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displacement. and tne area of the joint
mobilized In an Individual microquake can be
determined from tn? spectra of the waveforms. He
find that the arwnt cf displacement along the
joint during a micr’v!,hrtilquakt Is small. which
means that there Is little lncreasc In perme.
ability clue to the microcarthquakc.

Travel times ot the scizmic wak:s fr~r the
mlcrocarthquakr source to tnr record i,lr; sta tlons
c~n bc ‘nv~r ted to place limits IIr thr nc 3,,’-
oqcne i by IIf the rock in the regiw In anl nf,~r
whcro the microearthqi:akes are occurring. BY
studyilq the particle motion of tlc S waves
record,.cl by three component goophonrs, it 1s illso
po~siblo tc dctcrminc prcfcrcntial orirntdtinns of
microcr,~~,. ks in the rock (c. q. ro:k ,Inisotropy) ‘
(Hoh9rt., ,!nd Crampl,;, 1986).
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Fehlcr , ll~u,,i., K j]~(l,l

downhole geophones were ohb ined fror about 1800
seismic events during the 84 hc,urs th.st seismic
mxsi torlng was carried out.

The water was injected into Precambrian
granites and granodlorites. Seismic ray paths to
the close-in triaulal borehole sensors were
entirely within the granites. whose seismic
velocities appe?r to be relatively homogcrw?nus and
isotropic. In contr~st, raypaths tu the surfacr
sejsmi( sensors, and to a lessor t?xtcnt, the mlt-
lying sinqlr compnncnt swtsnrs, wcr,? distor tort by
lower velocity s~dimcnts th~t cxtonfi from th~
suriacc to a depth of a;proximtcly )Wl m,

M: CROEARTHQLIAKE LOCATIONS

~Ith from all five (IOWII’101., inSLr UM’!n LS Were
USOd to obtain locations of srismic cvcllts by
inversion of arrival tires of thn compr~, ss innal
[P) and shear (S) waves. Arrival tlmr$ wrrc ric -
t,. rminod frnm diqlbll S,>ismoqrarns wilh 1 prr~isinn
of 1 m!.. $,’ismi, vr,ln, iii,, s .ini lv(,rlq,, strltinn
:(trrt..ll,,vl< W,lr,s n!)ta in,, I tro,q ,I,,l,)n]l,),. L)]i -
I)r Ili m sth)ljlllll.PI III tl),, Iuw,,hl)l,,, ,Iml .I <III t,!
11! w,, ll rl,~,)r I,, <i mibr,,,~)rtt),l,tilh,,~; 1)11, Iv-r.]qa, P

V,OIIII ily is l>.Q} km’,, 11)1 IIVI ‘> W)VI v,,locify is
I,t, i’ knfs. ~L!ti!)n ~nrr,,l ti,)nf .om;),,ns, it,, IIIV t)]!,

sliqht ohs~rvcd vdrllltionf fr~m !III, (.,anstrlrlt vol.
or. i :1 moIII.1 IIl(livl(lml sLs Lion corr~.cti,~ns W1.rc
found to IIP only ,1 very >m,lll frJL tion nl thu
tr~vcl times to tho st,]tlons (loss thaq a few
prrcrnl), which suppnrt% our ~ssortlnn th,lt !hr
ro{k vrlt)t I tv IS no,lrly :lomoq,~ncolls, Ihc only
rzc(.l,t~nrl was fIIr slation PC-1, whlih wfis Io-,:t(lil
smn,, ?’M) m ,ll)nv,) th~ s~,liln,ll)l-flr.1111[,~ int.,!rlt][v,
,11111 hrncf, Lh, Lr,lvol Ihlth t,) lhli ;t.ltlorl Is not
,,nt Ir,. ly Lhrn(l(lll Ihbmt)qt, na., uik r(, [ k .

