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SUMMARYiAND CONCLUSIONS

This study constitutes an assessment of the utility of repefitive
gravity measurements in monitoring elevation and mass cnanges due to produc-
tion in a geothermal field.

Elevation changes occur in the form of subsidence. Its major cause is
an increase in effective stress in producing zones due to fluid withdrawal
and loss of buoyant support. }This subsiqenoe may not.occur immediately, and
‘,may be triggered by earthouakes._'Subsidence of lesser magnitude may be due
to thermal contraction;- Regardless of the source, subsidenoe causes an in-
“crease in grévity'vaiuos. | | | |

| Mass changés occurﬁbecause of fluid withdrawal in the absence of natu-
ral. or artificia]_necharge, or from changes in densify due to local solu- .
tion or precipitafion of minerals, or from phase changesvin the system with
conséquent repooitioning of mass. F]uid‘withdraWai, the most important
mass phange, causes a'decreaée in gravity vaiues._:

The effectiveness of the gravity method is a function of two variables:

(1) the precision wnich can be attained using conventiona]-gravity meters;
and.(2) the magnitode of the eXpected gravity changes. At present, on]y two
types of meteré are Capabie of high precision, the stationary cryogenic
gravity meter, which iS expensive in both construction and maintenance, and
- the portable mechanical metersvmanufactured oy LaCoste.and Romberg (models:
D_and G), wnich are moderately priced and relatively inexpenéive to use.

The former meter can achieve one microgal precision (standard deviation) and
. continuous monitoring in one location, but is'not adopted to.comprehensive
sunVeys over a wide aréa. The latter meters can achieve four or five micro-
gais pfecision under‘the most favorable circumstances, and will be more

extensively used because of portability and lower cost. Further discussion
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will thus be limited to the LaCoste and Romberg meters

The LaCoste and Romberg D modeT grav1ty meters arevsomewhat moretpre-
cise than G meters, w1th reported vaTues for standard dev1at1ons from the |
literature rang1ng from 5 to 25 m1crogals for the D meter, whereas G meters
range from 8 to 24 m1crogaTs S1nce prec1s1on is a funct1on of f1e1d pro- a
cedures as well as meter type we performed a G meter evaTuat1on on ”
Vancouver IsTand repeat1ng stat1ons estabT1shed by the Canad1an government
us1ng D meters, nearTy 1dent1ca1 f1e1d procedures were ut111zed Our aver-
age prec1s1ons were 8 to TO m1crogaTs whereas the reported Canad1an vaTues
for the D meter were 5+ m1crogaTs Prec1s1ons of 8 m1crogaTs or Tess coqu
be cons1stent1y ach1eved w1th the G meter, but onTy w1th a Targer number of
repet1t1ons aTTow1ng echus1on of 1mprec1se vaTues For both meters, the
use of a "Teap frogg1ng" technlque (w1th severa] t1es between adJacent sta—
t1ons) to estabT1sh a network of vaTues w1th redundant t1es (a stat1on t1ed
to more than one other stat1on) aTTows d1str1but1on of error and 1ncreased
prec1s1on over the vaTues c1ted above The "Toop1ng" technlque w1th
severa] stat1ons t1ed to a base (w1th the Toop repeated to ach1eve h1gher
prec1s1on) is Tess prec1se but aTso Tess expens1ve and t1me consum1ng |

In many geotherma] s1tuat1ons, grav1ty changes are 11ke1y to be s1gn1-
ficant and measurab]e by means of current 1nstrumentat1on and f1er tech- |
niques. Two stud1es at geotherma] f1e1ds (Wa1rake1 and The Geysers) report— '
ed grav1ty changes one magn1tude or more greater than ach1evab1e prec1s1ons
in repet1t1ve grav1ty surveys Mode11ng stud1es wh1ch we performed us1ng
a d1sk mode] and reasonabTe parameters for consoT1dat1on and 1n1t1a1 con-
d1t1ons, verify th1s concTus1on - |

Severa] precaut1ons w1TT have to be observed‘1n perform1ng a prec1se‘

repet1t1ve grav1ty survey It w1TT be necessary to conduct a ’
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contemﬁoraheOUS“sétond;ordek-spirit ieVeling, o) that the effects of mass and
elevation can bé'séparated.‘ Both types of measurements are concerned with
potentiaTifTé1ds'éﬁdfheithér yields a unique result withéut the other; i.e;,
e1evatith“déte¥mined5Wifhbut'aécdmpanying gravity values will not be true
geometric elevations unless’ the effects of mass changes are removed. Moni-
toring by'both-graViﬁy ahd 1eVe11ng'sh0u1d-be initiatéd on permanent monu-
ments prior tb’proauctfon,:and:kepeated at least once, to identify non-
geothermal changes such as- those due to tectonic activity and weather effects.
The greatest detriment to high precision is ‘transport of the gravfty meter”
over ‘rough roads; ‘special” transport cases, increased repetitions, the use of
heavier cars, and/or avoidance ‘of the rough areas (for instance, by walking)
~should be employed to mitigaté’thfé problem. Likewise, high temperatures
and wind conditions, or ground vibration from seismic Shaking, geothermal
proddctién,"and'heavy'traffic,”aﬁe‘alsb deleterious.
/A-rebetitiVeVgravity'sUrvéy7Séeks‘to;éstablish changes in the differences
-1h’obSeFVed'gfanty between stations located in the production zone and stable
keferencé"basé(s)‘1ocated outside the- zone, preferably on bedrock. The cal-
culation of these differences is straightforward, involving only ca]ibrétion,
removal of tidal and drift effects, and aVeraging reduced values at stations
and bases. waever, for best results, caTibration differences among meters
must be resolved through estab]ishment of a calibration loop, and tidal
monitoring may be needed to establish values of the tidal constants for
reduction purposes. Barometric pressure variationé can be neglected, since
the effects are insignificant and may be partially removed through station -
repetition and dedrifting. Data keduction,.ihcluding statistical analysis,

should be performed in the field with a pocket calculator and tide tables.
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This will allow additional data to be-co]]etted which can substitﬁte for
1mprecisé values; changes can also be.made in field procedure,’if needed.l
~ Based on the'fbregoihg assessment, we haVe"inc]udéd recommendations_for
carrying outVSUrVéys'which achieve/ls, 10 and 5 mfcrogal precisions.
Achieving the smé]iér‘ standard deviations w111'requiré more field effoft
and wiT] be more costly. F@r a 60'sfation survey, at commercial rates in
- 1981, typical costs are éstjmated to be $20,000, $26,000 and $35,000 fes-
vpective]y; fdr data ;o]lectjon, reductfon_and interpretation. Thése figures
ekclude instrument purchase or rental.
fiﬁa]]y, wé evaluated 20 geothermal areas in the Western United'States
which might be suitab]eifor:precisé repetitive gravity monftoring. The
feva]uation’criteria included capability for subsidence on a ged]ogical'basis,
estimated electrical produétion, énvironmenta] impact, and anticipation of-'
production in the near future. We feel that the most promising areas in
order of priority are (1)‘thé Salton Sea field, Ca]ifornia; (2) valles Cal-
dera, New.Mexico;x(3) The Geysers-Clear Lake; and (4) Westmorland, California;
(5) Roosevelt. Hot Sprihgs,.Utah; and (6) Heber; (7) Braw]éy; and'(8) Long

Valley, California.
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II. INTRODUCTION

Within recent years, geothermal.areas have become an incréasingly im-
portant target for the development of alternate energy. These areas
produce hot water and/or steam from porous and‘perméab]e aquifers, or
from.natural or artifiéia]ly induced fractures in otherwise 1mperméab]ev
rodks. In either case, exp]oitation removes masé from the system which
may or may not be returned in the fOrm of injected waste'wafer or natural
recharge.' The removal of hot water in either the liquid or the gas phase
can cause several identifiable changes within the reservoir; one of the
most serious, due fo the damage which can result, is subsidence of the |
.ground surface due to compaction of the dep]eted.zone.v Substantial subsi-
deﬁce has been identified in New Zéa1and atvthe‘Wairakéi field (Hatton;
1970) -and, to a 1esser'extent, at The Geysers in California (Grimsrud et
_‘gl, 1978). Becausevéf possible important economic COnseqdences, pfograﬁs
for predicting and ﬁdnitoring subsidence shou]dfbe'fmplemented in suscep-
_tible areas. It has already been weT] established‘that repetitive spirit
leveling and tiltmeter observations conducted at the surface are useful
techniques for monitoring subéidence (ibid); this repbrt explores the
feasibility 6f utilizihg a less known but promising suppTementa] tech{'
nique, namely, precise repetitive surface gravity observations.

The classical use of gravimetry has been in the detection and inter-
~ pretation of sgatia1 variations in graVity; aftér reduction of fie1d data
to Bouguer anomaly values. More recently, this use has been augmented by
precise, repetitive measurements of observed gravity which are utilized

to document temporal variations in the gravity field. This augmentation



has been faciiitated by improvements in field techniques and instrumenta-
.tion as well as by a greater ability to understand and mathematically mode]l
earth processes.v In consequence, tempora] studies have been app]ied to
measurement ofvearthquake deformation and processes (Barnes, 1964, Oliver
et ai 1975 Kisslinger, 1975) pre-earthquake predictive monitoring-
(Jachens and Roberts, 1977 Lambert et a] 1979) pre-eruption studies of
Kilauea yo]cano‘in Hawaii (Gordon Eaton, U.S.G.S.; personal communication,
1976).and'groundWater witndrawaliin‘sedimentary basins (Strangeland Carroll,
_1974) In addition, similar studies have been conducted or are underway in
geothermai regimes (Hunt 1970; Isherwood- 1977; Cook and Carter 1978; and.
Grannell et al, ]978), where they may be usefu] in documentinq both ground |
sub51dence and net- mass changes- due to exploitation. However, the application
of precise gravity methods to geothermal areas has not yet been fu]]y.assessed.
In his assessment of the use of precise spirit 1eve1ing.fdr monitoring
geotherma1 areas, Van Til (1979) listed the following reasons for such
'monitoring: |
1) "The‘satisfaCtion of legal requirements for mOnitoring instituted by
governmental authorities'withejurisdiction in the area.
2) Thevprotection df environmental teatures, such as streams;vparks,
forested areas, wi]d]ife habitat, etc.,'which may be adversely
affected by subsidence. o |
3)-'The_proteCtion of manfmade’structures, such as irrigation br drainage
- canals, dams, power’piants;:bui]dings power lines, communication
towers, roads, railroads, - etc » Which may be damaged by subsidence.
4) The collection of ev1dent1a1 data for enforcement purposes.

5) A check of engineering design,features intended to minimize the
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effects of subsidence. -

Research, for example, in the development of monitoring techniques,

or-operational.aspects of the geothermal field, including between. -
‘rate of.-subsidence and rate of fluid withdrawal, rate of subsidence

vs. rate-of fluid reinjection and relationships between subsidence

and.temperature‘kegime»changes."

Precise. gravity monitoring would also satisfy these:reasons, and serve

other important~functionsfre1atéd to net-mass changes, such-as: -

1)

2)

3)

The detection and -monitoring -of .natural:recharge for the purpose of es-.

-~ .timating reservoin‘iife (Isherwood, 1977). =

The -calculation.of: gravity corrections which must be made to leveling. -

- data because of the dependency of these ‘data-on a.reference equipoten-
- -tial surface; this equipotential surface is in turn sensitive to mass .

‘changes in the ‘subsurface (Whitcomb, 1976).

Calculations of the.total amount of mass removal, such as have been

performed for the Wairakei geothermal field in New Zealand (Hunt, 1970).

ITT. ASSESSMENT OF THE GRAVITY METHOD

A.

TECHNICAL DISCUSSION

If a precise gravity survey were to be conducted and repeated over a

producing geothermal. field, the gravity values could theoretically have

changed with time due to both subsidence in the field (an elevation effect)

and to mass changes. - And-if precise (second .order:or better) leveling

accompanied the»gravity*effort;"theielevation:éffects per se could theoreti-

cally be calculated and removed, thus isolating the-combined mass changes.



+:Subsidence. could ‘arise from three separate causes &uring the exploita-

tion processi -The’fo1]owing»SUmmary'is derived primarily from Van Til:

(1979): -

1)

2)

~Most of the subsidence is expected to be caused by loss of pore space

~due’ to compaction following fluid withdrawal. The theory of effective

_stress states that the effective downward stress carried by earth ma- -
terials equals the geostatic pressure ' (weight of overlying rétk and
interstitial water) minus thé pore fluid pressure. A decrease in fluid
pressure during.exploitation results in:increased effective stress*énd

leads: to the compaction of:the layers from which geothermal fluids were

“removed. - :Compaction may be transmitted to the surface through subsi-

“>-dence ofthe OVerlying layers and eventually the ground surface, The

%effectsw1117be«greatest where5the-pore'space*is intergranuTar and con-
tains hot wateérs;. lesser effects will be.obsérved where the intersti-
tial fluid-is steam (because -of initially Tow fluid pressures and high
compressibilitiés) and where ‘fracture pore space characterizes the
reservoir, ‘although experiments on rock core samples indicate that an
increase in effective stress in this case may nevertheless produce -
volume decreases. Subsidence.from this cause could probably be detect-
ed in short time spans of 1-3 years, depending upon the production
rates in the reservoir and its geology.

Thermal contraction of -reservoir rocks due to cooling may contribute to
subsidence. This effect would probably be minor, because of the small
decfééses iﬁ aVefége témperdtdre which result during broduction, and

because of the very low coefficients of thermal expansion of rocks.

" Thus temperature-induced subsidence would probably be effective (and
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ploitation process. These include the following:

1)

thus,detéctable)'only over long time spéns of some tens of years. Or-
der of magnitude calculations by Finnemore and Gillam (1976) show that
the uniform cooling by 200C of a 1 km_thick‘reservoir could produce 20
cm of shortening. Theée values may:bé exceeded locally; for instance, ‘
cooling may be more prongunced in the vicinity of cold water recharge.
Subsidence could also be caused by seismic activity, since earthquake
shaking can contribute to the compaction of unconsolidated materials
(through rearrangement of the constituent grains). This effect has
been observed a;.the*w11mington 0il field (Po]and.and Davis, 1969)
where the rate of ground subsidence increased temporarily by several

centimeters annually in response to two moderate earthquakes. ‘Accordr

_ing to Atherton et al (1976), "Since most geothermal areas are located

near the boundaries of major crustal plates ... geothermal areas as a

group are more likely to experience seismic shaking than other fluid
" resource areas." Active fault zones are a geological component of

nearly all the major geothermal resource areas in the westérn United

States. In addition, subsidence from other sources may cause minor

earthquakes, augmenting that subsidence. Subsidence due to seismic

activity is not yet predictable in terms of either magnitude or fre-

quency of occurence. Such subsidence has been observed in the Cerro
Prieto geothermal field, with elevation decreases of more than one

foot, as a consequence of the 1980 Victoria earthquake.

Several net-mass changes could also conceivably result from the ex-

Mass is withdrawn from the reservoir when production occurs. Thiz



effect may be offset by natura1 kecharge and/or by reinjection of ged-v‘
thermal brines. If reinjection is used'for brine disposal, the liquids
may not hecessari1y be returned to the same part of the reservoir from
which they or1g1nated ‘In the abSencevof‘natural recharge and reihjec-

tion, net mass losses could: be detectable in a time interval as short

- as one to a few years, depending on production rate and depth to the

2)

3)

reservoir, among other factors.

