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ALSTRAGT

In MNoyenher J0/v 0 the |as Alarns Natioral laboratory inutalled a
tridxial downhnle geonpheone packaae at the Bryan Megr{ Strateagic Petro-
Toar Bogorye ) o salt cdlome near Freeport, Tesas. Menitoring was for the
purpnse ot cdetecting mperoseisnie activity during the depressurization
nf ot ot tne ail stomgae caverns,  Seismic artivity started soon atter
the o are ot depressurizatior, reached a peak 4 days later, and rapidly
hret ft,  Yrnatonn Ly o' able nicrooarthguakens wits magnitudes hetween
Vet 2w oberveet dur i and after deprecseeryzation. A Lol two
o thoer pgont | wore Lo 1o onogr the sido of the (il storage cavern,

Peoaqune the qhogr woege cpe g af these everts were (har o tory ol
vy wel Lo ingd carner frongquenciey we wore abile to ogaculate the radiras
Aot et e sarteer o the sersnde moment, . ar' the <tress drop tron
Tl napPee G e, Tetypatpn of the couree rading vary tram 16 te 10N
ryostrens drars range droe N3 e 00,01 Rar, and! o samaismie maments randge
trie 0y eyt 4w NV dynefen,

vagee tant rong lusaons from this study are that ¢omparatively smali
fhatee, e he nternal prosspre af ol storaae cgverns may he enoudgh
ta oo tavlare i the o)1t npar the dvern walls and that downhole
siern o aamie syrveys, ran o ate zones near large underground exava-
trans *hat, afe uneergormg eock fdilure,

INTPONICTTON

in roeent, yvears, large caverns leached in rock sait by fresh watoer
have hoen widely uset to store ol and liquid chemicals that are insnl-
ut-le wath water,  In these svatems, the JHquid is stored ay the vpper
pact stoa two-phace system tloating on a pad of brine. The oil or
cheriicals can he removed hy displacing an eauivelent volume of brine or
vieo vorsd.  Hecausn the stared fluids have 2 lower density than wate,
the surtface pressure of the fluid at the well head must be maintained
at. 2 high enough value ta compensate for the difference in hydrostatic

pressute between the stored fluids and brine (zero surface level brine
prossure),



This paper describes a microseismic survev carried out by the Los
Alamos National Laboratory over one such cavern {(henceforth referred to
as PMh) in an oil storaqe field operated by the Department of Energv's
Office of Strateqic Petrcleum Reserve. 0Qil in this particular cavern
was stored under a pressure of 1.1 MPa (160 psi) above zero surface
level brine pressure, The oil pressure measured at the surface was

reduced to 2ero surfa'e level brine pressure during the work to be
described,

At the time of denressurization, RM5 contained approxisately 2
million ruhic meters (.3 x 10" gal) ot ofl and the inteqrity of BMR
was n doubl because of a pinch-off af the drill string in the well
nriqinally used in minirnaq 'k ravern, well 85, 0il side depressuriza-
tion from 4.1 MPa (n0 psi) to 1.0 Mpa (440 psi) (approximately zero

surfarci brine pressure) tonk place from 1900 hours on November 27 to
1315 hours nn Novemher 2L, ju?y,

Tre Incation nf UM, 4 vhe Bryan Mound si1te S shown an biquee 1,

. e W WTOmM
* 7 w6l Yy, e
1 PPy
ST A =g
S S " e o \
-0 N
M b)) /! LGP
l/ WKA-IF

4 . -
' .
2
.\‘__ —
RN — .
--. \'.< - ] ,‘ -/
N N s
\/...
CAVE PN MUMBER
»" MAX CAVERN DIAMETER SRTAN MOINN
—-=+ JUNDERGROUND CONTOUR TETAS