1.41111 1’1 \Nl \lllllll I’N. ANII II; I; IIIIJAI “,IHI \\l\

\ilpldl\ IWI ol’(11~11 !!1 III(! 11111(- %11! fll(l~ il.! tll)lls

land #al th I.W,) IIllllylll!) 4UW1111(II,, St#lll, *n% Wnrl,
11511(1 1,1 .,t IIIly 1,1III! ;)lanr solut ion:., \im P tclsmir
wlvi.i ,arrlvlnq ,11 f! s fur ffiw sl.Il,lofl\ muht, Imfi
!hr,)IlylI ,lpl)r(lmlm,ltrly /(11) In 1)1 hlIlhly 1111.1111,1111111
,l,!lllv~lll\, IIllly lhII lnrq~,r (msIl~IllII III.\ r,nqll),l
from / III II ) r,vflnl< .lII,lmll#lnyln,l 111,. 111.lr~, liIln
11)11111 1),, I+III Illm Il II SIII,I thlt t)fltw[)rk. (1I III,. m,)l. r
111.In 1111111ovr~ntf rr!{]r(fnd lIy Iht, tIIrf.IItI ut,lwIIr~ ,
1),1 Ilf lhl~ lm)\t %111!.11)11, Woro !Ill)<oll for \llldy.
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surfac? network were not recorded digi ~, IIY at the
time of the ●xperiment, the d~ta from lar9er
events recorded by both the surface and dounhole
networks were digitized after the experiiw?nt. In
this way, events could be located using only tfse
travel times to the dounhole s~tions, which have
greater precision than those to the surface
network stitions.

Directions Jf first motions of the 69 events
show both compressions and dilitdtions and,
although many different total mechanisms Were
determined, all arc consistent with shear slip. @f
the 31 cv~nts for which reliable fault plane
solutions were determined, 19 h.sve one Pf two
fault plane solutions, These two rmSt CCMMIOII
soltitlocs are plotted In Figure 4, Note thJt th,’
diftcrence b?twccn the ?.WO fault planr solutions
wsults entirely from * difference in first motion
dt a slhgle station. Sincr the change in first
moticn is clear on tnr s~l smograms. and since
dislocation of the events cannot M.Jve the position
of the station on the focal s;~,,tre enough to
,sccnlint fn,- Chr ohsorvrd rliffrrrncos, thr di!-
f,,rrnc~~ in fatilL pl.snr solutions is rmsl. Tho
I, V, TII II dith rl)i, rw, ) f,!cli m,, hlnis.nq st). Inn lq

tiqurr 4 uccur thr,)uqhn, !l th,, rt, qion uh, ”rf’ s,’ismi(
~,~.,nt~ wrl, lt)c.a~,,,i, Yor,>,)vcr, 1:1,, PV,’Ui/ fhlt

f,a)ljl]it tdul I II; ,IIIII solh~i,)ns ditl,.rent from the<,,
sht)tin lr(, dlsn lnrr~ III I lllr LIUqtIn IIt ttIO srismi(

Z,ll)l$ .

01 the srvcn ty;ws of f~ult pl,lnr solutions
Iound for thr s~ismic rvrnts st~di~d, !OII h.lvc 0111’
!r,!turv in ~mm,m; a nr,]rly vcrticzl N-5 or NM-51.
strlkifll nodnl ~+ltno. This rwusrlv vrr Lical nodll
l!~.lllf’ }S Sllb-parnllrl h) thr trend nl thr s(~lsmi.
znnv, which nik an azimufn 01 fluproximltnly .15[1’
In[l ,) diu of 74” (s(,,, lln,, dri~un in liqur~, .1), In
,1,1,1111(111, 1111’ I !1 ‘s fi~~” ttm si,vfln <nlut inni lrf, fl,l
ri!li,lhlv (,o\(-ld!, \l .111( I .IrII in rmfonlhl~ Irrnr,l
wi !h L!v, rl.,~iun] I sir,.\I, ot]sl,rv.)tlon~ nf Aldrich
.Ind [La,.lolllin (1 W141,

SEISMIC SOURCE PARAMETERs

To quantlf~ the physical sizes of the faults
and the amunts of slip that ●ccompany the
microearthquakes, seismic source paramek,-s were
determined from the spectra of waveforms recorded
by the triaxlal sensor located in EE-I (see Figure
1). Spectra were calculated by choosing a portion
of YM waveforms and computing the Fourier tr#ns -
form, The spectra were Interpreted using the
models of tkrunc (1970) and Aki (1966). Source
parameters, such as sourc? radius, seismic moment,
stress drop, and antou,lt of sli across the fault
durinq the microearthquake can c determined from
these models using mmsurements of the low fre-
quency ~pectral amplitude and corner frequency of
the dlsplacemnt spectra.