The subsurface.chemical/thermodynamic environment may be altered, such
‘as by cooling, with consequent dens1f1cat1on due to mineral prec1p1ta-
.tion in pores andvfractures. Thermal metamorph1sm and cap rock prec1p1-
~ tation are common occurences in geothermal environments (e.g., Elders

et al, 1978);fand deposition of surface'minerals precipitated from

cooling brines near wellheads has been observed to occur over a short

-tfme span in the Cerro Prieto geotherma] field. These processes may be

altered in the subsurface, yielding mass changes, but no data apparent-'
1y exist on reactjon rates. It is surmised that such alterations might
produce measurebievmass changes over long time spans, but probab]y'not.
in the short term. . |

Changes in 1iquid satuhation within the reservoir may occur; i;e.,
boiling may occur because of Towered fluid_pressure’caused by produc-
tion. This transition would affect not only subsidence (through an
increase in effective stréss), but could cause migfation of mass in

the form of mobile ahd less dense steam to a higher part of the reser-

voir, - Because of the inverse square law nature of gravity, such spat1a1

- changes n the mass reg1me without the remova] of mass would also

affect grav1ty values measured at the surface. This mass change is



. liable to be detected only over a longer time frame.

These statements do not however, take 1nto account the fact that non-
geotherma]]y caused subs1dence and mass changes are a1so poss1b1e in a geo—
therma] env1ronment, and can substant1a11y augment, or even mask, geother-
ma]]y-1nduced grav1ty changes. Th1s background "no1se“ may arise from both
cu]tura] and natura] causes. As an examp]e, tempora] effects of up to 17
‘m1crogals have been observed 1n Canada (H. Dragert, persona] commun1cat1on,
1978), and may be due to such factors as 1oca] changes 1n the water table
from prec1p1tat1on or drought format1on of ice at the expense of water,
and therma] contractxon or expans1on of the ground surface. S1m11ar1y,
art1f1c1a] ground water recharge in southern California has caused grav1ty
changes of 35 - 40 m1croga1s (Evernden, 1981) Other causes cou]d 1nc1ude:
1) changes in the 1evels of nearby surface water bod1es such as 1akes or

l cana]s | | - | | |
2)..w1thdrawa1 of groundwater, 011 or gas from the subsurface,v
3) local erosion and quarry1ng,
4) s]ope creep and 1ands11des, =
'5) hydrocompact1on, |
6) oxidation. of organ1c so1ls, and
7) tecton1ca]1y—1nduced elevation changes and t11t1ng such as have been

observed in the Imperial Valley of Ca11forn1a (Lofgren, 1974).

A further complication is the dependence of the leveling brocess on
density distributions within the earth. Elevation variations obtained by
means of 1eve11ng do not represent true geometrical changes if the spatial

distribution of mass within the reservoir is altered during production.



Fortunately, 1f both grayity and Teveling studies are carried out, and if
the dimensions of the région being subjected to densjty variations are
knownhor sma]], theh}the densjty.changes_can be calculated using appropriate
equations (Whjtcdmb,:;976)“ Any'models of maés changes (in liquid, gas, or
host rocks) which;manifgst themselves as changes in ground elevation, grav-
ity,‘anq gravitqtionalﬁpotentialrQr geoid distortion need fo include a con-
sideration of the djffgrences_between geometric and orthometricA(leveling)
elevation changes. | _ |
The feasibi1ity;of conducting_a,brecise.gravity,monitoring program in
a geotherma] nggime_depgnds essentially on the interrelationship of two
major factors:,v(l)_the.magnjtudes and rate of occurence of the expectedv ‘
change§,‘a§_digcusseq,qboyg; gnd.(z),the precision oflthe inStrumentationﬁ”‘;
and fie]d_techniqugs avgjlab]e,to detect .those changes. In the remaining
‘parts of this section, we will examine the questions of the precision of
avai]ab]e_instfumehtatjon_and the magnitude of the expected gravity changes ..
as detgrminedaby actual Qb;ekvation in geothermal fields and modeling stu-
dies; the mpdeiing_studiesvincorporaté considerations concerning orthometric
versus geometric e1evatiohs., Since non-geothermally induced graVity changes.
are best;hand]ed by monitoring prior to deveTopment,_a'discussion of thjs

topic will be deferred to Section IV.
B. PRECISIQN OF MEASUREMENT WITH STATE-OF-THE-ART GRAVIMETERS

Basically, two types of gravity meters are currently being used to
monitor. gravity changes in.producing geothermal fie]ds: a) extremely pre-
cise metérs whi;h are monitored.continuous1y in one particular location, as

exemplified by cryogenic gravity meters; and b) less precise but portable
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mechanical meters which are used for monitoring multiple stations at regular
time intervals.

The.cfyoéenic gravity metér "differs from conventional gravity meters
in that mechanical springs and levers are feplaced by magnefic fie1ds gen-
erated from persisteﬁt currents in coils of super-conducting wire. These
fiers s&ﬁport a one-inch-diameter superconducting sphere (the graviheter's
~only moving part) with a force that does not significantly diminiSh with
time...‘Thus the ckyogénic gravimeter does not exhibit the instrumentally
produced éigna1'drift which is Characteristic of conVentidha] gravimeters"
(Olsonland'Warburton, 1979); 'TheSe_instruments.are very precise, their
precision limited only by noise from "known squrces such as earth and‘ocean
tides and atmospheric &ensity variations". Thésé éffects,can be subtracted
out, yielding a precisionvof measurement of approximately one hicfoga]
(ibid). Precisions of this order of magnitude and the capabf]ity for con-
tinuous mea5ureMents are a distinct advantage When it 15<necéssary‘to de-
“tect changes. in elevation and mass over time intervals as short as a month,
such as those dbservéd At The Geysers (ibid). HoWeyer, the lack bf porta-.
bility, coupled with high instrument cost_(as much as $80,000 at‘present -
Norman Goldstein, personal communiéation, 1979) and large installation and
monitoring costs, make them unusabie in situations whérefwide spatial
coverage at substantig]]y Tower cost is'desired. In addition, cryogehic
‘meters may occasionally exhibit tare-lfké behavior. Evernden (1981) has
interpreted the 300 microgal change observed over a month;lbng interval in
a cryogenic meter insté11ed_at Lytle Creek (Southern'california) as being
instrumental in origin; this lessens one of.the c]ear-éut advantages of

this type of meter. Therefore, it is presumed that most gravity monitor-



ing in the near future will be performed with the less precise portable
meters. Thus, the:remaining part of~this sectioﬁ will be restricted to dis-
cussions involving these gravity meters.

It is generally recognized that the meters manufactured by LaCoste and
Romberg are.the state-of-the-art inétfumentation for carrying out high
precision, repetitive gravity surveys. Two models are currently available,
the G and D models, -each character1zed by Tow drift rate consistent per- ﬂ
formance, and portab111ty Achievable standard deviations under: opt1mum
conditions, as reported in the literature and through persoha] communfcag .
tion, range from 8 to 15 microgals and 5 to 10 microgals, for the G and.D
mode]ﬁ, respective]y.. We have thoroughly examined the ]1teraturé, dis-
cussed precision problems wifh various persons invo]ved in temporal graVity*
variation studies, and conducted field tests in western Canada,. southern |
California, and northern Mexico to ascertain the instrumental and field
technique requirementsvfor repetitive gravify surveys in producfhg'geother-
mal areas. This section presehts the results of this study, and outlines
recommendafionS'for conducting gravity surveys at differing levels of

~precision. | |
.a. Comparison of.the LaCoste and Romberg G and D Model Gravimeters from
Previous Stud1es i

Several precise, repetitive gravity stUdies and/or instrumental eval-
uations have been carried out within recent years which have prdvided in-
formation concerning achievable levels of precision with both G and D modeT
LaCoste and Romberg gravity meters. Brein et al (1977) conducted studies

in Europe to examine problems associated with the G model meters; their



-12-

work indicated that'the achievable standard deViation forva tie-between two
gravity stations isllo;to'15 nicrogaisru Grannelivet al (1978 1979 and
1981) have ach1eved var1ab1e results from repet1t1ve”sdrveys at the Cerro
Prieto geotherma1 f1e1d Mex1co over a three-year per1od with two G mode1 N
meters, The med1an standard dev1at1ons were 15 and 10 m1crogals for the |
first and second years, respect1ve1y Ranges for botn years (for 90% of '
the t1es) 11e between 4 and 25 m1croga1s, th1s exc]uded t1es wh1ch had been
subJected to obv1ous tares, probab]y occas1oned by transport prob]ems (1n
other words, 1ong d1stances of travel by car over washboard roads W1th no .
suspens1on system ava11ab1e to damp out excessuve v1brat1ons). | Dur1ng the
third yearvof'repet{t{ons, pooled‘variance ca1cu1ations'for the entire sur-
vey yielded a standard:dthation of-8 miéroga1s ~ Use of G meters by U. S
Geological Survey personne] and other researchers 1n var1ous repet1t1ve
..surveys has y1e1ded the fo]]ow1ng est1mates of prec1s1on.
_]). E1eren miEroga1s was reported by Jachens and Roberts (1977) for N
-vwork performed on the Palmdale Bu1ge; - -
2)lsA precision of 9 microgals was considered‘aohievable tn~meter
. tests in 1974 and 1975 (Howard 01iver,.persona1 communication,
-1975); and |
3) Four to 24 microgals were reported by Cook and Carter‘(1978) in
_repetitive studies at Roosevelt Hot Sprinos. |
G meter results have also been evaluated by personnel from the Bbreau of
Energy;'Mines'and'ReSOUrces;:Canada, with the most precise ties yieidfng
standard deviatiohs of about 8 microgals (H. Dragert and J. Liard, persona]b

communication,>1979). The conclusion reached from the above 1nformat1on
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is that, with reasonable care, gravity.ties-made with G meters should ex-
pectably be_characterized'by'precisions averaging approximately 10 micro-
gals. \

Less published information is available for the D model graVity meter.
"The jnitial conclusions from the 1iterature suggest that D meters can
attain apbroximater twice the precision of G meters. Tests by personné]
from the U.S. Geological Survey indicate precisions of 4 microga]s‘are
achievable with the D meter (Howard O]iver,:peksona] communication, 1975).
However, continuing tests by the U.S.G.S. é]éo show that the D meter is
-most precjse only when the range is restricted to a-few m111igals; when  the .
range is extended beyond approximately 10 milligals, the precision deteri-
orates énd becomes comparable to that of the G meter, or perhaps worse
(Steve Robbins, personal communication, 1979). A U.S.G.S.- funded study
involving several gravity lines established across the San Andreaé Fault
indicates a lower precision for two D meters, with a standard deviation
~ from 17 to 26 microgals (Evernden, 1981). In another test, a precise set
of data obtained in several 1ocatfons in Canada over a two or more year

intervalihas been studied (Lambert et al, 1979; H. Dragert‘and J. Liard,
personal communication, 1979). According to this study, precisions of 8
microgals or less are nearly always attained, and adjustment of errors
through a network of ties yields final precisions for all ties of approxi-
mately 5 microgals.

Two major problems exist in using values from'the literature to esta-
blish precisions:

1) No published and extensive cbmparati?e data exist which directly

compare D and G meter data obtained under exactly comparable
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circumstances; and

The surveys_repqrted by various workers were based on different

field techniques, and the precision is liable to be affected by

the type of fie}d technique employed.

Because of these two_deficiencies, we felt that field tests were'manf_

datory, which wQuld compare‘data taken by both kinds of meters utilizing a

standardized field technique. .

b. Field Procedures and Tests

Basically, two major types of fieid procedures can be employed for

precise, repetitive gravity work, "looping" anq'1eap_froggingﬂ.

1) 'In thé "looping" technique, a base station is occupied, fo]]qwed

by occupation.of several stations, and then followed by a return

“to the base within a short time interval (3-4 hours) so that
instrumental drift is minimized and tares are detected.

Data are reduced and then the differences between each station

and thé base are found. TQ enhance precision, multiple readings .
may be-taken at the time of each occupation, and the entire loop
may be repeated several times. This was the technique used by
Grannell et al (1978) and Chase et al (1978) at Cerro Prieto and
by several workers“occupying earthqudke prediction_]ine§ and
various ca]ibration'1oops established in California (e.g., the
Palm Desert line). A variation on this technique Which generally
e]iminateslthé need to calculate tidal drift was first published
by Roman.(1946), in whichvdrift segment‘slopes can be calculated

and drift removed on a short term basis, because of the order in

J
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which stations are occupied. If a series of stations are'named
A, B, C, D, E, F, G, etc., the order of occupation is: AB, ABC,
ABCD, BCDE, CDEF, DEFG, etc., so that triple ties within the loop

are made at each station occupation to improve precision. The

calculations for producing the drift segments are somewhat tedious,
but tidal corrections are not needed if ties are kept short. This
method has been used in repetitive surveys at Roosevelt Hot Springs,

using G meters (Cook and Carter, 1978). Themajor problemwith these

itwo looping techniques is that tares occurringwithin the loop must

be treated as linear drift aithough‘they‘are non-linear in nature,

~and consequentiy sizeable errors may affect significant portions of,

or all of the stations in, a particular loop. Other'erroks, such
as‘those due to high temperatures, have the same effect, and in
some instances, entire ]oops must be rejected, and thus repeated.

A "leap frogging";technique'tan be utilized, in which the 6rder of
repetition of stations is enalogous to procedures used in precise
1eve]iﬁg, with batksighté and foresights. Repetitive ties are made
between a baée and.a‘station, until the.gravity difference between
the 'two is well established. The etation thus estéb]ished is then
treated as the new base, and tied in to another station. Continuing
in this fashion a chain of étations is obtained,_a]i tied carefully
to the original base. If the chain is completed at the original

base, closure errors can be distributed over the chain. If ties

are made to individual statiOns from several different stations,

then errors can be distributed over the network even more precise-

1y, analogous to the distribution of error in a triangulation
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network. This procedure has been utilized successfully by Canadi-

~an personnel (Lambert et al, 1979), but is not commonly used in

the United States. Because of the sequencing of observations,
indivjdua1 gravity differences out of the set that make up a tie

can be rejected due to lack of precision, rather than an entire

~Toop (or portion thereof). But the method is expensive, in terms
of manpower, and, if numerous, successive ties are made in a chain

configuration, errors may accumulate within the network at a rate

of X#N, where X is the error of an individual tie, and N is the

~_number of ties. The removal of error by a linear distribution

process, as discussed above, might be less effective in removing

the error in cases where many stations are involved than when only
~a few successive ties are made. No published G meter data exist,

to our knowledge, using this technique.

Because of thé lack of comparative data betweén G ard D meters, and

because of the lack of G meter data using the "leap frogging" technique

described above, we decided to occupy a group of gravity stations estab-

lished by Canadian personnel on Vancouver I$land for the purpose of moni-

toring a major active fault zone. Our field procedures were identical to

those used in the original survey, except-that three G meters were utilized

rather than two D meters. ‘Basically, the procedures were as follows:

1

Eight ties were made between two stations, starting initially at
the "base" station, and returning to it at the end. Nine read-
ings were obtained, with”dn1y‘6ne reading taken for each occupa-

tion. Four minutes exactly were allowed to elapse between the



-17-

Qdclamping of the meter and_the actua] reading, so that hysteresfs '
problems could be minimized.