--—=— PRUOPERTY LINF, ALY M5

IHOLRGRCND SALT CONTLURS, DOE PROPERTY
ESR - SPR WELLHEAD LOCATIONS

Fiquee 1 - Sketeh map nt the  Qiryan Mound National Strateqic Petroleum
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This cavern is the northermost of five caverns at the site that were
originally leached for brine. Mininy of BM5 was accomplished through
Well 5. The cavern is camprised of two cells; the loser cell is lar-
ger and has a maximum roof span of approximately 230 m (750 ft). Cav-
ern pressures during nininq probably never substantially deviated from
that produced by a q-ound-level brine head. The brine-filled cavern
was certaified for oil storaqe by the Department ot Energy (DOE) in 1978
by subijecting 1t tn pressuras 10% in excess of {ts expected naominal
operating pressure, 0Nil storane was accomplished by brine displace-
ment., which subjected the cavern to cyclic high stresses. furing brine
displacement, the hrine head cycled over a (.3 MPa (44 psi) pressure
raage while oil injection pressures cycled over a 1.7 MPa (250 psi)
ranqe constrained at the upper limit by a maximum operatinqg pump pres-
sure ot 5.2 Mpa (750 psi)., The nominal storaqe pressure in BMA is 4.1
Mira (610 psi) surtace oil pressure.

Manitoring for mricroearthquakes started on Novemher 11, cortinued
nntil Nuveaber 30, and encomnasced the threc-day period of cavern de-
pressurization,  1he Aetaction system -- a triaxial confiquration of
nenphones degigqned far usre in the DOF Hot Dry Rock Geothermal Enerny
Develermont Proiect. [Dennis and others, 1370] -- was installed at a
depth of 592 m (1947 (+) in well RC, which (at that tine) had a total
depth of haf g (1942 1t),  Tne iastallation was in salt, approximately
22 {and ) helow the bottre. of tho cap rock scguence at Bryan Mound
aed o withain 26 m (P00 t5Y nf the uppermnst part ot EMA,

TNGTROMERTAG TN

fonrbernt e abt thee g 1l aesphone pack 1Ge ased at o krvan Mognd!
1w shewn e byqaree 2,0 Thee onsent 1g] o cetiporgents of the systen are the
qeaphones . the power pacb o the arplitiers, dand the lockinu mechanisn
pdch dpsiguem] far peetersagnee at high tesperature. Twelve deorhonss in
three sty af fgar arte yseq,  One set s coeprised of aeophones de-
siane:] tor rosponse ta yvortical mociany; the other two unts dre de-
sranpd tar hagrirontal et ran responte,. The three sets of geaphounes are
reforret ta in quoeec g anct ions of this paper as the vertical qeo-
prares  the pnrjzontai.reterence aeaphones, and, orthononal to pach of
theyn, hnrizan*gl qenphore se* Ko, 7, The faur geophunes 1n oach set
are wiret in pgrallel suo bk that fartlure of up to three qeophones can
necur wrthaut ronplete lons of cutput,  The eomb.riea amplification of
edrh qenprone .arnli f1er et s 2000, (he qeaphenes, Mark Praduct type
LIFA, hase v natural frepenry of 10 Hz and are designed to work at
anatey, atb oy to 14 without natireqbhle degradation in response, The
respanse ! tha qeophnner. 3 oneentially constant for trequencies abovn
NN Wy (1. VIimels), ire tneee difterential amplifiers were each
foweeee! by o pack a® ovgbt 1ovolt batteries, The lifetime of the bhat-
tory pack s 200 mA-h, which ascures 4R days aof con?inuous operatton
with *he aqmplifiors in satyration,

ihe dogwnhole pac bane js dumbbel]l shaped with the qeophones housed
in the upper hell, When the packaqe is tn position dawnhale, & motor-
driven ari is extended s that the package contacts the walls of the
hapehnle at three points,  The geophone packaar ance instdlled remained
in plare for 14 days. The arientation af the qeophone package was
neither controlled nor known on {nstallation but later determined by
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Pigqure 7 = Sthorac e ot the tas Alarins tpiaxial geopt ane package used