Figure 5 shows a waveform of a typical micro-
sclsmlc evrnt recorded ty the sensor in EE-1. The
thrcr coml,onertts of particle motion have been
rob ted to pro,duce the component of mtion that is
pfirallcl to th~ line joining the source and re -
ccivrr. Also shown in Figure 5 is tfm sprc:ru,n of
qround displ+ccm~, nt for the fir Lt .09 s portion of
th,, 1> wIV,,. TIV. low froquenzy sI]t. ctral ~mplitlhl,.
~nrl cnrn(. r Irrquon[y arc l,lbrI1.. d i~ tho ftgur?.

urnllut-d s,?lsmic momnts fnr the cvrnts studlcd
r,lnqo trom Ill’ ‘ to 10’ ‘ ffync :fn. Source radii
r,lng,, I,l,twocn 7 and 2(1 m, stress drops range’
Isc tw(,v n .5 and ‘d) bars, and avwagc displacements
across tho faults viry from (i trs lono micrcns.
TIICSC mtcroc.lrthqu,lkes ,Irc wcry small \nde@d! For
romp.nrlzon, the lg64 Alaska mtrth~akc, with a
m~qnitu,lo of 4.2 (fW), IS cstimatrd to havr had a
Srismic nromorrt nl H,? X 1[]1- Jync-cm, a fault
dlrnenslnn of 500 km and an avcraqr 511P of 700 cm
(Karvsmori, 1971, 1117)), Tiivrn thr SM1l amount of
displaccm, wrt ficcnmpanying tho micrmoarthqlwkms. , it
is unlih,,ly Cll,tt J si~m{ficaut lmcrs~so In pr.rm-
!.,11]111 ty ,Ic(.omlhlnirs L)lclr orLllrr~ncf,

5}. ISMIC Vl:l. rlCITY ANI) ROCK AU ISOTROPY
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sequently extracting heat from the region heiween
the tio well bores (Fehler, 1981; Ski, ●t al 1982;
Pearson, et al, 1983). 5patlal va Iaticits .n vel-
ocity of as mch as 10X were found In the
previously homogeneous rock.

In the region where mi croea?thquakes were found
during Experiment 2032, temperatures are too high
to allow a detailed cross well experiment to be
zarricd ollt, An alternative approach Is to use the
micro carihquakes themselves as sources to study
tbe three dimensional hetcrogcncity of t’ region
ir and near where tht= microearthquakes occurred.
In prlnciplc, it should bc possible to construct a
complctc three dimensional tomographic im?gc O(
the region using the microsarthquakes as sources.

As d first, crude, attempt at constructing an
image of thu seismic zone, tht microcarthquakr!s
were grcupcd by region of occuvcnce and a joint
location schcnw (Crosson, lq76) W,l S usrd to l:.!-
tcrmint? Improved relative locations 3nd station
corrccrions to the five station npwork used to
locntr thcm Thr st,itinn ~orrrctions i~, t.llis
sch~~mr t~rc Lhosv sprcificdlly cfllcullto:l Ii,,’ Lhj’
,.v~nts i,) thl, Slll)r,. qion 1111 Irr sLII, I),, i{fil.It iV,,

dillt,rrr;L(,s in \tl tion cor, I,ctinns ,11), 1!1:1 LII,!
rrqir, n:. !Wtlftl can l),, int,, -nrrl,, [l ill bsrms of
Voloci ty Ilnt(.roqon[.i ties ,Il{)n,l pat’1$ t rtvn 1)1!.

