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-ABSTRACT

‘During the acid treatment of & sybeconomic
well at the Beowawe Geothermal Field, numeroys

‘seismic events were detected of. which: 22 could -

be .locsted.. The events occyrred following a
ficst stage of the acld treatment and generslly
define & trend .paralleling the surface trace of
the Malpais  fault. No selsmic signals were
detected following & second. stege of the acid
trestment, despite the injection of almost twice
a8 much sdditlonal fluid. It is postuleted that
the cause of seismic events following the first
:tcge wags due to shear fsilure of chemicelly
weskened ‘cemented fractures ‘or jointz in the
reservoir. - Presumably reservoir -
sufficlently reduced to proclude further rock
failure during the second day of trestment.

B

mnooixcrtou

The ROSSI 21-19 well st . Chevron's -Beowawe
Geothermal . Field "has been & non-commercial pro-
ducer ‘even though it ‘intersects a Bigh tempers-
Prcslurc interference - tests
established ;ood ‘hydraulic connectivlty
between &1l five wells in the reservolir and have
8lso  ‘shown ‘high ares  permeability within: the
Limited productivity &t ROSSI 1is
thought to 'be due’ to ‘neer-wellbore restricted
permeability.  -As: part of ‘the' Depcrtment ‘of

‘Energy's eight-well stimulation program for geo-

thermal reservolrs, Repuhlic Ceothermal, Ime.
conducted . the ecid - stlmul;tlon experlnent at
This experiment was vc 60,000 gsllon
two-stige scid -trestment ‘designed ~to  enhance

.productivity of the  natyral: frcctures snd  to
. Temove

drilling "mud = resfdue from the
wellbore ~fractures nround ROSSI.” Los

near-
Alamos

pacticipated in ‘this experiment to wmonitor the
-scld ‘treatment process for -evidence of reservolr

strain relesse by Iocntlng ‘the source . of rock

‘fallute, as indicated by seismic signals, and to
‘provide dats on .the direction of fluld novement
‘in"the eeservolr during treltment.

The Beowawe
s .platesu . of

“The _Beowswe Geothe Field.
Geothermal  Field- }les_ between

-of . "Smith

strain was

fractuced Tertiary volcanics to the south, and
the downfaulted Whirlwind Valley to the north
(Figure 1). ' The ares,. s few.miles southwest of
the town of Beowswe and about 50 miles esst of
Battle Mountain, Mevada, -has been the subject of
several geological studies, wmost notably those
(1983), Struhsacker (1980), 2Zoback
and Garside and Schilling (1979). The
location of the blowing wells, called The
Geysers, is along the Malpels feult zome, an
‘eagt-northeast striking Basin and Renge normal
fault. - This fault developed after eruption of
the basaltic andesites between late Miocene to
Pliccene times snd represents the more recent of
two major episodes of feultlng, coatrollimg the
location of the geothermal field, The older
‘normal fault system, the Dunphy Pass fault zone,
has & northwest trend, and terminates the geo-
thermal . system to the east. The sedimentary
basement consists of Paleozolc carbonates. over-
lein by the;Ordovician Valmy formation. Highly
.permetble zones are probably located at several
‘levels within the fractuced Valmy formation
under the Malpsis Ridge/Whirlwind Valley erea.
The reservolr is perhaps in the lower Psleozoic

(1979),
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Fl;ure 1. Location and generallzed structure of
the -Beowawe nrec (t!ter Struhsacker,
1980).
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30,000 ft (Epperson, 1982), and with tempere-
tures of 360-420°F (Republic Geothermsl, Imc.,
1983). The locatlion of the treated well, ROSSI
21-19, is shown in Figure 1 st the base of the
Malpais Rim. The position of GINN 1-13, used to
monitor the asctivities at ROSSI, is slso shown
ebout 2000 ft to the northwest. )

- OBSERVATIONS

A trisxial geophone package, developed by
Los - Alsmos for  high-temperature ' use, was
deployed in well GINN 1-13 sbout 2000 ft north-
west of ROSSI 21-19. A single  geophone was
strepped to the wellhead casing. -Anslog output
from .the geophones was recoeded -on nagnetic
tape. This deployment occurred on August 21-22,
1983, during the two stages of acid treatment,
%o monitoring was conducted on August 20, 1983,
when 1831 bbl of water were injected into. the
formation for the purpose of determining
reservoic characteristics prior to the tte;tment.