te monitor the miorateisric activity asinaracsd with the
dopressiyri gt inn pt ML

mesuring the aztruths ta explasives detonated at the surfa.e. An ad-
ditional, sinqle, vertica! qeophone. {dentical to the vertical goo-
phones used {n the dowphole packaae, was rnunted on Loe hlowautl preven-
ter attached to the wurtare casing at the wellhea: at 5C.  Output trom
this neophone was aplified by a tacstor of R, Thisn unit, servel a
particularly usefol purponse in that records trom this qeophone tould bo
ceripared to thase from downhole te LGientity siunals that leerly oriqt-
nated oL the surtare bu* were alra deotocted by the downhnle packane.

Mitroseismic ovents which have cloar P- and S-arrivals can be lo-
cated using 4 single i-compunent downhale geophone packaae. The azi-
muth to an syent can be determined using the relative signal ampl.tudes
of the Powave tirst motion record along each avis, The distance to Lhe
siqrai ., he calculatea from the delay time between S-wave and P-wave
arrivals, 1t the propagation velocity of the respective phases is



known, Clearly there is a 1PN" amhiquity in the Incation of an event
if only onn dotecrion station i~ used, since the sense of the first
motion at the source is not known., However, because of the lucation of
the aenphone packaae durina this survev, only one nf the twu possihle
locations for rach evenl was considered likely,

MICENSEISMITITY NEAR CAVERN 5

. mistnaram qivirqg 4 count of the microearthquakes occurring 1in
?-h intervdls throughaut. the 19-day monitoring period is qiven in Fia-
ure 2, Alsn shown is an u'ralized plot of BMY pressure throuahout the
samn perind,  Noise arising from surface construciion activities pre-
ciudodd  jdentification of mic-oscismic signals from daytime records.

Nelow the histogqram we bave plottid a solid har indicating Limes when
1hw-nn150 records wern ohtejnnd,

Inirty-four eyonts were detected, *the first soon after the start
of cavern Aepressurization, ! these 4, 19 event: were of sufficient
qualivty ta Le peoces el fir torther inforim®ian,  [xcopt for twy micro-
cairthambes, o)l loratet e mreeraneisnic activity occuree! 1n very clogn
provipity Lo *he UMY rgyern wills,  The lacetrons of the microeerth-
quare epiconters are shawn 1a fiqare 4, The lacationg ot the micro-
carthyrvs ey, ariqinatine ey P85 shown in Flguere 4, are plattea in
Fiqure ¢ s tori praierted anee tne vertical LW plane Intersoert ing BME
g ontaining Woll L, The Ljomal cdentification ngsbiere sed 10 later
attatvnen are glnn g,

Wthoy! oyeep'icn, "he e ale anneratedl by niornegr Lhguavney .
turrang magr MY chogw o0 meglagee el oarrivel o0 o pe ol ot the
vertis ol aeephorer et 0 tallowe ! in tine hy ) osecond o garerval preminent
an o Yarisaoantal o geapt e e oards, Lvarlos ot theyr igqnials are
Given In bdure 6, e st grrive]l was taron an Lhat et the conpres-
gl {M) wave gl the recomd gs that ot the shear 1Y wave,  Sel
iy, (o the s roeorth dab es detr ted randge from s a Do Maiipeed
ot onee rear Cgeern Uogre ant oapated tn be accyrate te 1o sniad
L LI TR I U R I NET W ALY T AT