-2) The data were reducéd to observed gravity values in'the field,
using tide correction tables which had been previously génerated |
on the~c6mputer, and by multiplying by the appfopriate ca]ibration.
constants. The gravity differences for successive ties were then
calculated, and standard deviafions were .obtained for these.
differences. |

3) Exclusion criteria were applied if indivfdua] differences were
outside two standard deviations of the meahvcalcu1ated for the
8 sets of differences. Additional field work then commenced to
substitute for the rejected differences. Canadian procedure at -

| this point allows up to 4 additional ties, and 1fvthe final data
set does not have a standard deviation of 8 microgals or less, the
entire set is rejected, and the ties between the two stations must
be repeated in their enfirety'(Dragert, personal communication,
1979). | |
Uéing.three G meters (G300, G423, and G395), we established a toté]
of 17 tjes in the area around Sproat Lake near Port Alberni in central
Vancouver Ié]and. Transport of the‘meters was in special spring-mounted |
boxes so that road vibrations could be eliminated, andvthe mefers were kept
shaded during occﬁpations.to reduce instrument leveling errofs. The meters
were always returned to the same position at the same orientation, to
eliminate magnetization effects, and no base plate was used so that the
»e]evation of the center of mass of the meter was virtually identical for

each occupation of a single station.
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For the 17 t1es, we obta1ned standard dev1at1ons ranging from 4 micro-
gals to 18 m1croga1s, with a med1an va]ue of 8 m1croga1s Thus, using
Canad1an.exc1us1on principles, half of the t1es would have'been acceptable,
and approximate1y twioe‘as much work wouIdAbe needed to meet their particu-
lar exc]us1on cr1ter1a The resu]ts of the work are summarized in Figure 1
on the next page. Some of the resu]ts suggest that fewer data wou]d need to
be excluded under norma] c1rcumstances For 1nstance the extreme value of
18 m1croga1s was obta1ned by an operator suffering from food poisoning, and
the anoma1ous read1ngs 1n that data set m1ght have been due to operator
error rather than to 1nstrument noise. A1so, there were d1fferences
among the meters G3OO reg1stered a med1an standard dev1at1on for all ties
of 7 m1croga]s, G395 produced a med1an va]ue of 8 microgals, and G423, 10
m1crogals The 1atter 1nstrument was hav1ng 1nterna1 d1ff1cu1t1es, and
under field conditions in a geotherma1 area, the 1nstrument would not have
been used once such a problem was 1dent1f1ed F1na]1y, we p]otted standard
deviations as funct1ons of both t1me, and d1stance between stations.

Figure 2 on page 20 shows that the standard deviations improved with time.
Either the meter stabilized after the Tong trip to Canada, or the operators
became more experienced. Both'reasons are likely, since (1) transport is
known to oause errors,'and (2) one drauback of the G meter is that parallax
effects in reading the centrat vatue of the needle with the electronic read-
out are an order of magnitude greater than with D meters. The latter prob-
lem, which can add 3 to 4 microgals of error, can be reduced by means ofl
magnification of the dial, or a mirror mounted beneath it, or the use_ot

an external galvanometer w1th a large scale It is also clear that

experienced personnel are mandatory, and that in a longer field session
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Figure 2. Plots of the standard deviation for aravity ties vérsus
distance of travel (upper araph) and versus total time in the field
(lower araph). There seems to be no correlation between precision and
distance of travel, as seen in the upper curve, at least over the short
distances encountered in this study. In the lower curve, the precision
aenerally improved with time, with increased operator experience and
meter stabilization.
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with qualified people, fewer déta‘sets would have to be rejected, usingrthe

~ above field techniques and applying the same exclusion principles. We feel
that 70-75% of G meter data could Se uf11ized, with fewer repeated ties thus
needed, and that precisions of 8 microgals (reduced to 5 microgals with net-
work error distribution) can be attained with about 130% of the effort with

D meters. Apparently, as indicated on Figure 2, the diéténce among stations
were similar.enough that distance of transport during the station occupations
was not an apparent factor.

A transport system which damps out road vibrations seems to be an effec-
tive mechanism for_imﬁroving precision. The.road between stations Tsawassen
and Sproat (TSA and SPR), normally paved,‘was reduced to a rugged washboard
dirt road during installation of a‘sewer.pipe. The -road conditions were
similar to those which were encountered by the senior author in work at
Leach and Kyle Hot Springs, Nevada, which caused instrumental drift of up
to 0.1 mgal.daily, approximately 10 times the normal drift of 1/4 to 1/2 mgal
per month. In addition,'the car uéed_for transport was small and 6ver1oadéd
by the combined load of meters and lead weights used for ballast, and the
‘shock absorbers had. grown ineffective with time. Nevertheless, over this
segment of the road_(occuﬁied toward the end of our stay), we recorded some
of our best tie values (refer back to Figure 2, p. 20), and the transport
problems seem to have been minimized.

Based on our,experiente with the "leap frogging" method in Carada, we

felt that some modifications in field procedure were in order; these would
be imp]émented for both G and D meter surveys:

1). The estab]ished procedure”ca11s for occupation of statfons A

and B in a sequence as follows: A B ABABABA. Differences
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are then calculated for A-to B, then B to A, etc., so that 8 differ-
ences are available for the total occupation of 9 stations. This
data reduction technique has some problems in that all the interme-
diate values (BABABAB) enter into the calculations twice, first as

the second value of the forward tie, and then as the first value of

“the backward tie, whereas the end stations at the base (A and A)

enter into the calculations only once; this procedure thus has the
effect of wefgﬁting intermediate stations twicé as much as end sta-
tions (put another way, any error in an intermediate station affects
both the forward and backward ties into which it is incorporated).
We feel that it would be an improvement in stétistica] procedure to

repeat the intermediate values, as follows:

" AB BA AB BA AB BA AB BA. This involves no more transportation, and

adds only four more minutes to each occupation, but then makes all
the ties independent of each other. Differences are calculated
within the 8 groupings, as depicted above.

With the G metefs, additional replicability may improve the preci-
sion, so that the station sequencing would appear as follows:

AABB BBAA AABB BBAA AABB BBAA AABB BBAA. Agafn, differences are'
calculated within the groupings depicted, with the mean of the A
readings being subtracted from the mean of the B readings.

We observed that the data for all meters exhibit “excursjons“ to a
certain extent, either cyclical variations with a Tong period, or
minorvtares of 0.01 or 0.02 milligals (a typical data set is shown

on the following page, as Figure 3), where one or two of the differ-

- ences are more extreme in their variation from-the mean within each
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found:, one Tow and one high. The total range in this case is 36 microgals.
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tie. Both positive and negative extremes seem to be reached in a
data set with several ties, so that the mean is not affected by these
extremes,-even -though the standard aeviations for indjvidua] sets
of ties:ﬁﬁghflﬁé éonSiderab]y larger.

To test the'ﬁéts’df preﬁisésfo&t]ined above, we conducted a second field
test in Long'BeacH,-whé%e weJtook,muTtip]e,sets of ties at fhree stafions
separated by a diStance;up‘tole-km,lusing the station occupation scheme
described in (2) above. A1l these tests were run with G300, and 7 ties were
made over two different ruhs. The three-sfations chosen were probab]y simi-
lar to those whfch WOuld be Tocated in a geothermal environment, in that two
of the stétioné Were Tocated on unconsolidated sediments, and one was loca-
ted within 0.2 km of several abtive]y pumping oil wells. Unlike a geother-
mal area, paved roads could be uff]ized-exc]usive]y, and traffic noise was
severe in the Long Beach urban environment. The same precautionsbwére fol-
Towed as were used in the Canadian work; concrete pads were used as stations,

the meter always occupied the same position and orientation, no base plate
was used, transport was accomplished between stations, in most instances,
with the special spring-mounted box, the meter was continually shaded, and
readings were taken four minutes apart after picking up the meter and rele-
veling between observing individual values at a station.

The results of this work ;how some improvement in precision over G3OO
values obtained in the Canadian work. The individual standard deviations.of
the ties were -5, 6, 7, 8, 5, 10, and 15 microgals, reépective]y. When a
pooled variance fbr the meter was calculated, and the standard deviation
calculated from it (as the square root of the variance), the resulting

value was 1éss than 3 microgals. The results of this work are summarized



-25-

in Table I on the following pégé}

The calculation of a pooled variance 1n.this case is analogous to the
calculation of a standard error (another commonly calcu]ated_statistic) which
can be viewed as being equivalent to the standard deviation of several means.
The standard errof éan a]so be predicted mathematically and is then based on
the number of observatiors and the standard deviations associated with indi-
vidual ties. In comparing the two standard error va]ges, the mathemqtica]]y
predicted value is somewhat Targer than the va]ue actually calculated from
the data by the pooiéd'variahcevtechnique} This suggests to us that occupation
'of‘stations over'évéévé}aT ﬁbu}iinterva1.tends to even out the "cyclical var- |
iations" or "excursioné”.which are seen in the data, that errors are not -
truly normally distributed, and that the standard error should be used as the
heasure of error for precision gravity studies in a geothermal environment in
cases where means;of;repefjtive-va]ues-are used. Unfortunately, no standard
error determinations for repeated sets of gravity observations are available
for D meters. |

Only one standard deviation value on Table I exceeded 10 microgals:
the Tast value for the tie from EOLO:to EL DOR'waﬁ 15 microgals. There was
an identifiable source of error'for this tie, in that part way through the |
_data collection, a'heavyfroad grader drove over the statjon, which was loca-
ted on a sidewalk oVer]ying uncoﬁso]idatéd‘soi]. Initially, the gravity vaiue
became 20 microgals too high (in comparison w1th other data) sUggesting com-
pression of the soil; later, the‘va1ue became too low, suggesting reexpansion
and then overcompensation. U]timate]y, deformation had Qccurred. The cycli-
cal variation mean of the eight ties still yielded a va]uev(16.267) which lay

within the range of values (16.272 to 16.266) obtained for the other three
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TABLE I. SUMMARY OF WORK, LONG BEACH TIES

COLO - STATE TIE SET

Meter x (mgals) - 'S (mgals)
1. 6300 7.892 005
2. 6300 7.888 . .006
3. G300  7.888 - .010

s, all 7 ties,
= .008 m gals

COLO - EL DOR TIE SET o -
‘ without value 7,

Mefer x (mgals) o 'S (mgals) s = .007'mgals
4. 6300 16.272 008
5. G300  16.266 005
6. G300 16.266 | . .007

7. G300 16.267 .015 (road grader problems)

STANDARD ERROR CALCULATIONS
(derived from data summarized above)

No. of ties in set Standard Error

8 _ - .0026
6 - .0028

4 . ..005
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sets of ties.

It is clear that the procedurexuéed in the Long Beach study invo]ves
more work than.the Canadian effort. We were able to complete the same num-
ber of tieé per day (two)'as we had done in Canada; probably because multiple

readings per station occupatjon eliminated the necessity‘for excluding dif-
ferences, and onIy the'miﬁimﬁm.number of.ties per set were needed. IBut eaeh
re911cated tie set 1nv01ves an. extra half-day. In an attempt to cut the work
down, we eva]uated our data set aga1n, thws t1me us1ng the data from only the
first s1x_t1es,:and then agaln:us1ng only the first four ties. These results
are also included in Table I. .The following conclusions can be inferred |
from these resUItsE‘ | | - |
1)} The Toss in precision in usfng six ties, rather theh eight, is
neingbee; |
2) The Idss in precision in”uSing;fer ties per set is measurable, but
still small. |
3) If only the.mAnpower“for.a total of one set of eight ties is fis-
cally feasib]e, it is better to perform two sets of QCcupations
with feer.tfes each, rather fhan one set of eight; the same effort
is involved, but the formervprocedufe permits the calculation of
standard errors. An alternate (but Tless recommended) procedure is
to collect one set.bf eightvties, and then dIvidevthe data into two
sets of four for,eya]uetion purposes.

C. ADDITIONAL CONSIDERATIONS IN ACHIEVING HIGH PRECISION IN REPETITIVE
GRAVITY SURVEYS

There are additional considerations for assessing the use of the
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gravity method in geothermal regimes: (1) calibration effects; (Z)Ntranspoft
prob]ems; (3) bafqmetrft pressure variéfiohéim(4) tidal corrections; and

(5) data reduction procedures.

(1) Ca]ibrationverrors are-the‘causewof;mismatches-amongxgravity meters. ...
Figure lc(onvpage,J9)_show5~that,@whi1e standard deviations for values: taken:
with a single meter may be small, the.mean value for.a set of ties can vary .-
considerably from one;meter. to. the next. This is shown, for instance, by -the
tie SPR-TSA, -in which the largest. standard deviation ié.S;microga1s,‘but the
range -in means, between G300 and.G395-data sets, is 42 microgals.: This mis- .
match is a function of imprecisions in the calibration tables. provided. by the:
manufacturers. . The.source of these imprecisions appears to. be:a;combination
of screw errors (due to nonlinearity in the screw with which gravity differ-
ences are.measured), and too-few data used. in establishing calibration tables
and constants. Screw errors may caQse up to 70 microgal variations in G
metersv(R._Jachens,_persona] communication) .and 30--microgal -variations in

D meters (H. Dragert, personal communication). The solution to this problem
1iés in_estab1ish1ngvéAdetailed calibration loop over:the range -of the pro-
jected survey -in a stable area. .Reference gravity stations-on this loop
should be 10-20 milligals apart in value, and all the“meferszhich are used
in the survey must be calibrated, using one.of the meters as a reference.

This should gréat]y reduce inconsistencies among meters.

(2) Transport problems have been previously alluded to in the text ds being
detrimental to data quality. This problem cannot be overemphasiied. Takes
and non-linear drift have béen.art1f1c1a11y induced in LaCoste and Romberg

gravity meters in the laboratory by placement on a platform vibrating at the
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frequency of common carriers (Hamilton and Brule, 1967), and havebeen fre-
quént]y‘observed in the field as well. An unprotected gravify meter trans-
ported over rough roads can experienee more than .1'mj1liga1 of drift per day,
which cannot be effectively removed in the data reduction process. We have
repeatedly observed this effect during our surveys at Cerro Prieto geothermal
field, where transport over a.cobblestone road to the base on Cerro Prieto
volcano, e distance of one mile, has caused .04 mgal driff in one hour of
monitoring immediately after.transport of only one mile distance. This drift.
is non-linear and unpredictable; it 1s.usua1]y toward high values, But is some-
times in the opposite sense as meters'apparent1y occasionally recover some of
the drift. The drift apparently also may "store" for some time, and then
appear as a large sudden fare at an unpredictable time. Indeed, most of the
drift seen in mechanical meters may be due to a succession of small tares
which are vibfation induced. Control of transport problems is multi-faceted,
and can include the following: - |

a. Use of spring-mpunted or air-compression transbort cases or the use
of mechaniea1 iso]ators, which are designed to damp out vibrations in the
10-100 Hz range (the most damaging frequencies which are imparted by vehieu-
lar vfbrations),.may be quite effective. In the absence of a transbort'case,
keepidg fhe meter off the vehicle floor and use of extra paddﬁng on a car
seat near the center of mass of the vehicle may prove helpful.. ‘

b.‘ Selection of stations to avoid problematic roadways is recommended.
If'stations where no adequate access is possije must be used, then more
repetitions of these stations and/or access to the station on foot may be
effective. These considerations. are esbecia]]y crucial in the selection of

a base station, since its value affects the value of every station in the
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loops referred to it. This is clearly indicated by a set of comparative data
for Cerro Prieto geothermal field presented on Table II on the fo]]bwing-pagé.
During the course of that study, we first occupied a va]ley'baseATocated close
‘ tova paved road, then a station high on Cerro Prfeto volcano (reéched by three
mi]es_bf dirt road and then oﬁe mile of -cobblestone road), and finq11y a lower
base on the volcano, which eliminated the cobblestone portion. The necessity\
for a bedrock‘reference base dictated fhe‘]atter two choices, but.from the
standpointvof precision alone, the best choice was the valley station. Judi-
cious Selection of an appropriate base station, on‘the basis of both.stability'
and transport df%ficU]ties,-cannot be:overemphasizéd; |
c. Positioning in a vehicle and. type of vehicle can be crucial. Heavy
vehicles may be more effective in reducing drift than 1ight.ones (H} Dragert,
personal communication), also shown by studies at Cerro Priéto} The field
data there showed considerab]e‘upward drift, but it was more linear than with
a small vehicle, yielding improved precisibn. Location in the vehicle may
also be crucial (see Table II), since some of the highest-quality data in
~ comparative stddies werevobtained with the meter midway'in the car rather

than at the rear (this may vary from one vehicle to the‘next).-

(3) Barometric pressure variatiéns are an erkor source which must be removed
Ain conducting éxtremely preciée gravity surveys, such as monitoring geother-
mal production with cryogenic gravity meters (0lson and Warburton, 1979):

The influence of barometric pressure variétions on gravity has been extensively
studies by Warburton and Goodkind,(1977). Based on their work, we have
ca]cu]ated that barometric pressure effects will usua]]y cause errors in

the 1 to 2 mjcrogal range, and can be neglected in most geothermal repetitive

gravity surveys. For the most part, the éffects of barometric,pressufe will



TABLE IT.

