal  stress Gan b detormine ' from o the
prossure rooort o and gy knowlodge of tae e ture
nrapertiey at the cocn, The hyrestpang ot the
prancipal steeqgen e than determame b by using
tmprassinn pachor gr telnyiewer O me,ure the
orfentit{en of the tnsile tractur * inviod by the
froc turdng, whivh s assumesd ta be orthognnal e
the Tocst princine) stress directioe,

Cornet and Yalette(laih) have pointed ~gt sor o
of  th difticulties with nhydraulic fracturing
muasure ity of wiresy In rock containing
procexfsting gotn's and proposed v technique to
usr the nxistence of Lhe joints to advanta o tn
Actually measure the complete strogy tenvor, Dhe
teohninye  vequire:, that Jointy ot various,
orventatfons e jdentifayc 1oand sabisequently npenneg
by hydraals fnjectiony,

Wee have fognd tha sdvaul o ftrar turyvag of
ceystalline vo sy ds ac aoanie ] by 2 substanti, )
number of  microoarthguakey that cen e rocordeg
AnG  subsegquestly studiod e yleld  additiona!
fntormytion ahout the state of the rock away from
the horehols, Ny dotormintog the locationy of the
mic roear thquakny wr detormine proferential
directfony ot tlatd *low pathy, whic o appear tn
tollow pre oexintiag ~ints in the rock,
Statistical  ansdysin o the  relative  thien
dimenstomal  tacattons of  the mlcrasar thguakes
deternines e dips ang 2 moths ot these major
Jo' vt Fault plane solut . ons deterniesd for the
larger svents provide tmorastfon about the star
of stress fn the rark, 1t a rufffciont number of
fault plane solutions can e deterainsd, they (an
benovde lod o determine the  ratfon o the
magnd tudes ot the peincipal steesses, In thiy wa o,
the state 5 steeas of the rork can e detormin o
AU Tocattony w t oramave s trom the borekoal o whepn
Atrea roaglts are not anfluence b by the prosence
af the bhorehn! .,

Nouren param lery of intividnal sforoe
carchquakes such an stregs drop, wismlc moment,
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displacement, and tne area of the Joint Network of ""Pracambrian’’ Borshole Stations
mobilized in an individua) microquake can be Exporim
determined from tna spectra of the waveforms. We periment 2012, Decenmber 1903
find that the amount cf displacement along the ’/J ]
{
(

joint during a microeartiquake 1s swall, which ) _\..1? /

means that there is 11ttle increase¢ 1n perme- e SRR / ‘.-~‘~.
ability due to the microcarthquake. :rg \ <‘
el O L
Travel times ot the seismic wav:is fror the ) ot [ '~\

¢ .

microear thquake source to tne recordin; stations .
cin be Ynverted to place limiis or the neter- < SR

ogeneiy of the rock in the regin in ani near IS § T
where the microearthqeakes are occurring. By ~ ' .
studying the particle motion of tle S waves : : ﬁ
recorded by three component geophones, 1t 1§ also 3
possible tc determine preferential oricntations of
microcraiks in the rock (e.q. ro:k anisotrapy)
(Rotrrty and Crampin, 1986).

[n this paper, we discuss the results cf amal-
y.i5 of seicmic data collected during a massive
hy'draulic fracturing experiment conducted {a the
dene s Mountalns in New Maxico by the Los Alamns
Hot Dr - Rock Geotherms] Energy praject, A Lotal of
Shent ot gt vt wers inge ted uritg this or e
poriment, New Ty 2 omillion micearthoaike s were
drte e, mont of whizh wers $1- 100 4mll to be
stadie f, While tais harge sxperimen' wis chosnn
for aleteiled study beovuse ot ts larg size ane
siqnitdy ynee Lo the Hot Dry Rocd project, we have
Also  Luces,tully  analyled much  smaller  fluid
Injections, For example, ftault plane solutions
from an exporiment in which oily 900 m' of water
were nancted have bren publ shed b Cash et ol
(1o,