vnrinus rrqlons 10 thr s{,ismlc stjltion>.
Prcl imlnsry r[, sul ts Imlic ah. thfit thrr~, lr(? p~lh
anmi.llirf to stdt ions tlla t arc !, lrl.lj:.o. it’ly

dc, .”W, Intcrprrtation is difficult OL 1?,1s time
bocausc of t.hr fact that sb Lion cwrr,, t., un,, ~rc
nlway< calcul; tl,d ui th rrsprct to corrcctinns for
olh~r st,ltlnns,

Rnlw,rt. s aIld U’,lmplrr (lnllG) htlvc stulll~d LIW
thrru= dimonti:)nal narticl(, motlou of ‘) W,lif,,,

“<”” \., rrcur{h,d from ‘mi cromlr thqlmkns ,lccompanyinq ,!
,.. \ hVl!r!lllll L fr,lctlrln(l ,!al)(. rin,l, fll IIV th(, IIrlllkh Ilnl.

\

)/,,/

I)ry ilock Projvc:, lill-Y “find l:(lnklilLlnq [~ Vil!l!ll Ll* Or

an I sot,ropy in Lhc r(,Lk (qrnnll~) hrtuf’oll thf’

sourcv and roL,, lvnr. This .lnlsotr, )l)y Is manlfrst,t,(l

hy a Lirrfrlnqr?cr nf t!lr \ wav~ that Lan h,’
ld~ntil’nd from Llw pnrtlclr motlou 01 thr lnlt~lll
porl,lon of Lho 5 wavr, Iloln!rts and cr,sm~]ln (19111j)
nrqur th, lt this hnisotrnpy Is causrd hy ,1 pro..
frrrnll,ll nrirn?~llnn of fr,, cturrs In tlw rock.
lhc crirntllll,ul of thv Irnctllrns (k~(h’.rf; from W
!, Wllvv ,irltJ nqtv.o~ with 111Porlont,ltlotl~ III f rat
two,, mo,lsur(.tl nwlr t)!!, surfa[.r and Incf, rprolll
tlons nf t.olnvlvw~~r Ioqs lfI I)orolu)lrim

IU II I:,MI NIN{, ,IIIINI (III II NIAIION’.
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Lutz ( 19F16) proposebl that an underlying
structure controlling the locations of mapped
points on the surface of the earth could be
revealed by calculating the azimuths of all
possible pairs of points that comprise the field
dd~ set and compiling a histogram ot the rhzmber
of point pairs giving a specified azimuth. Since
the resulting histogram is strongly biased by the
shape of the region in which the points occur,
what Lutz calls a shape effect, studies of
synthetic data that ar~ randomly located witnin a
region that has the same shape as the study ~lea
must be carried out. Lutz proposes that an ~,wal
number of points be randomly placed witn~-. the
region and a histogram of the azimuths CJI iines
connecting pairs of points in the random da”> set
be computed. By studying a large number ot SC”:S of
the randomly distrlbu~” dati located in a region
with the same shapp :C the field rcgi(, n, a .lis -
tribution of histograms can bc compiled, one
I:istogram for edch set of random data. In this
way, some e~timatc of the effects of the study
rcglon shape on the calculated field data histo-
grams can ,,P mad-. Lutz proposes that t hc
hi$togr,lm Ior tlw field d.lt~ tz~ comparrd with a
T in hist,)gr.lm, which is an lvcrlgr of all the
histnqrlrns obt.~inrrl tro,n the rliltrrcnl SI!LS of
rlndm d,lt.!.111P lovrl of crmfidcnce lu tlw r,>sult
can l),. ostimtrcl by comparing Lhl, I}islvq,, am com-
pilod from thr Iicld d,lt,i with Ih(, [Iislribulion 01
hislt]qr,lms from Lh(, r,lndom dlltll,