August 21. The injection of acid and water
st ROSSI 21-19 was confined to the slotted
linesr Interval below 4369 ft. The - ROSSI
injection was monitored from seversl positions
in GINN, commencing at 6500 ft, for sbout 30.min
before -acid injection (Figure 2). Monitoring
continued at 650Q ft ~during  ecid injection
(500 tbl &t ebout 15 BPM rate) and, ‘sybse-
quently, during disx:heement of acid into the
formation by flushing with -221 bbl of water.
The tool was moved  to 5500 £t Just prior to
injection of 2225 bbl of water at the same rate
of about 15 BPM. Several nictoettthquake events
were observed during the latter half of the
water injection stage, e:pechuy subsequent - to
s sudden increase in surface treating pressyre.
A marked decrease - in . seismic signals was
observed upon completion -of “water injection

Monitoring was resumed at

August = 22.

" 6500 £t just prior to injection of 982 bbl of an

acid mixture consisting of 12% HC1 and 3% HF,
flyghed with 297 bbl of water to displsce acid
into the formation. This process was inter-
rupted for 20 min during the course of imjection
to repair an acid leek at the treating head and
s hose leak on the blender discharge (Figure 3).

-at  the rate of about 135 BPM.
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Figure 3. August 22 operations and monitoring
schedule.

The teool was moved to 5500 £t prior to
injection of water. The water injection stage
wes marked. by several {interruptions due to
intermittent operstions at ROSSI.  Sustained
water injection was resumed after s delsy of at
least 3 hours from the previous shut-down.
Pumping continued uninterrupted for 2-1/2 hours
A totsl of
2312 bbl of water was -injected during this
stage. Selsmic activity was not apparent on
this second day of ecid and water injection.

The observed selsmicity during the first
scid treatment on August 21 is in 1tself enig-
matic because the stresses normally required to
bresk rock, or to cause shoar fallure along pre-
existing fracture syrfeces, were not schieved
hydraulically. It is postulated thet the

selsmic evénts may have resulted from the shear

fallure of. fractures caused by chemical weaken-
ing of cementing . materisl.. However, 1f this
hypothesis- 1% valid, rock fsallure events should
have -been more pronounced on the following day,
August 22, when a ‘stronger scid wmixture 1in
larger volume  was injected, unless reservoir
stresses had been sufficlently  released the
However, 1f the observed micro-
seismicity of the first day was indeed hydrau-
lically induced, _then ‘lack of events the
following day may be escribed to the several

“interrupticns in the injection process,

DATA ANALYSIS
pPats_Processing. All signals en magnetic-

tape records of geophone output, having any
portion of thelr  coda exceeding 80 times
backgeound noige, were digitized into 800 moec,



2048-channel dats blocks for processing.
Digitized records were visually inspected for
signsl charscter and quality. Only  selsmic
'signals, showing characteristic P- and S-wave
arrival and decay, were further processed.
Figure 4 shows one such signal as detected along
X, ¥, and Z geophone ‘axes.  P-wave and S-wave
acrivals ‘ere strongest on the Y snd 2. geophone
‘outputs, respectively, The absence of 4 clearly
defined S-wave arrival on the horizontal geo-
phones {indicates that S-wave ig predominantly
‘vectleally. polnrtzed. Figure S5 glves the com-
posite power spectrum ‘of - the geophone .outpyt
shown In ‘Figure 4, Signsl power 1is generally
testrlcted to the 10—140 Hz frequency band

The oclslnl of ceismlc signals, hence the
locations of the rock failure during the acid
trestment, -were detarmlned usln; (i) the time.