Piqure 1, Plan vi w4 ot the Precambrian seismic
e twork vsed to monitor the hyd-aulic fracturing
sxperiment, Three component sensors were located
in boreholes EE-1, EE-3 and GT-2, Vert{cal senco-s
were located in boreholes PC-1 and GI-1. Depths »f
sensars are qiven as oistsnces along the wellborn,

Sepnmic resglts of other hydraulte fractare

rrperimenty in hede those v AThright and dganal+ , .
(1el,  Albeaght and Pearsan (985, Prareon ’
L, ), e e lar oetoal (un it e and o, tkm
Batohelar (1994), and Hous, ot gl (1,
GT1, h
THE MASYTVE HYDRAUL LG TRAUTURTNG | XPEEIMENT BALY, «FNHR
In December, 190 A nydraulic voacturing v / S\
periment (tormed experiment 2037) wa. carrind out ( e THOM
At the Hot Dry Hoo s (wo’hermal banerqy De elopment - FENTOh&( ]
tegt site at tenton HEVD New Menaceo. A total or . LAFK® Hiul d
Aoprmt oot watm owere fnfectee fnto a0 m long LKFK
apenchole section of  the Jower of two anclined .
welln, U 0 at a depth of 00 m, Injection wiy TENT

varried ot over a time fnterval of 60 hours at an

worage wellhead preossure ot A0 MPy and  njosction .
vate of L1 mte, CEBRT

L]

Jownhole monftoring ot the faduced sefsmicfty CEBM
was condudcted with three triaxfal osophore tonls,
Al docated wilhin a few hunideed meters ot the i
sefambc Aactivity, In gddition, two vertical com
ponent geophone taods were Tocalel A4 disvane ey of
several Fllome ters fram tie fnjec tion potrt, and o
network  of  nine aurface sefamic statony was {PC 1. QT 1 were loceted in subsurface)
deployed at distances ranging up o 10 Kk Tometers
from the tnjge tlon nodat, FEuees 1 oamd o are map

Lorstiong of ssiamic surface networle atations

views sbawing the gocations of the  fownhale anid Higuree 20 Plan view uf the Tenton HELT surface
wrface cansors, respec Uvely, and the 1o ation of sefamic network, Al stations emloy vertical
wellbore 11 2. A1) sefamic data were recorded on cumponent | Hz velacitly sensors,

analug magnetic tape, and digital data from the
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downhale geophones were obtained fror about 1800
seismic events during the 84 hcurs that seismic
monitoring was carried out.

The water was 1injected into Precambrian
granites and granodiorites. Seismic ray paths to
the close-in triaxial Dborehole sensors were
entirely within the granites, whose seismic
velocities appear to be relatively homogencous and
isotropic. In contrast, raypaths to the surface
seismi¢ sensors, and to a lessor extent, the out-
lying sirgle component sensors, wera distor ted by
lower velacity sediments that extend from the
surtace to a depth of arproximitely /00 m,

MICROEARTHQUAKE LOCATIONS

Dita from all five downhol: instruments were
usrd to obtain locations of seismic events by
inversion of arrival times of thr compressional
(P) and shear (S) waves. Arrival times were de-
termined from diqital seismoqrams with a precision
ot 1 ms. bSeismic velocities ani werige station
corrections  wore  obtaine t trom  detomytor cali-
bratian shots place ! in the borecholes amd g s te
ot Wl recorbed o microsarthgquines; the ayerage P
velority dis 5,92 km's and the Y wive wvelocity is
VO kn/s. Station corrections compensate for the
slight observed varfations from the (anstant vel-
ocity model  Individual station corrections were
found to be only a very smal! traction of the
travel times to the stations (less than A fow
prrcent), which supports our assertion that the
rock velocity §s nearly homoqenecous. The only
exception was for station PC-1, which was loczted
some 290 m above the sediment-qranite intertace,
and hence the travel path to this station s not
ontirely through homogeneous rock,