COMPARISON OF GRAVITY SURVEY RESULTS UNDER

GEOTHERMAL FIELD

Gravity

Meter Period of Occupation

Used

6300 ©  1977-78, Winter

G423 1977-78, Winter

G300 . 1978-79, Winter

G300 1979-80, Winter

G300 1980-81, December

‘ and January
G300 1981, February and March
G300 1981, January and March-
April
G300 - 1981, March

Approximate Nb.
of Occupations

Used 1n Statis-

tical Analysis

75
90

120

120

40
32

41

A VARIETY OF TRANSPORT CONDITIONS AT CERRO PRIETO

: Standard
Field Conditions Deviation
“{mgals)*

No transport case, small car, meter on .007
seat, relatively inexperienced operators,
valley base used.
No transport case, small car, meter on .025
seat, inexperienced- operators, valley
base used.
No transport case, sma]] car, meter on .012
seat, valley base used.
Transport case located center of medium- .008
sized car, volcano base introduced.
Transport case located in back of small .011

car, volcano base-used exclusively.

’Upgraded transport case located in back of .007

heavy car, auxiliary volcano base used.

"~ Upgraded transport case located center of  .011

small car, auxiliary volcano base imple-
mented (lower elevation), access to base over
roudh road on foot.

Base ties over rough road only by walking .008
in morning, meter stabilized overnight.

* This is the standard deviation of all the individually measured standard deviatiohs, i.e., 68% of
the standard deviations fall within this tabulated value.

- lg_
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be e]imiﬁated.by répetitions of gravity values at different times; ahd by
removal of meter.drift, as is berformed witH the looping methods. Under ;
normal circumstances, then, no correction neéds to be made for barometric
pressure effects,;eveh-With D meters operating at'five.micrbga] precisions,

since the effect is not Significant,

(4) Tidal change$ do form a substantial po}tion éf-the observed gravity
varfatidns seen'QVer shbrt time periods at individﬁé] sta#iqhs, and must be
removed from the gravity va]uéSjeither by appropriafe fiefdvprocedures or
by post-field pFOceSsing.} Tﬁé magn{tude of tida]ﬂchangés'can far exceed
those asséciated Q1£h geotherma1 prOdQctidn, and‘thus maskﬁﬁhe values béingA‘
sought, with changeé'of if-é mi11igajs'bein§ cohmonly obéefyed. Roman's
method (Roman, 1946j? as‘descriﬁed éaflieh,:is arvariation'of the 1ooping
techniques‘which_a]]ows the gfavimetrist to ignoré’tfdal corrections by
dédrifting, using the data obtained in successive occupations 6f $tafions
within the loop. With enaugh ties in q_set,.the use of the ll'1éap Frogging”
technique would also theoretically permit one to avoid tidal corrections,
since the tidal effeéls would be averaged out. This would result in simi-
Tar mean values for sets of ties, but much larger standard deviations within
the sefs. We do not recommend either of the above field procedures, unless
data reduction must be dohe entirely by hand. The calculation of tidal cor-
rections, once an extreme1y tedious task by hand, is very straightforward
and rapid on high speed computers, using algorithms such as those developed
by Longman (1959). Furthermore, the extra data occupations needed fo remove
tidal effects by field procedures (rather than computationally) are far more

expensive in terms of manpower and money. However, the use of Roman's
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method to evaluate and remove drift after tidal effects have been removed
from the data may enhance data precision and thus Jjustify the extra cost of
conducting such a survey; it must be realized that some of the bccupations
in this type of work will be for drift evaluation and thus will not consti-
tute additional 1ndependént gravity values which can be used to measure the
precision. The 'use of Roman's techniques to enhance precision by drift .
evaluation has never been studied.

To use tidal corrections of the correct magnitude, the value of two
empirical constants must be determined. According to Chase et al (1978):

The first of these, the so-called lag time, reflects the difference

in time between the passage of the sun and the moon and the distor-

tion of the earth's surface. Normally, a zero lag time is assumed. -

The other constant is a proportionality constant, which brings con-

- formance between the theoretical calculated tidal corrections and

the observed tidal changes. The latter are usually larger, and

the calculated values are normally multiplied by 1.16 to obtain

the appropriate tidal correction. However, there is some measured

variability in this value.

If these tidal constants are unknown for the area being studied, they
can be measured in the field by two or three days of continuous gravity
monitoring (either by using a strip chart recorder attached through the
electronic jack on the side of the meter, or by taking readings manually
every 10-15 minutes throughout the recording period). These va]ues'can
then be incorporated into a tidal correction computer program. Separéte

values may be needed for the calibration loop, if this is located at some

~distance from the gravity survey area.

(5) Data reduction procedures are simple and rapid when the reduced
quantity sought is observed gravity values, as is the case in precise,

repetiﬁive surveys. The following steps are usually taken:
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a. _Thebmeter readings.are multiplied by the appropriate calibration
féctors, to convert the readings into milligals and parts of miiiigais.

b. Tidal corrections are applied to all the vaiues in a ]obp or a.
set of tieé, u$ing approprigte_values for the lag timevand conformaﬁce
factor. |

c. If the looping method is used, the accumulated changes which are
notrremoved by the tidai corrections can be treated as drift, and removed
by distributing the error which occurs between'adjacent base station occu-
pations to the intervening_istations, assuming linear changes. This is
effective if loops are kebt shdrt, and if drift changes are small (.01 to
.02 mgal oyer a five or six hour period). L

d. Once all the Stations_in a 1oop or set of ties have been completed,
gravity differences can be calculated between the'base and the station(s),
using méan values of the readings thained. The object of a précise repeti-
tive gravity survey is thé detection of tehporal changesgin the differences
between individua] stations and some stable reference base located outside
the field area.

e. ‘Finaliy, when Toops afe'repeated, or‘a set(s) of ties completed,
standard deviations and/or standard errors should be calculated. This
allows an estimate of the_precision of the survey, and thus the isolation
_of gravity variations which are significant.

Ideally, data reduction should be carried out in the field as the data
are collected. This will allow the exclusion of imprecise data and the
collection of replacement values, and will allow fime]y modification of
field procedures, if necessary, such as selection of an alternate base

y

station due to transport difficulties. Smaller tares can also be identified
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and dealt with if data are reduced immediately. With the exception of the
tidal corrections, whose programming demandé large storage space in the com-
puter, all of the reduction procedures can be carried out with a .sophistica-
ted pocket calculator. The recommended.procedure is to pre-calculate the_
tidal corrections, printing them as a set of tables whfch cover the interval
of time in which data will be collected; a ten-minute interval between ad-
jacent_va]ues is adequate, since intermediate,eorrections can be interpolated.
These are then carried to the field, allowing full reductien'of'data as they
are collected. |

An alternative to hand ca]culatidns is to use a microprocessor systen
which will not only assist in the data collection process by appropriate'
interfacing, but wf]] produce data reductibn jn real time. This permits
immediate identificationvdf tares if the system has some means of visual
display, and will allow the identification of (and elimination of) hysteresis
effects, which may sometimes exist in the first five or’feh minufes of occu-
pation at a particular station. Such a unit could a1so-store previous grav;
ity data and make comparisons with those data, for 1mmediete identification
of significant changes Furthermore, a mwcroprocessor system will allow the
collection ofmahynmre data in a g1ven time span, a110w1ng a fuller under-
standing of gravity meter behav1or, and thus enhancement of prec1s1on by
using opt1mum field procedures. A su1tab1e 1nterfaced microprocessor system
has been described by Bajwa et al (19785 1979).

D. MAGNITUDE.OFiEXPECTED GRAVITY CHANGES: MODELS OF GRAVITY AND GEOID
- CHANGES DUE TO WATER WITHDRAWAL AND AQUIFER COMPACTION

a. Introduetion
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Although high precision can be obtained by the use of appropriate grav-
ity meters and field techniques, use-of the gravity method also depends on
whether or not the expected change can be detected with the availabile preci-
sion within a reasonablie time/frameﬁi Results from the literature suggest
that the use of precise gravity surveys in geothermal regimes is indeed
feasib]e;_lsherwood (1977) detected changeé of mdre than 0.1 mgal at The
Geysers over a few-year-fnterva1 and Hunt. (1970) reported a 0.5 mgal change
at Wairakei in six years. We have augmented these measured magnitudes with
modeling studies to estimate possible magnitudes for several different con-

ditions of water withdrawal and aquifer compaction.. .-

b. Techrical Discussion

In this section we est1mate the effect of water removai and c0mpact1on

o on grav1tat1ona1 acce]erat1on termed “grav1ty,“ and potent1a1 f1e1ds dur1ng
the large-scale productioh.of geotherma] f1u1ds Because the affected area is
sometimes equ1d1mens1ona1 and the d1str1but1on of the affected porous materi-
als in the shallow earth S crust is sometimes tabu]ar in shape, a horizontal
circular disklie’used'fot estimatingvchahdes fn the earth'c gravitational
acceleration and potential. 'Changes in the.1atter parameter affect estimates
of vertical ground movement based oh 1eve11ng,'abprocedure which assumes that
the potential Surface, or geo1d, rema1ns f1xed in time. 'VOther less simpTe
three- d1mens1ona1 distributions of porous mater1a]s can be mode]ed with more
comp]ex, and costly, three-dimensional calculations 1f necessary. If only
gravity is needed, two-dimensional calculations cah be used, but for geoid
estimates, two-dimensional modele lead to infinite potential because of the

infinite mass distribution in the third dimension. This limitation is, of
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course, also a characteristic of one-dimensional slab models.

The major factors that will affect the gravity and potential above the
geothermal—production disk model are 1) mass removal due to fluid withdrawal,
2) density increase due to compaction of porous rocks as a result of reduced
pore pressure and increased éffective stress, 3) vertical movement of sub-
surface mass away from bf_toWard fhe observing station on the earth's sur-
face, anq 4) vertical mqfion towards the earth'é center of mass of the ob-
serving statioﬁ.gfse1f due to cbmbaction which leads to subsideﬁce at the
earth's surface: Pressure- and temperature-dependent changes in the density
of water are neg]ected.as being‘too small to significantly affect the results.

Computationss6f'the gravity potential and apparent tilt (the horizontal
spatial derivative‘of thé change in geoid elevation) fields bver the entire
surface above the disk-shaped reservqir have been made. The maximum effect
in gravity énd potential change is above the center of the disk and maximum
change in apparentvtilt is above the edges of the disk. Figure 4 shows three
basic types of geodetic é]eVation'measuremehts that attempt to determine the
shape of the ground surface. ‘Leve11ng measures the distance between a refer-
ence equipotential surféée and the ground surface. This measurement involves
gravity corrections, and thé resultant measurement, if it is referred to the
geoid, is called the orthometric height. In this paper these corrections are
assumed to be done perfectly, and heights measured by leveling are assumed
to be true orthometric heights. 'Geometric methods measure the distance rela-
tive to some extérna1 frame of referénce, represgnted here by a distant star.
In practiée, both’]eve]ing and geometkic methods measure elevation reiative
to another point on the ground surface, so that the elevation measurements

shown on Figure 4 should be accompanied by measurements for some distant
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Figure 4. Schematic drawing illustrating the relations among leveling, tilt,
and geometric methods of measuring ground surface shape for a half space.

(a) Low density inclusion. (b) Homogeneous density distribution. In (a),
leveling and tilt measurements would indicate a bulging ground surface,
whereas the geometric measurement indicates a flat surface. A transition
from (a) to (b) would show a ground elevation decrease from leveling and tilt
readings, but not from geometric measurements. After Whitcomb (1976).
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point with the same reference syStems.

Figure 4a shows what will happen when an anbmalous mass, here a lower-
density volume in a homogeneous half space, is present just beneath the sur-
face. Both the leveling and the tilt measurements would indicate that the
ground surface has a bulge, even though it is geometrically flat. The
Qeometric measurement is unaffected by masé distributions and faithfully
follows the geoﬁetric grouhd shape. |

Now suppose that the low-density volume of Figure 45 is eliminated by
the transferral of mass from some distant source, so that the éubsurface is
homogeneous, as is shown in Figure 4b. The chdnge in mass distribution will =~
cause a decrease in elevation as measured by leveling and tilt, but the geo-
metric measurehent will register no change.

A disk model is used here to estimate the various gravitational pa}amé-
ters of the'mddels including gravity,‘potential, and geoid tilt. By using
the expansion of gravitational potential for a thin disk in terms of Legendre
Polynomials, the desired parameters can be calculated at all points in space.
Cy]ihdrica] bodies can be treated by separating them into several disks in
order to avoid edge effects. For a more complete discussion, see Whitcomb

(1976).
c. Model Analysis

Case 1. The first model represents a relatively sHa]Tow geothermé1
production field such as  those described b& Libpmann gg al (1977). Reservoirs
with horizontal radii of one to five kilometers, consolidation formation thick-
nesse§ of 100 to 200 meters, dnd consolidations of 0.1% are typical in this

paper. The consolidation formation is not always the production formation,
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but this has negligible effects on the calculations here. The burial depths .
of the models in Lippmann et al:are not given because the calculations 1n. |
that paper assume that all distortion is vertical. This assumption implies

a shallow depth of burial. This will not:be 'a Timitation in these gravity
_calculations, however. .The model production formation is assumed to have a
radius of S km, a thickness of 200 meters, a burial depth (to-the top of the
formation) of 200 meters, an initial porosity .of 0.1, an initial density of
2.44 gm/Cm3, and a -consolidation.of 0:1% yie]ding'a'surface subsidence of

20 cm.'_Wéter is assumed to fill ‘the pores both before and after subsidence._
Table III shows the results fof'Case 1 as a function.of hdrizonta1 distance
from the surface point’ above the disk model. The'ffrét column is distance
~in kilometers; the second is change in gravitational potential in cm?/secZ, .
the third is change in orthometricieTevation (potentia] divided by the'free-
air gradient of potential 981 cm'sec'z), fhe fourth is.change in gravity in
mgals, the fifth:is-apparent free-air elevation change in cm (gravity divided
by the free-air gravity gradient 3.08 x 1076 sec'z), and the sixth is the
geoid tilt (the horizontal gradient of -the geoid height change).

Here, as in all cases that follow, there‘is Tittle significant differ-
enbe between the orthometric change, that 1s,ltheve1evation change as
measured by leveling, and the gecmetric elevation change which is 20 cm in
this case.

Thé gravity changé is 0.0538 mgal at the center of the model, decreasing
to 0.0528 mgal one km from the_edge. At a distance of 1 km beyond the edge
of the disk the gravity change is Tless than 0.001 mgal.

| The free-air elevation change.of -17.45 cm is a relatively good estimate

of the geometric elevation change of -20 cm in this case. It will be seen in
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TABLE III. Case 1.

Orthometric ' Free Air

Distance Potential Elevation Gravity Elevation Tilt
(KM) (CM2/SEC2) (CM) (MGAL) (CM) . (MICRORAD)
0.0 19616. -20.00 0.0538 -17.45 0.0 -
1.00000 19616. - +=20.00 0.0537 -17.44 0.00
2.00000 19616. -20.00 0.0536 -17.42 0.00
3.00000 19616. -20.00 0.0534 -17.35 0.00
4.00000 19617. -20.00 0.0528 - -17.14 0.00
5.00000 - 0. 0.0 0.0 0.0 0.0
6.00000 -2. -0.00 0.0008 -0.27 0.00
7.00000 -1. 0.00 - 0.0003 - =0.10 0.00
8.00000 -1. 0.00 0.0002 -0.06 0.00 .
9.00000 -1. 0.00 - 0.0001 -0.03 0.00
-10.00000 - -1, -0.00 0.0001 . -0.02 0.00
11.00000 -1. - 0.00 0.0000 -0.02 0.00
12.00000 - -1. 0.00 0.0000 - -0.01 0.00
13.00000 -1. 0.00 0.0000 -0.01. 0.00
'14.00000 -1. 0.00 0.0000 -0.01 0.00
115.00000 -1. 0.00 0.0000 -0.01 . 0.00
16.00000 -1. - 0.00 0.0000 -0.00 - 0.00
17.00000 -1, 0.00 0.0000 -0.00 0.00
18.00000 -0. 0.00 0.0000 -0.00 0.00
19.00000 -0. 0.00 0.0000 -0.00 0.00
20.00000 -0. 0.00 0.0000 -0.00 - 0.00
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1ater examples, however, that free-air elevation computed from gravity data
1a1one does‘not provide a good estimate of elevation change and that elevation
must be measured separately.('- |

Ti]t‘anoma1ies in thié model are small, less than .0.005 microradians.