Yogs mnt cypeprasint thyt the microear hguabesg ot were detogted
rangr By e gremd gt high e Linat ions tn the geaphone par kaqe,  Fiquee
o aw, the reqions o' aenlgeatable microrarthquakes, indicating that
oty g v meearred in large volumes of rock wliacent to BML
w "t hoang Aqetected . o gt detected, their signat. would nnt can-
et the peqaisttoe efareeanr 1o allow event Teatfon,  This iy e
aane direc?, tranwmmssinn paths between v croearthgoake facd in thiy
revitom and Lhe geaphoene par bage would have to pass thraugh the cavera,
fv o ronsmuence . the therr -wave portion ol Lthe microsneismic siqnals
wo, b C e lot oand the copressional wive portion gttengated and re-
Seqeteel by the cavern/watt interface, making lovation of the event
tapansihleo,  Tw) mivraseiveay. oven?s were detocted an the hdH- to G/0-m
"L to 2198 12) interval near Lhe weostern corpor of the ceiling of
the yper cavern coll,  Several events, clesely grouped togqether, were
Arte:ted 1n the depth intervaly aof 762 m (2500 1) ta J99 m (W0 ),
the Inwer part of the upper cell, and from 832 m (2729 ft) ta N9 m,
(7947 ft) near the reiling ot the lower cavern enll. A few were
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Figqure & - Triaxial qenphone recurds of events 2, 21, 26, and 34; (a),
'p), (=Y. and (1) respectively.

detecte:! in the R24-m /2900-ft) o 1006-m (3300-ft) interval at depths
corresponding to thnse af the lewer cavern cell,

SOURCE PARAMETER ANALYSES

lJsing 1 model proponsed by Brune [1970], it is possible to estimate
microearthquake snurce properties--specifically seismic moments, source
dimensinns, and stress drops--from spectral data. Brune's model pre-
dicts that the amplitude spectrum of the shear-wave displacement data
should he characterized by two trenus; a low-frequency, constant-
spectral-amplitude trend, and a high-frequency trend in which the spec-
tral amplitude decrrases at 1/f', where f is the frequency. lsina the
averayr value of ihe constant, low-frequency trend (@.), and the fre-
quency of the intersection of the two trends (the corner frequency f_.),
it is possible to estimate source parameters. The relevant formulae
for the sonurce dimension (r), the seismic moment ("n) ard the stress
drop (4n) [Tucker and iirune, 1973] arc

r - giéﬁ B }z (1)
hake’n,
Mo : —TR—" (2)

0



7 Ho

A I (3)
3

where, for our purposes, g and » are the shear-wave velocity and den-
sity of the salt surroundinn BM5, respectively, R is the distance to
the nicroearthquake focus, R is a correction factor for the detec-
tor's position within the shedf-wave radiation pattern about the micro-
earthquake focus, and ¥ 1s a correction factor for amplification frnm
free surtace reflection. The average salt density (1900 kg/m?® or 1.9
g/cm?) near BM5 was estimated from a Schlumberger deasity loq taken 1in
Well 5C. A root-mean-square value of 0.4 was used for R since the
radiation pattern of microearthquakes cannot be deduced frof® the single
measurement made at the geophone package. As the geophane pazkaqe was
positioned at depth within the dome and not near ground level, K was
assumed to he equal to 1. No attempt was made to take into account the
effect of seismic radiation reflected at the walls of the cavern al-
thoungh this may result in a carrection similar to K.

Seismir snurce parameters were calculated from amplitude displace-
ment spectra for all of the located earthquakes except for those witk
identification numbers 302, 312, and 6. Fiqure 7 anives examples of the
displacement spectral density plots. In all cases, except for events
24 and 40, the spertrum was rderived from signals detected on whichever
of the twn horizontal uyrmophnnes had the stronqer S-wave arrival. This
was appropriate hecause all but twe of the located events (i.e., events
2% and AN) were, to within measurement error, directly beneath the geo-
phone pachage. Because S-wave particle metion is polarized in a plane
perpendicular to the riy path ana P-wave motion is 2lways pularized in
the direction of sigqnal propanation, the use of the trace from the
horizontal qeophones maximized the S-wave and minimized the P.wave
particle mntion contributior in the computed snectra.