O the 1HOD oyents ot were igiticsed lurin:
the experiment, W44 wore located with ompated
loc~ tional errors of less than 40 m, A phan view,
or eplcanter map, of these eyents {4 shown in
FMaure 3, We estimate that the precf{sfon ot the
locations {e.q, ditference in ~elative locations)
Iy 10-20 m and the uncertai 'y fo absolute Toca-
tiony s probably no greater than 50-100 m, The
great pracision of the locatfony mkes 1t possibine
Lo sluldy the relalive jocations o delermine f1
Tineamnts such as lengthy  joints can b dete '],

FAULT PLANE SOLUTTON S ANDE REGLONAL STRESSES

Stgnals rocorded at the nine surface suations
and at the twn outlying downhole statisns were
used Lo study fault alane solutions, Since seismis
wivey arriving at v+ surface statfons must pass
through approximalely 700 m of highly wtvenuating
wediments . only  the larger (magnitudes  ronging
from /7 1o 1) ovents accampanying the injection
conld be studind using this network, Of the more
than 1000 eyents recorded hy the surface networt
O of the most suftable wore chosen for stuady,

I e to relinly determine take oft an log
of selsofc waver to the varfous stations, tpe
syvents had to be located, Since data from the

IanurLment 04
300 - - -
t
!
100 » ' .
o) ;
et b I
"W .
130 - T ) PR
» & .
1
A
' L]
W
W . .
ben Ho' o "

Frguare 40 Mapoyiew  of locations of sedsnic avents
reeompanying  the hydresulic tractaring experimene,
The Do ation o the Loree commaneat § oreny . gengar
in Pl-1 s indicated by the salid . langle, that
fn 1L+ oy a4 solid square, In map view, the
locytion o the dnstrument in oT-7 in nearly
ilentical to that in FL-1 The strike of the
seruvmic cloud, 307, s dindicatod by the lines at
top and bottom of the tiguri-. Precision of eyvent
Tocations {s ahout 10-29 m, about the size of the
cvent sSymbols.
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most of ten An the hydraubye fracturing data 3et,
Palnty  In foradl  spheres dndicate the  station
pvatfony and  the measored polarity  of tirst
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surfaca network were not recorded digitzly at the
time of the experiment, the data from larger
events recorded by both the surface and downhole
networks were digitized after the experiment. In
this way, events could be located using only the
travel times to the downhole stations, which have
greater precision than those to the surface
network stations.

Directions of first motions of the 69 evenis
show both compressions and dilitations and,
although many different tocal mechanisms werc
determined, all are consistent with shear slip. Of
the 31 events for which reliable fault plane
solutions werc determined, 19 have one of two
fault plane solutions, These two mosSt comion
solutiors are plotted in Figure 4, Note that the
difterence between the two fault plane solutions
results entirely from a difference in first motion
at a single station. Since the change in tirst
moticn 1s clear on tne se|smograms, and since
mislocation of the events cannot move the position
of the station on the focal sp.ere enough to
account for  the obseryed differences, the Jif-
forence in fault plane solutions is real. The
nyonts with the two fucri me hinisms shown in
Figure 4 occur throughogt the region where seismic
ovents wore Joacated, Moreaver, the events  that
oxhibiit fault piaae solutions ditferrnt from those
shown are also Yocatle ]l throughout the seismiq
2one

(Ut the seven types of fault plane solutions
tound for the seismic events studind, alt have one
teature in common; a nearly vertical N-S or NW-SL
steiking nodal plane, This nearlv yertical nodal
plane is sub-parallel to the trend ot the sefsmi.
sonn, which nis an azimuth ol approximitely J50°
tnd A dip o W {ser line drawn in Figqure 1), In
amdition, the 1 .xs for the seven solutiony trend
roughly  cast=west and are  In reasomable accard
with the regioma) stresy obseryations of Aldrich
and Laughdin (logd),