At any point on the eartH's §urface above this same disk model, it is
possible to construct the behavior of the pérémeters for‘an arbitrary consoli-
dation in the.three—dimensiona] Qravity, elevation, .and bulk density change
space. For the given geometry of 5 km radius, 200 m thickness, and‘200 h
buria1‘depth, the specification of any fwo of the parameters of change in
gravity, elevation, or bulk density uniqUe]y'determines the third. Figure 5
illustrates such a plot for Case lvrélating all three parameters at the sur-
- face above the center of the disk model. Lines of équa] gravity are horizon-
tal, Tines of'equa] e]evatibn are vertical, and 1ine§ of equal density are
diagonal across the plot; 

Case 2. .Ih this model, all parameters are identical to those of Case 1
with_the exception that the production/consolidation formation is at the
deeper burial depth of 2 km. The,resu}ts are shown in Table IV (for an
>explanation of the tab]e,vsee.Case 1). Litt1e change from the resqlts of
Case 1 in Tabje ITI isbseen3 with the exception that fhe maximum gravity
’ change in Case 2 is reduced to 0.0494 mgal compared to 0.0538 in Case 1.

‘Case 3. The next two models are intended to investigate more ‘extensive
regional aquifers'than those of Cases 1 and 2. Majdr geopressurized geother-.
mal reservoirs‘in deep sedimentary'formétibns'exist in thé Gulf Coast states
.of the U.S. 1If these reservoirs Are exploited, the Targe continuous lateral
e*tent of the aquifers éou]d'mean that the subsidence effects might extend

to a radius of 50 km dk more. For this model, a disk formation was used
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Figure 5. Plot in the three-dimensional space of gravity (mgals), eleva-
tion (cm), and bulk density (gm/c3) at the surface above the center of the
disk veothermal fluid production model for Case 1. The model's parameters
are: radius =5 km, thickness - 200 m, and burial depth (depth to the top
of the disk) = 200 m. The heavy ¥ine with an arrow starting at the origin
indicate the path that would be followed by 1ncrea51ng consolidation of
the production formation,
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TABLE IV. Case 2.

— .
CWO~NOOPPWNHO

: v Orthometric : Free Air
Distance Potential Elevation Gravity ETevation Tilt
(KM) (CM2/SEC2) ~  (CM) (MGAL) ~  (Cm). (MICRORAD)
.0 . 19614. -19.99 0.0494 -16.03 0.0
.00000 - 19614, -19.99 0.0492 -15.99 0.00
.00000 19614. -19.99 0.0489 -15.87 0.00
.00000 -19615. -19.99 0.0481 -15.63 0.00
.00000 19615. -20.00 0.0459 -15.23 0.01
.00000 - 0. - 0.0 0.0 0.0 0.0
.00000 -2. 0.00 0.0025 -0.82 0.01
.00000 : -2. 0.00 0.0015 -0.49 0.00 .
.00000 -1. 0.00 0.0009 -0.31 0.00
.00000 - =1, 0.00 0.0006 -0.20 0.00
.00000 . -1. -0.00 0.0004 -0.14 0.00
- 11.00000: : -1. 0.00 0.0003 -0.10 - 0.00
12.00000 -1. 0.00 0.0002" -0.08 0.00
13.00000 : -1. 0.00 0.0002 -0.06 - 0.00
14.00000. -1. 0.00 0.0001 -0.05 0.00
15.00000 =1, -0.00 0.0001 - -0.04 0.00
16.00000 -1. 0.00 0.0001 -0.03 0.00
17.00000 -1. 0.00 - 0.0001 -0.03 0.00
18.00000 -1. 0.00 0.0001 -0.02 0.00
19.00000 . =0. 0.00 0.0001 -0.02 0.00
0 0 0.00

20.00000 . -0. .00
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with a radius of 50 km, a thickness of 1 km, a burial depth of 1 km, an
initial porosity of 0.1, an initial density of 2544 gm/cm3,_and a consb]idaF
tion of 0.1% yielding a surface subsidence of 100 cm. w&tef‘is assuhed to
fill the pofes both before and after subsidence. Table V shows the results
for Case 3 as a function of horizontal distance from the surface point above
“the disk model. (for an explanation of the tab]e; see Case 1).
The difference between the change of 100 cm geomefric.e]evation and
_ orthometric elevation change in Table V is 0.2 cm, which is not significant
in 1ight of the accuracy of leveling. The gravity change is 0.2708 mga]‘ét _
the center of the disk, and decreases to 0.2651 mgaT at é position 5 km from
the edge. Qutside the disk radius, gravity changes are 0.005 mgal or less.
Figure 6 is a three;dimensiona1 grévity, elevation, and bulk density
changes plot for an arbitrary consolidation of thé model in Case 3. Again
as in Case 1, the solid 1ine going towards the upper Teft from the origin of
the plot is the path that would be followed by increasing formation consoli-
dafion due to water withdrawal where remaining pcre space is fi]jed with water.
Case 4.. In this mode1; all parameters are identical to those of Case 3
with the exception that the production/conso1ﬁdation fofmation is put at a
more realistic and deeper burial depth of 4 km. Thé results are shown in
Table VI (for an éxp]anation of the table, see Case 1). The major differences
from the Case 3 results are that the gravity change at the center of the
structure is reduced by 0.004 mgal and the gravity 5 km outside the disk
radius is incréaseq by 0.007 mgal. |
Case 5. This model was chosen to shcw the effect of removal of Tiquid
with novrecharge, or of a 1iquid-to-vapor transifion in an aquifer. These

can be accomplished by a lowering of a water table near the surface by some
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- TABLE V. Case 3.

Orthometric Free Air

Distance Potential Elevation Gravity  Elevation - Tilt
(KM) (CM2/SEC2) (CM) "(MGAL) (cM) (MICRORAD)
0.0 97914. --99.81 - . 0.2708 -87.91 0.0 -
5.00000 97914. -99.81 0.2708 -87.91 0.00
10.00000 97916. + -99.81 - 0.2707 -87.89 0.00
15.00000 97918. -99.81 0.2706 -87.86 0.01
20.00000 97921. . -99.,82 0.2705 - -87.82 - 0.01
25.00000 97926. -99.82 - 0.2703 -87.75 0.01
30.00000 - 97931. -99.83 - 0.2699 . -87.65 - . 0.01
35.00000 97938. -99.83 0.2694 -87.46 0.02
40.00000 - 97947. - -99.84 0.2683 . -87.10 0.02
45.00000 97959. -99.86 0.2651 -87.07 0.03
50.00000 - .- 0. 0.0 0.0 0.0 0.0
55.00000 , -94. 0.10 0.0049 -1.59 0.03
60.00000 .. -83.: -10.08 0.0021. -0.69 0.02
- 65.00000 -75. 0.08 0.0012 -0.40 0.01
70.00000 -68. 0.07 0.0008 -0.26. 0.01
75.00000 -63. 0.06 0.0006 -0.19 0.01
80.00000 . -58. 0.06 0.0004 -0.14 0.01
85.00000 -54, 0.06 0.0003 -0.11 0.01
90.00000 -51.- 0.05 0.0003 - -0.08 0.01
95.00000 -48, 0.05 0.0002 -0.07 0.01
100.00000 - -46 -0.05 0.0002 -0.06 0.00
105.00000 ‘ -43, 0.04 0.0001 -0.05 0.00
110.00000 -41, 0.04 - 0.0001 . =0.04 0.00
115.00000 -39. 0.04 0.0001 -0.03 0.00
120.00000 -38. 0.04 - 0.0001 - -0.03 0.00
125.00000 -36. 0.04 0.0001 -0.03 - 0.00
130.00000 -35. 0.04 0.0001 -0.02 - 0.00
135.00000 -33. 0.03 0.0001 -0.02 0.00
140.00000 - -32. 0.03 © 0.0001 -0.02 "0.00
145.00000 -31. 0.03 0.0000 -0.02 0.00
150.00000 : -30. 0.03. 0.0000 -0.01 - 0.00
155.00000 -29. 0.03 0.0000 -0.01 0.00
160.00000 - -28. 0.03 0.0000 ©-0.01 0.00
165.00000 -27. 0.03 0.0000 -0.01 0.00
170.00000 = -26. 0.03 0.0000 -0.01 0.00
175.00000 -25. 0.03 0.0000 -0.01 0.00
180.00000 -25. 0.03 0.0000 -0.01 0.00
185.00000 -24. 0.02 0.0000 -0.01 0.00
190.00000 -23. 0.02 - 0.0000 - - -0.01 0.00
195.00000 -23. 0.02 0.0000 -0.01 0.00
200.00000 -22. 0.02 0 0-.00 -

.0000 -0.01
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Figure 6. Plot in three-dimensional space of gravity (mgals), elevation
(cm) and bulk density change (gm/cm®) at the surface above the center of
the disk geothermal fluid production model for Case 3. The model's para-
meters are: vradius = 50 km thickness = 1 km, and burial depth =1 km.

The heavy line with an arrow starting at the origin indicates the.path

that would be followed by increasing consolidation of the production forma-
tion. The equi-elevation change contours are not vertical here because of
the distortion of the geoid by the consolidation. The contours are the
geometric change in elevation and the horizontal axis of the plot repre-
sents orthometric elevation change {as measured by leveling).
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TABLE VI. Case 4.

Orthometric
Elevation

(CM)

-99.
-99.
-99.
=99,
- =99,
=99,
=99,
-99.
-99..
-99.

COOCOOOCOOODOOODOOODOOODOCODOOOOOOOOOOOCOO0O

79
79

Gravity -

MGAL)

.2668
.2667

. 2666

.2663
.2659
.2653

.2644

.2628
.2598

.2530 -

(

0

0

0

0

0

0

0

0

0

0

0.0
0.0119
0.0059
0.0035
0.0024
0.0017
0.0013
0.0010
0.0008
0.0006
0.0005
0.0004
0.0004
0.0003
0.0003
0.0002
0.0002
0.0002
0.0002
0.0001
0
0
0
0
0
0
0
0
0
0
0

.0001

.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001

Free Air
Elevation

(cm)

-86.
-86.
-86.
-86.
-86.
-86.
-85.
-85.
-84.
-82.
0.
-3.
-1.
-1.
-0.
-0.
-0.41
.32
.25
.20
.17
.14
.12

61
60
55
47
34
15
84

33

37
14
0

87
92
15
77
55

Tilt

(MICRORAD)
0.0

.00
.00
.01
.01
.01
.01
.02
.02.
.03
.0
.03
.02
.02
.01
.01
.01
.01
.01
.01
.01
.00



-49-

means (not necessarily directly related to the Qeotherma] activity) or by the
reduction of pore pré%sure causing a 11qufd-to-vapor transition during geo-
thermal fluid production. In this model the affected formation has a radius
of 1 km, a thickness of 100 m, a burial depth of 250 m, and a porosity of 0.1.
Tab]e VII shows the kesUlts for Case 5 (for an explanation of Table VII, see
Case 1). |

" Again, the orthometric e]evatibn change is small, onTy 0.03 cm. Howevef,
the gravity chahge is -Targe and negative owing to the absence of a free-air
effect dué to consolidation and related Towering of the observing station.
The free-air apparentvelevation change computed from the gravity is 97 cm at
the center of the structure, ciear]y shdwing that gravity is not a good meas-
ure of e1evatidn change, which in this case is zero.

While the actual geometric tilt is zero, the tilt of the gebid (that
which wou]d be measured by a tiTtrmeter) is the largest of the cases consf—
dered here, being as much as 0.16 microradiané'ZOO m from the edge of the disk

mode? .

d. Conclusions

1. Gravity variations to be expected from typical geothermal production
‘zones can be expected to be of the order ofl0.0SO mgal or larger as seen in
Cases 1 and 2. Thié is éértain]y wellfresoivable with current state-of-the-art
gravimeters.

| 2. Both gravity and elevation measurements must be made jn order to
evaluate the nature of distortion in a geothermal production area. Gravity
alone cannot be used as a measure of vertical surface motion, and leveling

surveys cannot give estimates of subsurface density changes.
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TABLE VII. <Case 5.

Orthometric - Free Air

Distance Potential Elevation Gravity Elevation Tilt
(KM) (CM2/SEC2) (CM) {MGAL) (c™) (MICRORAD)

0.0 -31. 0.03 ‘ -0.2989 97.05 - 0.0
0.20000 -31. 0.03 . -0.2958 96.04 0.04
0.40000 -30. 0.03 - -0.2853 92.64 0.08
0.60000 : -28. 0.03 - =0.2632 85.44 0.12
0.80000 -25. 0.03 -0.2191 71.14 0.16
1.00000 - - 0. 0.0 o 0.0 - - 0.0 0.0

1.20000 -18. 0.02 -0.0751 24 .37 0.16
1.40000 -16. 0.02 -0.0398 12.91 0.12
1.60000 -13. 0.01 - -0.0234 7.58 0.09
1.80000 -12.. 0.01 -0.0150 - 4.86 0.07
2.00000 - -11. - 0.01 -0.0102 - 3.32 0.06
2.20000 . =10. 0.01 -0.0073 2.38 0.05
2.40000 -9. 0.01 -0.0054 o 1.77 0.04
2.60000 . -8. 0.01 -0.0042 . 1.35 0.03
2.80000 -8. 0.01 -0.0033 - 1.06 0.03
.3.00000 . -7. 0.01. -0.0026 0.85 - 0.02
3.20000 -7. 0.01 - -0.0021 - 0.69 0.02
3.40000 -6. 0.01 -0.0017 0.57 . 0.02
3.60000 -6. 0.01 -0.0015 0.47 0.02
3.80000 -6. 0.01 - =0.0012 0.40 0.02
4.00000 - =5, 0 0.34 0.01

.01 -0.0010



3. Varying groundWater levels, because of their Targe effect on graVity '
as seen in Case 5, must be monitored and removed from gravity data in order

to avoid the masking of deeper'bu1k density changes.

IV. IMPLEMENTATION OF REPETITIVE GRAVITY SURVEYS IN GEOTHERMAL REGIMES
A. SUMMARY

Based on the foregoing work, we can make a serieé of recommeﬁdations
concerning the conduct of a precise repetitive gravity'éuryey ovef a pro-
ducihg geothermal fier. The recommendations fall into two cétegbriesf
1) thosevwhich apply to all gravfty §ur9eys, irrespective of the 1eve] of
precision desired; and 2) three sefs of specific recommendations fof mainte-
nance of 15, 10, and 5 microgal standard devfations, respectiveiy. Both
categories are presented in cdetail in Appendix A, togethér‘with'the rationale
forithé recommenaatiohs, as appropriate; here the recommendations will .be

summarized.
For all gravity surveys,'the following are reccmmended:

1) The gravity statiqns should be permanentiy estab]ished on f]atbcon—
crete piers, with permahent positions for the meter feet with iden-
tical orientations at all stations. Station locations should have
minimal cu]turé]vnoisevand be protected from possible 1ong-term_
damage. | | ' |

2) Deleterious environmental conditions mﬁst be minimized or avoided.
These include rough transport, sunlight on the level bubbles, high

 externa1 temperatures, and strong winds.
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3) More than one meter should be used, and all meters should be fre-
quently calibrated relative to each other on a stable, permanént,
precisely-established calibration Tloop.