- Power, dB re arh, units

Figure 4. Typlcal rock fasilure signsl.
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difference between 8- end P-wave arrivals, and
(11) the aversge polarization of particle motion
at the geophone sonde during the time repre-
sented in the P-wave coda. If the propagation
velocity .of P- and S-waves 1s known or can be
estimated, then the distance to the signal
source can be calculated wusing (i). ' The
direction to the signsl source is the direction
of particle motion polarization measured in
(ii). In the  absence of knowledge of gen-
eralized wvelocity structure between signal

source and ‘detector, the distance and direction

to the origin of the seismic signel indicste the
most probeble location of rock fsilure.

g-P Dgitx Times. The seismic velocitles

used for locating these events with respect to
the GINN.well were obtsined from the pseudosonic
geophone survey in GINN run by Chevron Resources
in 1982. . Over the interval of interest (i.e., @
few hundred feet above and below the -injection
interval), P-wave selsmic velocitles sre of the
order - of 15,500 ft/sec. Assuming a normal
Poisson's Rttlo of .25, the shear wave velocity
woild be 8960 ft/sec. The measured time dif-

. ference between P- and S-wave arrivals were then
used to compute the distance to the site of rock

fallure from the GINN well.

P-wgve gglagggggign. Based on the design of
the scid trestment, the vertical extent of the

‘reservoir to be affected was roughly 300 ft

centered about 5500 ft in ROSSI. Thus, rock
feilure signals that were detected at the same
depth in GINN gave risze to signals impinging

‘within 4°® of the plane défined by the horizontal

geophone axeg. In Figure 3, the apparent delay
in P-wave ongset on the Z-geophone confirms that
this indeed was so. Because of the low angle we
can -ignore Z-geophone output In computations of
polarization with 1little loss in accuyracy.

Avernge polcrlzction in the P-wave cods was
ctlculated as  follows. If Xp(t) and Yp(t)
represent P-wave coda. as - mecsured slong the

snd Y directions, respectively, then oy the
sversge polarization angle with respect {o the
X~geophone direction is:

tan 0 __ = X (ndt) LY (nAt)
' I X (adt) -I X (nAt)

xy

Pretﬁous invest!;itors‘ (Albright and
Pearson, ‘1982) who have used polarization Ffor
mapping purposes have restricted nAt to the

‘period of the first eycle, or & fraction

thereof, of the P-wave coda.  Stated dif-
ferently, .the ‘polarization direction in these
studies was determined from . the first wmotion
‘sensed &t  the geophone. This approsch fails

‘when the 8/ of the first motlon is poor and not

statistically compansated - for by & com-

.mensurately large number of signals avsilable
fot processing, Because the Beowawe dats con-

sist of & small number of signals, with rela-
tively poor 8/N during flrst motion (2-10 on the
torizontal components), the code method was
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elected for use. To the best of our knowledge,
s ‘sstisfactorily complete theoreticsl and/or
emplrical comparison of the relstive merits of
flest-motion and cods -polsrization methods :has
not been undertaken. - Such & comparative study

is, however, outside the scope of the Beowawe.

measurements. The use of the coda method, how-
ever untested, has presented us with potentlally
significant end intriguing results, which we
summacize below, S S ‘

Geophone _ Packsze Orientation. The geo-

graphic . orientation  of ~'gecphone axes s
customerily determined from & measurement of the
attitude of the borehole packege -and the well
deviation ‘at the monitoring depth. Attltude is
obtained . through - interrogation of -exial
inclinometers housed 1in the package. . Because
neither ‘multishot nor gyroscopic deviation
surveys are zvelleble for GINN, an attempt was
made to. orient. the  downhole package using
‘dynamite es & source of selsmic energy. 1Two
shots placed on -the pediment of .the Malpais
Range to 2000 ft south of ROSSI, in. 1line with
GINN, failed to produce & detectable signal at
the monitoring depth of $300 ft.