The two solutions shown in Fiqure 4 are almost
fdentlcal to composite Fault plane  sotutlons
ahtained by Cash ot al{1984; note that they plot
upper hemisphere projections) although they fuund
the two solutions from ovents separated by 1 km nof
depth,  They proposed 2 spatiil ditfeence  in
reqional  streesses  as,on lated  with  the nearhy
Wlles  Calidera  as  an explanation  for  the
dittercnces in the two Fault plann sotutiorns,
Sinee the aveals studied here are in very c(lose
proximity, it {s unlikely that they can be du to
spattal diftorences in reqlonal strosses, Rather,
they mint Hlkely result (rom the same siress
tieYd, Recent work by Gephart and Forsyth (1984),
Michanl (1384), and others hive shown that sultey
ol faudt prane solutions for earthquakes occurring
In one reglion, and hence considerad as being due
tooa shngle anitorm stresy Linld, can be {nverted
to determine e ratfos and arientations ol the
principal  seressesy  that cause the  earthquakes,
Athough w= have not carp fed oul such an analysis,
fr t. cloar trom the similarity of the fault plane
solptiony that taults ot ditter nt orientations
are belng activated by a unitorm stress field,

Kaleda 4

SEISMIC SOURCE PARAMETERS

To quantify the physical sizes of the faults
and the amounts of slip that accompany the
microearthquakes, seismic source parametcis were
determined from the spectra of waveforms recorded
by the triaxial sensor located in EE-1 (see Figure
1). Spectra were calculated by choosing a portion
of *he waveforms and computing the Fourier trans-
form. The spectra were Interpreted using the
models of Brune (197Q) and Aki (1966). Source
parameters, such as sourca yadius, seismic moment,
stress drop, and amouat of sli- across the fault
during the microearthquake can o determined from
these models using measurements of the low fre-
quency spectral amplitude and corner frequency of
the displacement spectra.

Figure 5 shows a waveform of a typical micro-
seismic event recorded ty the sensor in EE-1. The
three components of particle motion have been
rotated to produce the component of motion that is
paratlel to the line Jjoining the source and re-
ceiver. Also shown in Figure 5 is the spec:rum of
qround displacement for the firut .08 s portion of
the P wive. The low frequency spectral amplitude
i carner trequency are labeled in the figuro.

Lompruted soismic moments for the events studied
range trom 1O to 10Y' dyne :m. Source radii
range Letween 2 and 20 m, stross drops range’
betweant .5 and H() bars, and average displacements
across the faults vary from 6 to l0N0 micrcns.
These microearthquakes are very small {ndeed! For
comparison, the 1964 Alaska earthquake, with a
magni tude of 9.2 (Mw), is estimated to have had a
seismic moment of H.2 X 10'" dyne-cm, a fault
dimension of 500 km and an averaqe slip of 700 c¢m
{(Kanamori, 1971, 197/7). Given the sm)) amount of
displacement accompanying the microcarthgiakes, 1t
Is unliknly that a sigaificant i{mcrease {n prrm-
cabilty accompanies thelr occurrznce,

SEISMIC VELOCITY AND ROCK ANISOTROPY

To determine seismic velocitirs for locating

the microearthquakes, and to establish trayel cime
correctians to stations, detm.rtors eere pliced in
the borehole EF-2 In the reqion oesar where the
fluid was ingegted Into the rock.
By moving the position ot the dwtonator in the
herehole 1t iy possible to determine {f signif-
fcant variations {n traval times to stations occur
that can be (nwerpreted in terms ot the rock
heterogeone{ ty,

A large scale, cross wellbhore exporimont was
conduc ted  during  earlier hydraulic tracturing
studiers in two wellbores, Ft-1 amd GI-2, located
near -2, In this experiment a woving seismic
aouren was placed in one wellbore and a stationary
recofver {n the ather, [he source was Jirrid nrypry
2 wm alang the wellbore, lu this way, a large
volume of rock hetween the horcholes could he
studied in detafl. The results showed that 1{ttle
hoterogeneity  oxisted In the  rock prior to
hydraulic fractw ing but that sigmificant inbomn-
genedttcn exigtod  atter fracwiriag  and  sub
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Figure 5, dyyeform (Do low) and speclran (Abaye) of
first 0% s ot P wave for 1 typical microseismic
avont, Spoactrum was smaothed {line) to determine
parameters that were input 1o the lirune ('9/0)
modnl,
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Haqure 0, Lower hem!.phere sterea projection of
plans  that v paralhil o the most sets of
lovations of microselsmi. events,

sequently extracting heat from the region beiween
the two wellbores (Fehler, 1981; Aki, et al 1982;
Pearson, et al, 1983). Spatial va laticus .n vel-
ocity of as much as 10% were found in the
previously homogeneous rock.