4) Data reduction should be completed coincident with data collection,
and statistical evaluation carried out. This:is faci]itated through
use of a pocket calcu]ator and tidal correct1on tables for the in-
terva] of the gravity survey If necessary, tidal monitoring w1th
a grav1ty meter precedes the gravity survey, and is used to calcu-
late appropriate tidal constants."F1e1d reduction of the data per-
mits identification of tares, exclusioh of poor quality vaiues, and
the acqufsition of fepiacement data. |

5) The gravity.survey should be accdmpanied by a precise (second order
minimum) leveling survey. This is needed to separate the effects
bf mass and elevation changes, since both typés of changes will
occur during geothermal productfon. Both the gravity and 1eve1fng
surveys must include one or more statfons which serve as stable

' references; preferably located on bedrdcks. Graviﬁy and e1evation
: diffefences can be assessed with respect to these reference points.
Neither method gives unequivoca] resuTts without the other.

[f maintenance of a spec1f1c prec1s1on is des1red, either D or G meters
may be used, and either the tie or looping technique f011owed but more data
will have to be excluded, and repeated, as precision requirements increase.
Table VIII summarizes our recommendations for 15, 10 and 5 microgal require-

ments.



TABLE VIII. RECOMMENDATIONS FOR 15, 10 and 5 MICROGALvPRECISION REQUIREMENTS FOR REPETiTIVE GRAVITY -

SURVEYS
Precision Level  Meter Type Field Method
15 microgals GorD . Looping or

LaCoste-Romberg Leapfrogging

10 microgals GorD Looping or

LaCoste-Romberg  Leapfrogging

5 microgals D . Leapfrogging
LaCoste-Romberg;
G model in some
circumstances

Comments

G meter and looping method will be-sufficient and
less costly. Two occupations of a station in sepa-
rate loops will suffice, but will not permit calcu-
lation of standard error directly from field data.

G meter and looping method will be sufficient and
less costly, but a few data may have to be rejected.
Three occupations of a station in separate Toops will
suffice; four will permit calculation of standard
error directly from field data (yielding two sets of
two occupations). '

Two sets of six ties each are preferred to tie in
stations; a comprefiensive survey may need internal
bases. Some stable G meters could be uytilized.
Extra precautions will be necessary to maintain
this level of precision for both types of meters.

Note: A full discussion of precision maintenance starts on page €5.

_89_
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B. RECOMMENDATIONS FOR FURTHER WORK

The following four tasks shou]d stf]l be carried out, to further en-

hance recommendations for maintenance of precision.

(1)

Comparative studies should be carried out between D‘and_G meters
in an actively produting geothermal environment. The adVantages
of the D meter may 1es§én for high pretision_suryeys in this harsh

environment.

(2) An éva]uation of screw errors between G and D meter types should

be systematically evaluated.

(3) A comprehensive study comparing Qifférent transport case . types

(4)

should be undertaken.

‘Roman's (1946) method of tidal and drift cdrrectibn rehoVa]\by

- field observations should be thoroughly éva]uated"for its bossib]e v

role in improving precision.
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V. SITE SELECTION FOR IMPLEMENTATION OF A PRECISE SURFACE GRAVITY STUDY
IN A GEOTHERMAL REGIME

The third task carried out in this geothermal assessment study was the
eva]uatfon of several active or potentiaT]y activevgeotherma1'regimes for the
possible implgmentatiqn of a precise, repetitive surface gravity‘study. The
sites eva]uatéd‘in this report are all located in the western United States,
sincefmosf of the development of geothermal resources;in the near future is
scheduled for this region. | o

Initially, we examined the tabulated characteristiés of a]]\thevgeother-
mal résources 1f§ted in Circuiar 790 -- Assessment of Geothermal Resources of
the United.Stétes - 1978 (Muffler, 1979) and selected several Qedthérma}
areas which.seemed amehable to carrying out successful repetitive gravity
surveys. The principle criteria used in:the‘site evaluation process were:

a. The'resérvoir could be producing by 1990, but should not currént]y
be producing (with the exception perhabs of test we11s),'and/orb
shoﬁ]d be a potential large scale electrical producer (a minimum
production of 300 MW_oVer a 30 year interval Wés se1ected as the
cutoff). This mostly limited the possible sites to those wifh
potentially large reservoir volumes and temperatures above 150°c¢..

b. 1Ideally, the geologic and hydrologic characteristics should be
understood with some confidence, as deduced from fie]d‘mapping,
surface geophysical and geochemical studies, and test wei]s. These
data should be readily available (in non-proprietary form). It is
understood that these conditions would only rarely be met.

c. The site should be capable of undergoing measurable gravity changes

in a short time interval of a few years, due to subsidence and/or
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strsc oy omass.removal. - The criterion .of gravity changes due to.mass removal

i

savenicd ymay be more readily realized, since many geothermal terranes may not

srpsnioV syield significant subsidence because production would be Timited to

T

“fﬁgé?ﬁéQMOfraCtur?d bedrock (examples are The Geysers, several Basin and Range

LY

sovs weiyigeothermal systems, and ‘hot dry rock areas). The site may or may

A3 RN

~-vizat 2+ not be characterized by non-geothermal gravity changes, due to tec-

[2

.z2onivdonic, cultural, or-seasonal causes; if these are present,. they
i3 2eiis'should be identifiable, and should be monitored to establish magni-

sigy wishtude and range of values prior to exploitation.
tid.zThe site should be characterized by less-than-favorable conditions,
et renne.g., should include elevation extremes énd rough roads; if precise
g7y dnosgravity work must be restricted to on]y.the most favqrab1e'conditions,
and the method cannof_thus be widely applied, then it-could not be
asiniseaconsidered feasible. - In general, most geothermal regimes fit this
21100 ﬁﬁérjterion.

-weiénﬂdeal]y,'the site should be located close to a stable fegion, such as

Aj%w':%m?gbedrock block, which is not liable to undergo differential elevation

sninzswy <hanges -during the course of the study. - Measurements over the stable
area should be incorporatéd into the gravity study to serve as the
reference for all the measurements in and near the geothermal field,
since the gravity values to be utilized are relative rather than
absolute. The stable area should also be accessible so that a cali-
bratioh 10Qp could be established for the comparison of gravity meter
characteristics. |

On the basis of the foregoing criteria, the following areas were selected

for evaluation: (1) several Imperial Valley, California sites, i.e., the
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Salton Sea area, Brawley, Westmoreland, East Mesa- and Heber;'(2)'tWo volcanic

areas in éastern California, hame]y Coso.Hot Springs and Long Valley Caldera;

(3) Surprise Valley, in norfheaster]y California; (4) the C]ear:Lake‘Vo1canic

-Field in northern California (and, nearby, The Geysers field, for:comparison);

(5) the Crane Creek-CoVé Creek akea in Idaho, and the Bruneau-Grandview area

in the same state (the 1atter resource is bf lower tempefature than is deSir-

able, but occupies an exceptionally large volume); (6) Steamboat:Springs,

Stillwater, Desert Peak, and Dixie Valley, all in Nevada; (7)‘thé%Va11es,Ca1-

dera in New Mexico; (8) three areaé in Oregon; namely, Newberry Caldera, Vale

Hot Springs and thé Klamath Falls area; and (9) Roosevelt Hot Springs.and

Cove Fort-Sulfurdale in Utah. The evaluation of these regimes was~carried

out both by a.thorbugh_11terature‘review, and through personal contact with

- persons working in these areas. |

The areas are discussed individually in Appendix B, which encapsulates

- the salient characteristics of each regime, and presentsﬁthe prOSwénd cons.
of conducting a gravity study overjeach of ‘them. Table IX on‘the;folTo@—

ing pages summarizes the discussions and presents the geothermalrnegimesAWith

a priority ranking for conducting a gravity survey, and appropriate reasons.



TABLE IX.
Priority

1

SITE SELECTION FOR PRECISE REPETITIVE GRAVITY SURVEYS

Area

Salton Sea, Ca.

_Va]]es Caldera, N.M.

The Geysers, Ca.

Clear Laké, Ca.

Westmorland, Ca.

Roosevelt Hot Spr., Ut.

Heber, Ca.

3

7 (°) Vv (Km Power (MW)
323 116 3400
273 125 2700
237 1167 1610
190 83 900
217 123 1710
265 47 970
175 71 650

Comments

Largest system in U.S., power plant
soon on line, environmentally sen-

_sitive area, subsidence likely.

Power plant soon on line, some sub-
subsidence likely. .

Largest operational system in world,
minor subsidence noted, gravity .
effective in mass removal and re-
charge studies, should be continued.

Hot watér'systeﬁ adjacent to The
Geysers, subsidence likely, gravity -

survey at The Geysers should be ex-

tended to cover this environmentally
sensitive area.. Power plant soon

. on Tline.

May be extension of Salton Sea field,
same constraints, gravity survey
should be extended to cover this
nearby area.

Power plant soon on line, some sub-
sidence likely, gravity survey

Cinitiated.

Power plant soon on 11ne,'subsidence
Tikely, environmentally sensitive

area, gravity survey under way and

should be repeated.
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TABLE IX - Continued

Pridrity

7

10

N |

12

13

Area , 7 (°C) Vv (Km3) Power (MW)
Brawley, Ca. 253 . 34 640
Long Valley, Ca. 227 136 2100
Desert Peak, Nev. | 221 52 750
Newberry, Ore. | 230 47 "740dd
Surprise Valley, Ca. 152 210 1490
Coso Hot Spr., Ca. . 220 46 - 650
Vale Hot Spr., Ore. - 157 = 117 870

‘Comments_

Power plant planned soon, sub-
sidence 1ikely, env1ronmenta11y

sensitive area.

Large system even w1th remova]
of eastern half of caldera, sub-

. sidence 11ke1y power plant not

1mm1nent

Subs1dence minor, 1ittle envi-
ronmental: damage, power p]ant

“not imminent.

" System could yield considerabIe

power, but still relatively

unknown, power plant not imminent.

Large system, but marginal tem-
peratures, no electrical users

:_ for market,; power plant not

developed soon, may go to low-
temperature use, subs1dence

_11ke1y

System may be low permeability,
lTittle subsidence, may be used
for Navy power source for -

- facility at China Lake, cou1d

impact agr1cu1ture

V_Moderately 1arge, but poor]y
~ known, power plant not to be

developed soon.
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Priority

14

15

16

17
18

19

20

Area

Stillwater, Nev.

East Mesa, Ca.

Steamboét Spr., Nev.

Crane Creek, Ida.

Cove Fort-Su]phurda]e, ut.

Klamath Falls, Ore.

Bruneau-Grandview, Ida.

T (%)

182

200

an

167

111

107

v (Km3) Power (MW)
59 450
36 360
29 350
39 340
39 330
114 None
1830 None

Comments

~ Smaller system, marginé],tem-.

perature, close to medium-sized

“town (Fallon), development in

environmentally sensitive area,

- subsidence 1ikely.

Small system, some subsidence,
power plant planned, environ-
mentally sensitive area.

Small system, close to Reno and
Carson City, no major subsi-
dence expected, power p]ant not
planned soon.

Area little known, power plant

-not planned soon.

Small system, poorly known,
power plant not planned soon.

Low temperature resource now
providing space heating and
other low temperature uses.
The use of heat exchangers and
reinjection of hot waters make

substantial subsidence unlikely.

Large, low temperature system,
very poorly known, development
seems remote at present.

-89_



TABLE IX - Continued

Priority'

21

Area

Dixie Valley, Nev.

Power (MW)

‘Comments

Unknown system with some
apparent steam production,

little probable capacity for

subsidence, may be small
volume (fault-controlled),
power plant not 1mminent; :

_bg_
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VI. APPENDICES

ARPENDIX A. RECOMMENDATIONS FOR CARRYING OUT REPETITIVE GRAVITY SURVEYS IN
' GEOTHERMAL REGIMES '

Based on the foregoing work, we can make a series of recommendations
concerning the conduct of e precise repetitive gravity survey ovef a produ-
cfng geothefma] field. The recommendatione fai] into twovcategories: 1) a
set ef techniques which epplyvto all gravity surveys in which high precision
is deeired; and 2) a set whichEis_provided for maintaining 15,'10 and 5 micro- .

gal standard deviations, respectively.
‘a. Recommendations for all Gravity Surveys

1) The gravity stations should be permanently established on_cencrete
piers or exieting structures which are sﬁfficient]y large to accommodate the:
gravityvmeters used? and penetrating deep1y enough to be stable. fhe top
surfaces must be flat. Stations on bedrock need not use concrete piers if
the rock is solid, and the pos1t1on of the station can be affixed d1rect1y
into 1;. Stations shou]d not be established near sources of ground nolse
(vibration from trafffc or geothermal pfoduction), or where erosion br human
activities cah modify the gEavity value or degrade the monument. The station
locations shou]d also be se1ected'w1th regard to access for other monitoring
techniques (seismic or electrical resistivity) and with adequate visibi]ity
for a concurrent leveling operation. The gravity station'network must in-
clude two or more reference bases on stable ground, to which the survey can
be referred; a single base station has too high a probability for destruction.

The gravity stations must also be areally (rather than linearly) distributed,
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since the potential cé]cu]atioﬁs:Which allow separatibn of elevation and mass
effects must be for threé—dimensioha1 mode1s._ The statfqns muét be We1I
described, for recovery by'otheré.

2) Several environmental conditfons can affecf’gravity metérs_de]eteki-
ously. These include transport ove} rough roads, high external temperatures,
high wind conditions, seismic activity, traffic noiée and dfrect'suﬁlight
on the meter which affects the 1eve11ngf These conditions must either bé
minimized or avoided. vTransport prob]ems can' be minimized through the use
of special transbort cases; 3 types are‘avai1db1e:”.1) boxés mounted 6n
vheaVy duty stiff spr{ngé ée]ected to dampén the vibratjonal frequencies of
the vehicle (10-100 Hz), b) mechanica] 1so]ation‘system§, or c) boxes on an
air-compression mount. In the abéence of transport boxés, keeping meters off
the floor and on the seats with excess padding, secured with the seat beTt,

. will be he1pfu1. The use of-heévier vehicles, avoidance of éspecié]]y bumpy |
routes, and cautﬁous driVihg may be beneficial to the précfsion, as wiT]
~location of the meters in the center of thé vehié]e, rather thah toward the
rear. If transport continues to affect preciéion'aftek these measures are
taken, alternatives include walking over.the roughest»terrain; and performing
additional repetitions so that fhe most imprecise values can bé,deleted,'
following exclusion princib]es.‘

Tents or awnings with short instaliation timeévcan provide both‘shade
and windbreaks, but must be vented to prevent accumulations of heat. Under
- heavy wind conditions, tests will be inadequate (or even dangerous) and no.
readings should be taken. Under high temperature conditions (5900.0r 1OQ°F)

readings should not be taken at all, unless air conditioned vehicles can be

used and eXposure to high temperatures can be kept to short intervals of
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time. An alternative is to work at night with a'fiash]ight; the Tighting
.System of some gravity meterélmay disturb therma] equilibrium and should
not be used. If traffic poseS a problem near highWays or in urban areas,
the affected stations should be occupied when traffic is minimal, e.g., on
weekends or during off—beék hours. Traffic effects are especially critical
when stations are located on‘ff}] material or pooriy boﬁso]idated sediments,
and.heavy vehic]és pass byat-high velocities. The meter §hou1d always be
- clamped when this situation seems,imhinént. Simi]ar]y, the sufvey.shou1d be
discontinued when the passage of earthquake waves makes_metér readingsvéither
unattainable or less replicable; the -association of geothermal regimes with
tectonic activity iﬁ.the western United States and other ﬁarts of the world
| makes this source of disturbancé-common énough.
3) It is recommended fhaf LaCQste and Romberg meters be used because
“of their Tow drift rates, and that more than one meter be used in the con-
duct. of a precise, repetitive gravity survey. The meters used éhould be A
ca]ibratéd against each other on a we]]-éstab]ishéd ca]ﬁbration 106p,‘using
one meter as a reference standard. A1l meters used should be calibrated
annually or bi-annually to account for any internal changes. .This is’par-
ticuiar]y crucia]_with the G meters, which cannot be reranged to accommodate
changes due to 1nstruménta1 dfift ahd tares.
The ca]ibratfon loop should be established as close as pdssib]e to the
geothermal ffe]d under study, shOu]d'be.estab]fshed on stable ground such
' ,és a coherent bedrock b10ck‘(no active faulting within the biock) so that
no'gravity changes are 11ab1evfo occur among stations in thé loop, and -

should have a sufficient numbér of stations that the entire range expected
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in the actual survey is exceeded by 20-30 mgals, at each end. The station val-
ues should be 10-15 mgals apart. The calibration Toop stationé should be monu-
mented in exactly the.same way as the stations in the survey; the additional
recommendations for carrying but a. 5 microgal survey should be‘fo]Towed.in‘the
monumenting procedures (see-page 70). The values on the calibration loop
should be established to a precision of 5 microgals or better. -

Any new meters brought into a continuing survey must first be calibra-
ted, and any D meters using a different-part of their range must also be
recalibrated, tb avoid screw error contributions to data imprecision.