The caleulated source dimensions (r) of the microearthquakes <tud-
{ed ranqed from 14 tn 83 m.  Of the events in proximity to BM5, thase
with the highest calculdted stress drops aoriginated in the reqion be-
tw$en the upper and lower calls of BM5 and near the bottom of Lhe lower
cell,

Wi estimate:d the local maqnitudes using an empirical relationship
between 1ncal maqnitude (M) and seismic moment developed by Spottis-
wnode and McGarr for microecarthquakes associated with rock failure in a
deep qnid mine. We chose their formula,

M = 1,714 (log Mo - 17,0)

because it was developed for microcarthquates with magnitudes ranqing
between -1 and 2 (near our expected magnitude range) and because (1like
the Bryan Mound microearthquakes) the events were caused by excavating
large underqround cavities. Clearly cquation (1) can qive at best only
a2 rough nstimate of the local maanitude. Table I is a summary of in-
formation deduced from spectral studies of Bryan Mound microseismic
rvents,
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Fiqure 7 - Displacemont spectral density plots used 1in determining
source parancters for (a) event 26 and (b) event 34,



TABLE 1

SUMMARY OF [INFORMATION of DUCED FROM SPECTRAL STUDIES ON
HRYAN Mt MICROSCISMIC EVFNTS

Curner M

Cven? Frenuen- vy r o 0 ., bo local
Number M) o (m) (1n_" Joule) 10 " MPa  Maunitude

3? b, 1t 3 ? -1.8

2t LR gl 1h K -1.3

a4 . t 2 -1.h

R L: i h 2 -i.1

L0 k1 T E . 2 -1.9

E h} n H 4 =i.R

4 L ' B A3 1.6

o L L n ! -1.5

S hi . ' 1 -1.6

1 a* h 1 -1.5

14 W e S 1 -id

. " (3 b -1.h

. - £ 1 1" ] -1.4

i 4 o | u -1.2

i ", vh 14 e -1.1

2 y 7 2 =1,0

“Covate and koot [ 101 depanctpaie that the mean shear stress act -
g oee q tavlt gt fwe streeee ddenp during an carthquake are related
Yy ne 2 1Y se whors o the sofgare efticion-y or the ratio ot the
st energy doisased dyring an pyent to the total strain enerny
releawed,  toalamcton of e sergee ofticion y ranne ‘ron a0 teow percent
oo tew tenthy 0! g o pepeont, Tvor if we ascaree tha! the Jowe,t me-
totea Hgures are cerredt ) At ren (2) plhies that the o oan shear
Lo artamg o e gty plases 0 Pryan Mound was o on Lhe oruer of g
fow "iru,  S1aee ke rapeh legy than the shear strenqth of eock
salt, thewe pyee | gee rabitay assnviated with repewsd S1ippage on
pre-osasting aractares o planes of weadd ened competent poch Lalt,

A ERTIS )]

Shight etruetural adjusteents orcutted dup ing depressu 1 2atfon of
Cavorn 4 as ovideneed by the detectod mucroearthquake activity,  These
vhanames, were likelvy the renult ot slhippane an pre-existing fractures
rethet than ftrom the (reat i ol new ftra tures, The slippage was



reactivated by changes in cavern pressure. Assuminqg that the calcu-
lated microearthquake source dimensions are crudely correct, the exis-
tence ol fracturces extending tens of meters away from the cavern 1s
implied. Hydraulic communication of these fractures with the cavern is
possihle, Further, stress iateraction between caverns 4 and 4 is suq-
qested by cvents 724 and 40,

The results of this study suquest that 4-wihole microseis:. sur-
veys rar pro ide detazled {nfcrmation on the locat.en anu exient ot
rock failures assocrated with oil storaqe caverns i1ocated 1n salt,
Sucth downhole techninues ray well be applied to the stability evalua-
tion n! ather large struclures sych as qas storace caverns, pump stor.
afe 1acyivtien, tunm s, and - ines,
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