In thr pruscn? study, dnta arr locatrd in three
dlmcns inns. HC srrk to dcterrnlnc the dips and
azlm~ths of planes filot?g which multiple micro-
rflrthquakcs occur, 3incc thrcr p~lnts arc rcqulrcd
to [ictinr ,1 plllnc. w,t srarclmd fnr all possiblr
SCIS Of thr,!,, points In tnc !octs lion d,l~l srl and

cdlculdlrd LIIII dlp and azimuth 0( th(. planr cnn -
nflctin,l t,lt. thr!,(, pi]imts, }or N 11.JM pnlnt$, Lht?rv
dro

N.(N-l). (N-7)/tI

possihlc so t\ o I three pI) Ints. For 1144
m~crriluako+, Llw. rv (,x151 Ill’ posslblr s{~ts, so to
rrdllcr this l,lrqo numhcr .omowhat and to srarch
I or a nmrv r !lllstlc mdvl nt Joints, wr
cnn~idrrrd only st’ls ol pnlnts thlt wuru ISll lcl -
catril WI Lhln ;’1)1) m nf each uthcr. (Ml’ als~~ coll-
tldorvd I.lF.oi of 10[) m .lnd $1) , wIIILI1 Ylt. ldrll
rrilll 1,, ilml lJI, l{! . ,~)ji. l~ri~sonlt,tl) .

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 reliable.

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

The predominant azimuth of the planes joining
the most microearthquakes is 35” west of north.
The planes dip 75” to the east, One such plane Is
shown in a lower hemisphere stereo projection in
Figure 6. This plane is nearly parallel to the
plane that i$ 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 A, Thus, tba fault ori-
entations determined by the fault plane solutions
agree WC1l with the Jcint orientations determined
from locations, This aads confirmation to our
assertion that the microcdrthquakes occur along
prc-~xisting joints.

Visual confirmation of the preferential ori -
rll tations ot the mlcrocarthquake; can be seen in
Fiqurns 7 and El, which show a portion of the mi -

crocarthqu,ikc iocation data sets. Figure 7 is an
cplccntcr maIZ showing locations of events that
occurred dllring the first 20 hours of the in-
jc(tion. rh,:rc is a clear trend in the location
pattern in a direction N35”H that occurs NH of
Lhr wcllborc. Figure 6 shows a vcrtic~l cross
soctiun of Lhc mlcrof!arthquake locations projected
nn a Plane trvndinq N5!i”kl, along the strike of the
prefcrcntidl direction of joints n% determined
dbOvl?. In this figure, planes th.lt define thr
.lOlllt 11.ittl,rn should dip /5” to the right and many

such pl,lnos ~.in hp .m-cn iII the figur?.

CONC;. USIONS

Srismlc dnt.a collcctcd during hydra ullc frac-
turing provide estimates of earth strc~ses and
rock physical properties which arc imfcpcndcnt of,

and lhw~ sul]plcwnt convrntionml nnllysis of prcs
%uro rrcords ,snd impression p,sck(!r or tclcviewrr
II JL!. Srismic measurfvrmnts arr not limited to the
Immodirltc vlcinlty of tllc wolllsorc and, In T.scl,
Inr{lr vnlunws of rt]ck can be intorroq,atod by tho
-rlsml~ trclll)l quo.

lmul L pl~nr snl[, tions qnvr a good Indication of
tho dirrc~ln!} of lcnst cornprcssivc str@ss. In
(I fldl tioll, lhr fault Illanr solutlons cfin bc studi~d
to ol)t.\l I! ildditlonnl information nbout Lhr strnss
Ilvld. 11,0 onrtllqunkn Iocn[inn patterns indlcatcd
d I,rf, forrod ,Ifrprtirm of Ifilllt pl~np~ whi~ll i<
t oIlfi~tI,nl WI th onr of Lho f~ult pl.tlws dct-rmlnl. d
in Lho fnul L plfinn solutinns. Finn lly, thr slips

rsllmllo~l LO ncr!mq)ntly 111P fvisml[, rvrnts rirc vvry
Smfill; Ih.rlcrt tho microscllmfc uvents cuntrilmtr
very Ilfilr ftlcr,~nsrd prrm,~.lbillty in thr rock
Vol Umr,
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