Under ideal circumstances; the Ca]ibrdtion loop will contain one or two
stations which can serve both as feference base stations for the gravity
survey, and as stations within the loop. If the calibration Toop must be
located too far away (because of the unsuitability of the local geology,
access, and/or gravity field), the reference bases should be established
closer to the geothermal ~field.- |

4) If the values of the tidal-constants are anndwn for the area to be
studied, three days of continﬁousvtida1 monitoring with the gravity meter
should be conducted and evaluated prior to the initiation of the gravity
survey. This may have to be repeated in the area of the calibration loop if
the. Tatter is located more than 50 miles away. The barometric pressure
correction may be ignored for all surveys, provided the recommendations for
specific precisions are followed. |

5) The data collection process should be designed with sufficient
redundancy to allow calculation of statistical parameters and distribution
of error, if needed. Although specific recommendations for section b.,

which follow on page 69, are for standard deviations (because of the
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familiarity of this térm), the design should allow calculation of standard
errors, since means of graVity values are utilized (rather than isolated
Va]des). The §1gnfficance of.any change in gravity differences cgn then
be estabTished by obtéining thevsquare root of the aéded variance (the
sduareé of the standard‘dévfationé or sféndard errors); é change must
exceed 1.4 of 7?'of thié'va]ue to be significant, since two data sefs of
apbrbximéte]y the same'precision are being utilized.

6) Data reduction should be completed in the ffe]d-on a daily basis
as data are éoi]eéted.‘ fide corrections are too cumbersome for the present
'generation 6f Ca]cu]atoré, but they may be precalculated and tabulated at
10-minute‘intervéls over the entire anticipated duration of the‘fie1d work .
Data shou]d.be reduced to observed gravity values, the differences between
(or ahong) stations ca]cu]ated; and statistics obtained as soon as is feas-
ible (afternsecond rep]icétion.of én entire ioop,-or after completion of a
set of ties, as thevcaéé may be).'“The results ofgthe.Statisticé1 evaluation
should be utilized to exclude data ahd to modify the conduct of the survey ,-
as necessary.

b. Recommendations for Gravity Surveys with 15, 10 or 5 Microgal Precision,
Respectively.

1) 15 microgal precjsion. For this level of precision, either D or
G mdde1 gravity meters may be used: ~The looping technique should be
adequate, with two occupations of each station (in separate loops), provided
the foregoing recommendations are followed. Few or no data should have to
be excluded. The cost of a 60 station survey, at 1981 commercial rates,

should be about $20,000, excluding instrument cost and maintenance, or
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rental .

2) 10 microgal Qrecieion; Fnr thie level of precision, either D or
G model gravity meters may be used. The']oopjng technique should be'adequate;
with three oceupations of each station, in separate 1oops, provided fhe fore-
going recommendations for all gnavity.surveys are fo1]owed. Several deta may
have to be excluded, and some loops repeated. The ebst of a 60‘§tatidn éur-
vey, at 1981 commereial rates, should be about $26,000, exc]uding instrument
cost and maintenance, or renta1. |

3) 5 microgal precision. For this level of precision, additional con-

_straints exist on the gravity survey. Monumen;s should include permanent
positions for the meter feet (chisel or brass disks) so that the meter(s)
~used can always be positioned in the‘same place on the pier and with tne
same orientation (set in wieh a-Brnnton Compass)‘for all piers. The base
plate should not be used, and gravity values shdu]d‘be obtained by holding
one meter leg fixed (if possible) so that the height of the meter>nema1ns
essentially constant;‘ The use of D meters may be mandatory, although
certain;G meters may yie]d‘higher precision than normal, and thus be
utilized. Exclusion criteria should be established, and values rejected
and'repeated as necessary. The "leapfrogging" field procedure should‘be
utilized. To avoid long distance of transport in an areally distributed'
gravity survey; a system of internal bases can be established, with multiple
sets of ties among them; all of the stations can then be tied to one of
‘these bases -in a network of triangles, so that error can be distributed

both among the bases and among the station triangles. This type of field

scheme is illustrated on the following page as Figure 7.
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The precision of individual stations need only be seven or eight micro-
ga]s, since the error distribution process will reduce that value to about
five microgals. The values among the 1nterna1 bases, and to che external
reference bases, will, on the other hand have to be extreme]y well-estab-
11shed Three sets of t]ES w1th Six t1es each are recommended for the bases,
while stations may be estab]1shed w1th two sets ‘of four to*six t1es each
for each grav1ty meter used (two are recommended) the procedures d1scussed

>_beg1nn1ng at the bottom of page 21 shou]d be fo]]owed
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APPENDIX B. EVALUATION OF SELECTED GEOTHERMAL AREAS FOR SURFACE GRAVITY
MONITORING

(1) The Imperial Valley

‘Six:sepakate hot water hydrothérma] convectioﬁ syétems, with tempera-
tukes.esfimated atAgreétef thén 1500C, are located in the Imperial Valley
of Ca]ifbrnia: 'a) Sa]fbn Sea area; b) Westmoreland; c) Brawley; d) East
Mesa; e) Border; and f) Heber. The combined electrical energy output
estiﬁétéd”¥ok a 30 year period is estiméted at approximately 6800 MW (Brook
et al, 1979), or more than four times that estimated for The Geysers.v This
fact; baéedfon estimated and/or measured temperatures ranging from 1600 to
340°Cuaﬁd31arge resekvoih vo]ume, makes it potentially the most‘va1ﬁab1é
geothermal resource region in the western United States. Of the six indivi-
dual Sysfems méntioned'above, oﬁly the Border system is minor in size and will
not bé qufher ﬁonsideréd; the others have estimated individual electrical
prddUctiohs Eahgihg from 360 MW (Easthesa) to 3400 MW (Saiton Sea).

These fields are located in the northern and central pakts of the
Sa]tbn-MeXicaTi structural trough;jthe Cerro Prieto system, which is actively
producing 150 MW 6f electricity 35 km south of the Mexican border,.is lpcéted
in the southern end of this major structural depression. The trough is both
bounded b;i andvcontains, several major strike-slip faults, including the
San Andreas, Imperial, San Jacinto, and Elsinore Faults; 1arge.verfica1 dis-
p]acéments exfst beneéth the valley aliuvium (McNitt, 1963). These faults
have caused intense folding and compression of Tertiary sediments (Elders
et al, T972), énd bound at least three postulated pull-apart basins. These

basins are characterized by young volcanics and high heat flow values, and
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are intimately related to the presence of some of the known geothermal
prospects (ibid). The'Saiton-Mexica11»trough is presumed to be.an active
"spreading center" which has resulted in both crustal thinning and accumula-
tions of more than 6000 m of young sedjments,VOn the basis of geophysica]
studies,(Bieh]er_g;_gl} 1964). Consequently the maximum principle stress is
horizontal in thfs area, and the_regfon is characterized by‘high seismicity
and actfve surface faulting. | | |

The resefvoirs for these geothermél prospects are located in permeable
Tertiary sedimentary méteria] of predominantly continentai.origin at depths
ranging from 0.7 to 4 km (Brook et al, 1979). High temperatures and fluids
have produced local metamorphism which creates densification of the sediments
(Muffler and White, 1969) and local positive gravity anomalies (Biehler, .-
1971). Remova1 of fluids during‘production presumably woﬁ]d cause_gfavity
changes which would result primarily from both éUbSidence and mass removal,
and secondarily (only over long time periods and to a lesser magﬁitude) from
precipitation of minerals and metamorphfsm; the effects are expected to be
large (in tenths of milligals) unless secondary recharge of'geotherma] fluids
is initiated. The measurement of gravity in this area is comp]icated.by the
documented szsidence of 1 to 2 cm/year in the trough region associated with
continuing tectonic deformation, which is reflected also in tilting and hori-
zontal distance chanées; the subsidence has been documented by precise - |
first and second order leveling data obtained repeatedly since 1972 (Lofgren,
1978). _Subéidence from any source is of more than passing interest, since
any variations in eTevation_of the flat valley floor will affect the extensive
canal network which supplies irkigation water for the intensely déve]oped»

agriculture in the region. .



Fbur,areas preéent]y seem to be slated for commercial development in
the near future, and power facilities of 50 MW each are pfesent]y in the
planning stages. These are Heber, East Mesa, the Salton Sea field, and
Brawley. Since the anticipated fota]velectrical production at Heber and
Brawley appears to be twice that of East Mesa, anq the'Salton Sea field
. appears ten times as'1arge (Brook et al, 1979), East Mesa is perhaps a less
favorable target for precise, repetitive gravity surveys at this time. All
four sites have accessible bedrock areas in the vicinity; in the case of the
Salton Sea field, Heber, and Brawley, these are the Laguna, Inkopah and
Jacumba Mountains to the west (Strand, 1962) which, while located uncom-
fortably far away (45-50 km) and across several active fault zones, could
serve nevertheless both as bédrock reference ties and as gravity cé]ibration
range areas. East Mesa is located 25 miles west of the Cargo Muchacha Moun-
tains, which are the locus of first order leveling benchmarks located on.
bedrock. The Heber area is perhaps slightly more_favored for gravimetric
monitoring than the other areas since it is little affected by tectonically-
related subsidence ét present; changes oQér a twb year period across the
entire valley parallel and adjacent to the Mexican border totalled 13 mm
(Robert Estes; Imperial County Public Works Department, peréona] communica-
tion, 1980). This small a magnitude value is not liable to be detected
gravimetrically over the same time interval, and makes the Heber area appear
more stable. However, the status of federal funding for the Heber project
is now questionable; and repetitive gravity surveys in the Salton Sea field
should thus receive the top priority. The Westmorland field, whi]evnot 
- slated for immediate production, is second in size on]y‘to the Salton Sea

field, and may be a continuation of it.. It, therefore, should undergo
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'repetitive gravity surveys togethef with the Salton Sea field.

(2) Coso Hot Springs and Long Va]iey Caldera, Eastern California

Coso Hot Springs and Long Valley Caldera are two geothermal areas charac-
terized by recent volcanism, located approximately 200 km apart (in a north{
south direction) and east of the Sierra Nevada Mountains in eastern California.
Of the two, Long Valley Caldera is estimated to have a greater electrical
potential (2100 MW for 30 years as opposed to 650 MW); the mean reservoir
temperatures of_the two systems are ‘quite similar, an estimated:230°C (Brook
et al, 1979). In spite of the similarities in the age of the volcanism, the
reservoirs of the two geothermal systems are located in differing rock types
(w1th; consequently, different:graV1ty signatures ekpetted from repetitive
temporal -surveys); thus the two areas will be diScuséed’separate]y below.

Coso Hot Springs-is located at the southern end of the Owens Valley,
southeastern California, within a United States Navy facility. This KGRA is
situated in the Coso Mountains, at the southwestern extremity of the Basin
and Range province, which 15'bouhdéd‘by the east-west trending Garlock fault
75 km to the soufh. Four rock types underlie the Coso KGRA: 1) Pre-Late
Cretaceous "intermediate to mafic metamorphic rocks; 2) Post-metamorphic
quartz latite porphyry and felsite; 3) Late Cretaceous (?) granite and allied
intfusive rocks, presumably related to the emplacement of the Sierra Nevadé
batho]ith; and 4) Late Cenozoic volcanic and subordinate sédimentéryirockﬁ
'(Hu]en, 1978). The latter group of rocks Coﬁtains two main groups: 1) in-
termedfate to basic volcanics and associated sediments of Late Pliocene dge
(3.42 to 2.20 m.y., K-Ar ages); and 2) Pleistocene basalts an& rhyo]ite domes,

ranging from 1 million years to'41,000'yearé in age (ibid). Some workers
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have suggested that the Coso area is an incipient caldera, based on an ap-
parent ring fracture system bounding the area and}the presence of young
rhyolitic rocks (K. Austin, personal communication). Duffield (1975) and
Galbraith (1978) have described the regiona1.fau]ting, consisting of
Pliocene ring fractures, a north-horthéastbtensiona1 fault system, and a
west-northwest trending, possibly left-lateral dip-slip system.‘ Many young,
northerly trending faults offset oider faults and show evidence, such 55
scarp development in a]]uv1um of recent normal displacement; the rocks at
' Coso are frequent]y fractured into blocks averaging 1/3 to 1 m on a side, |
“and brecciated and gouge zones associated with the faults are common (Hulen,
1978). No evidence of deep permeable aquifers exists, and the;geothermal
reservoir is -apparently developed‘in, and confined to, secondary fracture
‘pqrosity associated with the younger set of faults, and paféicu]ar1y wheré
they intersect older fault systems (ibid and Galbraith, 1978). Thus little
or no subsidence can be expected, unless horizontal or low-angle cracks afe
' vo]umetrica]]y.important, or solution channels are quantitatively important.
| The major part of any temporal gravity variation - is expectéd to be due to
mass removal. |

' Present]y, a precise Tevel Tline extend1ng approx1mate1y halfway across
the geothermal area is being moni tored (w. Duff1e1d, personal communication,
1977). If thislarea were to be the subject of a temporal gravity surVey,
.the benchmarks from the 1evé] line should be incorporated into the gravity
station network. Temporal'grévity Observatibns cou1d_conceivab1y,be affec-
ted by two non-geothefma] factors: 1) tectonica11y-¢aused variations in
e]évation, since’this is a seismically active area; and 2) subéidence at

the western margin of the area near Highway 395, due to withdrawé] of
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groundwater for agricultural purposes. TwQ other'constrafnts_on éjpossib]e
gravfty survey should be mentioned. First of all, it may be djffi;u]t to.
estab]ish an'appropriate calibration loop and set of reference stations;
a]though.substantia1 bedrock is exposed to}the‘wgst in the Sierra Nevada,
accessibi]fty is a prob]emf' And, no changgs can be expected to occur until
late in the next decgde,‘when the fjrst power plant islexPec;ed‘to_go into.
prodUctioh.