In the region where microearthquakes were found
during Experwment 2032, temperatures are too high
to allow a detailed cross well experiment to be
carried out. An alternative approach is to use the
microcarchquakes themselves as sources to study
the three dimensional heteroqeneity ot t' region
irr and near where the microearthquakes occurred.
In principle, 1t should be possible to construct a
complete three dimensional tomographic image of
the region using the micro2arthguakes as sources.

As a tirst, crude, attempt at constructing an
imaae of the seismic zone, the microearthquakes
wera grcuped by reglon of occurrence and a joint
location schem» (Crosson, 1976) was used to co-
termine  Improved ralative locations and station
carrections to the five station network used to
locate them  The station corrections in this
schoeme are those specitically calculated i the
eyants in the subregion under stuydy, Helative
ditferences  in stytion  coroections  amang  Lhe
regions ttudied can be intespreted in terms of
velocity heterogeneities along  patis  from  the
various reqions to the seismic statinnsy,
Preliminary results indicate that thers e path
anolies  to  stations that are oomLigieatly
dev- ted, Interpretation is difficuly al 1nis time
because of the fact that station corvevt:uns are
always calcul: ted with respect to corrections tor
olhcer stations,

Roberts and Crampin (1986) have studied the
threr dimrnsianal  particle mation ot 5 waves
recorded  from  microear thquakes  accompanying A
hydraalic fractaring oxperiment by the British Hot
Dry Rock Projectd, They find convincing ovidence ol
anisotropy in  the ruck (qranite} betweeon  the
source and recedver, This anlsotropy 1s manifested
by a Lirefringeace of the S5 wave that can be
ldentif'ed from tae particle motion of the inltial
portion of the S wave, Roberts and Crampin (194b)
arque that this anfisotropy {s caused by a pre-
forenlial orfentation ot f{ructures In the rock.
The arientation of the lractures dedecen from the
S wave aidta agrees with the arfentations o fra
turen measured near  the surface and inerpreta -
tions of telnrviewer logs in horeholes,

DLTEEMINING JOINT ORTENTATTONS

Bocause microearthquakes were located with a
prociston of 10-20 m, 1t is possible to study the
relative locations of the events to determine
soveral microcarthguakes  nccurred alone a single
pre exfsting joint in the cack. Inoaddityon, §f A
system  of  parallel  joints existe along which
microearthquakes occur, 1t should be possible to
detormine the orfeatation of this joint system by
stindying Ly relative locations of the
microvar thauakes,
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Lutz {1986) proposed that an underlying
structure controlling the 1locations of mapped
points on the surface of the carth could be
revealed by calculating the azimuths of all
possible pairs of points that comprise the field
data set and compiling a histogram of the number
of point pairs giving a specified azimuth. Since
the resulting histogram is strongly biased by the
shape of the region 1in which the points occur,
what Lutz calls a shape effect, studies of
synthotic data that are randomly located witnin a
region that has the same shape as the study area
must be carried out. Lutz proposes that an ».wal
number of points be randomly placed withi- the
region and a histogram of the azimuths o1 iines
connecting pairs of points in the random dat» set
be computed. By s:iudying a large number ot sets of
the randomly distribute data located in a region
with the same shape < the field regicn, a Jdis-
tribution of histngrams can be compiled, one
llistogram for each set of random data. In this
way, some e.timate of the effects of the study
region shape on the calculated field data histo-
orams can .0 mad~. Lutz proposes that the
histogram for the field diata br compared with a
T in histogram, which 1is an averiqe of all the
histogqrams obtrined trom the ditterent sels of
randan data. The level of confidence in the rosult
can be estimited by comparing the histegeam con-
piled ftrom the ficld data with the distribution af
histograms from the random data,