RESULTS

Rock ¥ailure H:g.. ‘risure 6 shows the
locations of rock fallure- that could be

determined ' using  P-wave coda:'. polarization
moasurements projected onto the XY ‘horizontal
.plane ‘st  the depth of fluld injecticn, . These
events .are  grouped im -the ‘distance rcange
(1580-2110-€t) from the GINN :well, indicating

that they oceur close to the 'RPSSI injectlion:

‘well.  The occurrence of these events 1s baged

on ‘the -assumption ‘that rock fallure is relsted
to the ‘injection process and perhaps caused:

Bsowawe Microearthquakes ; .
N
Aug 1
& Rossl
ad )
I\ . c N
L] '.‘. . .
D o —thy
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Dl_tiancg From Ginn qul M

Figire 6. Beowawe cock failure ‘Soeations
" (geophione orientstion assymod),

by fluid gaining eccess to & system of conjugste
fractures. This is possible since, as mentioned
earlier, stresses required to break rock were
not achieved hydraulically.

Although not indicsted in Figure 6, the
locations of rock failuyre have & random spatial
distribution with respect to pumping time. 1In
other words the distribution of these events
eboyt the ROSSI well do not fall into any

.pattern during the course of fluid injection.

However, 80% of the events appear to occur along
two generally -linear trends, AB gnd CD
(Figure 6). We have used the AB trend to orient
the rock fsilure map on the assumption that it
lies parellel to the - surfaece trace of the
Malpais fault, If the trend of this prominent
fault st depth is assumed to be along AB, then
the  ROSSI -well projects to the 1location
indicated, generally north and asymmetric to the
mapped tock fallure locations. If, instead, CD
is assumed to be parallel to the Malpais fault,
then the ROSSI well projects approximately 20°
to  the south with respect to GINN, sgain
asymmetric to mapped locations. - The ROSSI well
may {indeed be anywhere in between, perhaps even
in the middle of the cluster of events. Lack of
orientation of the geophone package precludes ‘an
exact location for ROSSI, with respect to the
location of events.

_.ge’cgggvcnge Relation. Figure 7 gives the
recurrence relstion for. all events observed

‘though not necessarily located on August 21,

showing the cumulative number of events vs
magnitude. The slope, or ‘b’ value, of such
plots  are thought to 'be charscteristic of
different selsmic environments. The calculated
magnitudes sre- based- on event ‘code ‘length',
normalized to the northern New Mexico standard.
This compuytetion is based on the formuls:

" M =2.79 log(T) - 3.63,
where M - magnitude end T = coda length.
The 'b' value plot in Figure 7 shows that
the detection threshold is around M = 4. A 'b’

valye of 0.68 1s comparable to microearthquake
activity assoclsted with wellbore treatment in

other geothermal areas. .

Digteibution of Events with Hagnitude.
Figure 8 is & histogram depicting the distri-

‘bution of events with magnitude. It is worth

noting ~ that magnitudes g0 determined are
relstive  magnitudes © and that substantial
uncertainties may exist in the determination.
This 'is inherent in the difficulty in determin-
4ng event coda, as well as. the lack of & local

"standard” for converting ‘coda lengths' to
‘mapnitude,  Similar srgumonts may bo sdvanced
‘for the.  uncerteinties 5 tha cessurrence

rolstionships - €'b'  valuss), ° Including the
possibility of enitting some salsmlc signsis and

“eaynting others that ‘sre  non-eeismie.  The

‘Lattor argument s .ocpocially velld for the
smaller magnitudes, 4n this cess bolow X « -4,
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SUMMARY

Downhole seismic nonltorlngf frovlded an
s

effective way to detect rock lure during
reservolr stimulation experiments at Beowawe.
Discrete seismic signals were detected that may
be sttributed  to shear failure of fractures ocr
Joints due to chemlcal weakening by acid pene-
tration, following the first day of treatment.
Leck of similar events on the next day of treat-
ment - suggests significant regervoir strain
rolease on  the previous -day. Rock failure
events occur -close to the injection well and
deéfine a genereslly 1linesr trend, 1largely
parslleling the surface trace of the Malpais
feult. Signal power is generslly restricted to
the  10-140 Hz frequency band. The detection
threshold for these events was gsbout M = -4, and
gave & 'b' value of 0.68.
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