In the present study, data are located in three
dimensions. We scek to determine the dips and
azimaths of planes alonrg which multiple micro-
ecarthquakes occur, 5ince three points arc required
to define a planc, we scarched for all possible
sots of three points in tne ‘ocation data sel and
calculated the dip and azimuth of the plane con-
nrcting tae three poinrts, For N data points, there
Are

N-(N-1)- (N-7)/0

possible  sets  of  three  points. For 844
micrequakes, there exist 10" possible sets, so to
rediuce this large number Lomewhat and to search
for a more r alistic model ot  joints, we
considered only sets ot points thit were all lo-
cated within 200 m of ecach other, (Mo alse con-
stdered cases of 100 m and 50 v which ylelded
resaltys similar Lo ciose presented).

[o remove the shape offoct as described above,
we produce sets of random points located within
Lthe sefsmic reqglon, The azimuths and dips of sets
of these randomly located oyents were caloulatoed
and compared with the results ot the actual data,
He used 00 sets of randomly located events, earh
sel contalntng exactly the same namber of luca -
tions a5 In e real data sol, o, B locations,

Our corparison ol Lhe histogram of nunber of
tvent planes A1 th a gfven dip and azimith with the
mean histogream compiled from 510 100 sets of ran-
domly beeated events showed one dominant peak in
the data, whose amplitude {+ 2.2 times the ampldi-
tude of the prak In the same direction {n the
average of the racdam data sets, In fact, the peak

has a much higher amplitude than the peak for any
of the random data sets studied. This gives u: a
strong confidence that the dip and azimuth deter-
mined from the real data are rel{able,

Tests using synthetic data where points are
chosen to 1ine up along randomly located but
parallel joints show that the technique described
above does yield a reliable estimate of the alp
and azimuth of the planes along which the points
lay.

The predominant azimuth of the planes joining
the most microearthquakes 1s 35° west of north.
The planes dip 75° to the east. One such plane Is
shown in a lower hemispnere stereo proje~tion in
Figure 6. This plane 1s nearly parallel to the
plane that is common to the fault plane solutions
shown in Figure 4. In fact, this plane would fit
exactly the data shown for the Group I fault plane
solution shown in Figure 4, Thus, the Ffault ori-
entations determined by the fault plane solutions
agree well with the jeint orientations jetermined
from locations. This aads confirmation to our
assertion that the microearthquakes occur along
pre-existing joints,

Visual confirmation of the preferential ori-
eatations ot the microearthquake; can be seen in
Figqurns 7 and B, which show a portion of the mi-
croearthquake iocation data sets. Figure 7 is an
cpicenter map showing locations of events that
occurred during the first 20 hours of the in-
Jection. There is a clear trend in the location
pattern in a direction N35°W that occurs NW of
the wellbore. Figure B shows a vertical cross
section of the microearthquake locations projected
on a planc trending N55°W, along the strike of the
preferential direction of joints as determined
aboye. In this figure, planes that define the
Jolnt pattern should dip 75° to the right and many
such planes can be seen 1n the figure,

CONCLUSIONS

Seismic data collected during hydraullc frac-
turing provide estimates of earth stresses and
rock physical properties which are independent of,
amnl Lthus supplement conventional anilysis of pres
sure records and impression packer or televiewer
data. Seismic measurcments are not limitcd to the
{mrodiate vicinity of the wellbore and, in faci,
larqe volumes of rock can be interrogated by the
~efsmic technique,

Fault plane solutions gave a good indication of
the direclon of least compressive stress. In
addition, Lhe fault plane solutions can be studied
to obtain additional Information about the stross
t{eld. Tue earthquake location patterns indicated
A preforred direction of tault planes which is
cons{stent with one of the fault planes determined
in the fault plane solutions. Finally, the slips
estimited to accompany the seismic events are very
small; hence the microseismic cvents contribute
very  1ittle fncrrased peemeability in the rock
volumre,
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