_ Thé_Long Valley Caldera is located in central-eastern California
approximately 50 km north of the town of Bishop;vthe resort -town of Mammoth
Lakes is located at its western ma;gin, at the east base of, the Sierra.
NevadarMountaihs. The caldera is e11jpticq11y shaped, 32 km on the_east-r
west axis and 17 km on the north-south, covering an area of about 450 kmz
(Bailey et al, 1976). The caldera lies-at an elevation of apprhximate]yv
2100 m in a highy scenic area, and.the,structUre is we]l-dgfined by steep.
wa11s.on nearly all its sjdes. The pre-Tertiary basement,_in'whiph_the
struéture was formed, consists of Pa]edzoic_and‘Mesozoip metamorphic rocks
which hgvé been intruded by the Jurassic and‘Cretacepus granitic,rogks of
the Sierra Nevada batholith. These are'over1ain uncomfortably by Tertiary
volcanic rocks (3.2 to 2.6 m.y., K-Ar ages) of basaltic, andesitic,»and |
rhyédacitf; éohposition, some of which extend well into the cq]dera area
(ibid). These early volcanics appear not to be djrect]y re]ated to-forma—
tion of the caldera, which is younger in age. Caldera formation was initia-
ted with thick (1000+ m) accumulations of dqmes, flows, and shallow intru-
sions and assocjated pyrocclastic deposits, spanning a million year interva]_
from 1.92 fo 0.9 m.y. <K4Ar dates). This sequence_(the so-called rhyolites ‘

of Glass Mountain) was‘fo1]owed by eruption and deposition of thg)O.?_m.y.
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old Bishop tuff, which covered an area of approximately 1100 km2, and origi-
.nated from vents within the present caldera structure. The total volume of
ash is on the order of 500 km3,;some two-thirds»of which accumulated within‘
the caldera, which subsided and collapsed contemporaneously as the magma
chamber partially emptied (ibid). The tuff provides a low-density fill
matefia] which forms prominent gravfty lows (Pakiser, 1961; Pakiser et al,
1964; Kane et al, 1976), and is now located some 800 m lower in elevation
than similar materials on the rim (Bailey, et al, 1976). " Eruption of the
tuff and subsidence were fol!owed by further rhyolite eruptions and doming
within the caldera, eruption of rhyodocites on the rim, and late basaltic
and Holocene rhyolitic volcanism (ibid).. Contemporaneously, the depression
of the caldera was filled with water to form the P]eistocene-Ldng Valley
Lake (Mayo, 1934) in which 1acustriné and glacial sediments were deposited
(Bailey et al, 1976). The caldera has been substantially affected by

later Basin.and Range faulting (primarily the Hilton Creek fault), and most
of the hof spring activity is 1océ1ized along these fault zones (Rinehart
and Ross, 1964). _Earthquake activity in 1973 (Bailey et al, 1976) and 1979
~altered the hydrothermal regimen, causing increased témperatures and reloca-
tion of surface expressions. '

' The‘Long Valley heat source is presumed by many workers to be a still-
mO]tén ﬁagma chamber 10 or more ki]ometefs be]ow the surface. Hot springs
occur where fault systems permit the ascent of waters to the surface; other
possible conduits become blocked by the "self-sealing" process of dense
hydrothermal alteration. Presumably, much'of the reservoir cbnsists of
tuffaceous matéria]s with pfimary pordsity, although some of the reservoir

could be located in fractured basement. Drill holes in the eastern half of
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the caldera encountered no substantial reservoir in Tertiary rocks, since
temperature inversions were reached.at depth (Frank‘01msted, persona]vcom-
nunication). Some subsidence could be expected in the western half of the
caldera, from which production is likely to occur, and could be developed
even at some distance from the hot springs:area, as was experienced in New
Zea]and‘(Hatton, 1970). In spite.of the'reduction in estimated reservoir
volume because of the disappointing -drill hole results in the eastern half
of the caldera, the anticipated electrical production 1s'st111 a high 2000
MW (Brook et al, 1979).

No difficulty WOUTdibe encountered in setting up a calibration Tine
in this area, since access to bedrock areas is quite good; The western
half of the ca]dera’is readily aCcessible'%or‘a detaiTed gravity survey.-
The eastern half has fewer roadS-and woutd be more difficult to cover in
detail. The major cultural features which would be affected by subsidence
wou]d be the Highway 395 system and scattered buildings; Mammoth Lakes
presumab]y would undergo less disturbance due to its location at the ca]dera

margin. No power plant is scheduled for the next few years.

(3) Surprise Valley

Surprise Va11ey is a Basin and Range geothermat prospect in north-»
eastern Ca11forn1a, located 80 km from bath the Nevada and Oregon borders
The area conta1ns four main groups of therma1 spr1ngs and exght we11s ina
zone about 20 km 1ong, the estimated e]ectr1ca] energy output over a 30
year period is about 1500 MW, based on moderate temperatures (1509C) com-

bined with a sizeable reservoir (200 km3) aecording to Brook et al, 1979.
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Lower tempg{ature resources are also present (ibid; and Sammel, 1979).
' Surprise Va]]ey is bounded on the west by the Warner Mountains, which con-
.tain a bedded sequehce‘of'Teftiary'Miocene volcanics and volcanically |
derived sediments, the so-called Cedarville series, which have been intruded
by numerous east-west trending dikes and tilted westward by Basin and Rénge
fau]ting; the rock types, which range in age from 8 to 40 m.y. (Slosson,
]974), are.typical of those found in the Modoc Plateau province. The
valley is a complex faulted, rectangular graben, which has been displaced
downward from the Warner Mountain block along the Surprise Valley fault.
The fault is presumed to be active on the basis_of a fault-line scarp in
~ the southern part of the valley which has.a fresh physical appearance
suggestive of Late Pleistocene-Holocene tectonic activity (ibid). This
fault zone is the Tocus of numerous hot springs, and déep circu1atioﬁ of
geothermal waters, which may have their sourée in.the Cedarvi]Te‘series,
is inferred to exist within the Surprise Valley and subsidiary faults
(Sammel, 1979; Woods, 1974). The resource may thus be located within
fractures and aquifers in the Cedarville "basement", Within fault zones
and fracture Systems, and/or within'overlying valley fill deposits; a
- possible magmatice source with depth is suggested (Sammel, 1979), but no
corroborating evidence tufrent]y'exisfs.

Productioh of e]ectriéityvin the Surprise Valley area will probably be
deiayed past 1983; for several feasons'out1ined by Frederickson (i977):
1) Because of the lower temperature Qf the resource (150-1609C), binary tech-
nology will probably be required, whiéh will not be available untf] 1981;
2) drilling is quite expensive in.this area, which makes electrical produc-

tion non-competitive at present costs; and 3) the area is isolated, with
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only a small market- for the power generated at present. Frederickson (ibid)
suggests, however, that;300 MW can be on line by 1990. Establishment of a |
calibration line will preésent no problems in the area, because of the. paved
highway which crosses the Warner Mountains, 1linking Alturas with Cedarville.
A repetitive gravity survey would likely show variations due-bdth to mass

removal and to subsidence, dépending on what part of ‘the resource is tapped.
Tectonic changes may well be affecting the area'(which would affect temporal
vgravity surveys), but no precise, repetitive leveling data are currently

available. Such leveling should be initiated with a gravity survey. -

(4) The Geysers and the Clear Lake Volcanic Field

The Geysers and the Clear Lake ‘Volcanic Field occur in similar geo-
logical terranes in northwestern California. At present The Geysers, a
vapor-dominéted system, is the largest geothermal power producer ‘in the
world with more than 900 MW annual production, and -an anticipated possible
output of 1610 MW over a 30 year period. The mean temperature of the reser-
voir is 23790C, while its volume is estimated at 1200 k3 (Brook et al, 1979).
E]ectrica1 energy at theAnegrby Clear Lake Volcanic Field, which is a cur-
rently undeveloped hot water system, may be somewhat less than-at The -
Geysers (estimafed at 900 MW), based both on-an estimated lower reservoir
température (190°¢) and volume (less than 100 km3) according to Brook et al
(ibid).

Three!ﬁajor rock types underlie the region: the -Franciscan assemblage,
the Great Valley sequence, and the Clear Lake vo];anics (McLaughlin, 1977).

The Franciscan aésemb]age, of Late Jurassic to Late Cretaceous age in this
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area, consists of "mildly to moderately metamorphosed sandstone, conglomerate
and argillite, subordinate basaltic volcanic rocks (greenstone) and chert, and
minor limestone, blue schist, antigoritic serpentinite, amphibolite, and
ecologite." These rocks are preserved in “imbricate thrust slices varying

in degree of deformation from coherent interbedded sequences to chaotic
melanges" (ibid). The Great Va]Tey sequence "strata consist of mafic brec-
cias...overlain by mudstone and minor basaltic sandstone of probably Late
Jurassic (Mid-Tithonian) to Early Cretaceous age" (1bid).‘ Only a few patches
of basal Great Valley sequence are present at the surface in The Geysers-C]ear
Lake~aréa, but relatively chloride-rich waters and Tow resistivity indicate
that it underlies an extensive area beneath the Clear Lake volcanics (ibid).
The Clear Lake volcanics are Late Pliocene to Holocene in age, and rest on
bofh of the above-cited Mesozoic rock types; the volcanic field is the young-
est and most northerly of several volcanic centers (Donnelly et al, 1977).

The main part of this volcanic field occupies the southern part of the Clear
Lake topographic basin, and consists primarily of basalt, andesite, dacite,
and rhyolite in the form of domes and flows with minor pyroclastics (ibid).
The volcanics, as well as the heat source for both The Geysers and Clear Lake,
appear to be derived from a magma chamber With an estimafed diameter of some

6 to 8 km, and depth of 10 km beneath the surface (ibid). The existence of
the magma chamber is indicated by gravity surveys, which show a circu]ar‘ZS
mgal gravity low some 20 km in diameter, centered in the south-central part
of the volcanic field (Chapman, 1975; Isherwood and Chapman, 1975). Resistiv-
ity Tows, possibly due to fluids at elevated temperature and salinity above

a heat'source at depth, are coincident with the gravity Tow (Stanley et al,

1973), as are te]eseismich-wave delays (Steeples and Iyer, 1976; Iyer and
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Hitchcock, 1975).

‘, The Geysers reservoir océurs solely in secondary fractufe'porosity, in-
duced both by ebisodes of thrusting which occurred in Early Tertiary, and by
superposition of later faulting which is predominantly normal, with some right
lateral strﬁke?s1ip components. The later faulting méy’be at least partially
active, since earthquake epicenters are located close to some of the fault
centers (Bufé et al, 1976), and faults show evidence of recent movement in
drainage offsets and'othef féatures (Donnelly et al, 1977). These young
fad]ts generally parallel the northwesterly trending San Andreas system. Not
only are the faulting episodes crucial in the development of reservoir poros-
ity in The Geyéers field, but two of the younger faults (the Mercuryville
and the Co]]ayomi) constitute its eastern and western boundaries (McLaughlin,
| 1977). The Cdl]ayomj fault additionally functions an an impermeable boundary,
separating the low-pressure (with regard to hydrostatic head) steam field of
The Geysers from the high-pressure hot water regfme which exists to the north-
east beneath the Clear Lake Volcanic Field (ibid). The difference between
the two regimes is thought to-Tie'primarily in the amount of recharge, which
is minimal in The Geysers area, presumably because of lTow permeabilities
(thus inducing a low pressurevenvfronmgnt of steam underlain by boiling
brines at'greater depth); in the Clear Lake area; numerous volcanic vents
may proyide_funne1—11ke co]]ecting_areas which could produce extensive re-
charge, thereby preventing the development of the Tow-pressure conditions.
needed to indUce and méintain a vapor-dominated system (ibid). Repetitive
gravity studies by Isherwood (1977) support the notion of 1itt1e'recharge in
The Geysers areé, since changes in gravity can be explained wholly by the

measured mass removal.
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‘Repetitive gravity surveys in The Geysers should primarily show the ef-
fécts of mass removal, since a low-pressure vapor régime should largely be-
cohfined to relatively competent rocks; only a modest amount of buoyancy can
be expected from the underpressured steam. Precise leveling énd horizontal
‘control measurements between 1972 and 1978 indicate maximum ground subsidence
of about 13 cm in the area of maximum f]uid withdrawal and horizontal ground
movement of up to two cehtimeters annually (Grimsrud et al, 1978). This ver- -
tical motion is much lower in magnitude thah that in other ged]ogica1 terranes;
but Wou1d be measurable, with a precise gkavity effort, affer about tWo years
(estimating a subSidence rate of 2 cm/year). However, corrections need to
be made to the subéidence values using Whitcomb's equations (1976); the true
geometric subsidence may differ because of the interdependence betweeh
leveling and mass changes, but removal of mass shbu]d still be the'principa]

- source of gravity changes in this area, as was interpreted by Isherwood,
1977. The nature of the reservoir rocks in the Clear Lake area is less well
known, due to lack of drilling, but presumably porosity could be both primary
(in the Great Va11éy‘sequence) and seéondary (in the.Franciscan aséemb]age

as well as in the Great Vaiiey sequence). If the large volume of Great
_Va]]ey strata ddes indeed exist beneath the Clear Lake vo]éanicé, aé inferred
by DonneT1y‘g§_gl-(l977), both subsidence and mass removal cdu]d produce
gravity Changes with time. Repetitive gravity measurements in the Clear
~Lake area would be complicated by acfive deformatioh, including local subsi-
dence from probab]e‘tectoﬁic causes within the volcanic field and Clear Lake
structural basin (ibid). Repetiti?e gravity studies in The Geysers area

have so far not beeh extehded to Clear Lake. Establishmenf of an adequate

calibration 1ihe and reference stations should be possibie in the nearby
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Coast Ranges, in a stable area. Development of large power plants using hot
water in the Clear Lake area is being initiated with the construction of the
Bottle Rock plant, in spite of certain environmental concerns which exist for

the region.

(5) Crane Creek - Cove Creek and Bruneau - Grandview Areas, Idaho

Two éreas have been selected for further evaluation in the state of Idahd.
The fifst of these, the Crane Creek-Cove Creek area, waé sefected because it |
is the only sizable system'in the State which has temperaturesvhigh enough
for possible electrical production; temperatures there average a postulated
170°C, and an anticipated energy of 340 MW is projected over a 30 year period
(Brook et al, 1979). The Bruneau-Grandview area was selected because of its

3

great size, with an estimated reservoir volume of more than 1800 km”, which

18 joules) 1in

gives it an exceptionally large beheficia] heat rating. (27 x 10
spite of the low estimated mean temperature of only 107% A(ibid_). Both of
these resources are located toward the western end of the Snake River Plain;
an-ércuate, young geological feafure which includes several other areas with
significant'géothermél poténtia]Q most notéb1y the Yellowstone and Island
Park areas at its eastern end, at the Wyoming border;‘the better-known Raft
River geothermaT aréa is Tocated just south of the plain in south-central
Idaho. The Snake River Plain is a region of extensiVe Neogehe and Quaternary
volcanism. The geology of tHe western end of this area is not well-known,
and reservoir éssessment by personnel from the U.S.G.S. is currently under-
way; few drill holes exist to characterize the area geo]ogiéa]]y, and at

present the continuity of the hydrothermal systems beneath the plain is not

knbwn, so that resource assessment is so far quité tentative (ibid). The
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geology of the Snake River Plain has been synthesized by Hi1l et al (1961):

v The highlands immediately to the north and south of the plain

are composed mainly of silicic volcanic rocks of Early Pliocene age,

and of granite of Cretaceous age. A veneer of basalt flows of Middle

Pliocene age covers the silicic volcanic rocks in the lower elevations.

The western Snake River Plain is a graben filled with Pliocene and

Pleistocene sedimentary rocks and interbedded basalt flows to a depth

of at Teast 3000 feet below the surface (H.E. Malde and H.A. Powers,

written communication, 1961). Subsidence of the graben took place

~along a series of faults trending northwest. The most prominent

fault zone forms a sharp escarpment along the northern edge of the

Snake River Plain. Malde (1959) estimates that the aggregate throw

along this zone is at least 9000 feet.
Extensive gravity work by the above authors has led them to believe that large
magnitude (30+ mgal) and areally extensive Bouguer anomalies are due to the
possible combination of two mechanisms: (1) "The plain is a graben bounded
by faults with large vertical displacements. Volcanism has accompanied the
subsidence. The reéu]ting'1ava flows filled the depression, yielding thick
accumd]ationé of basalt"; and'(2) "Crustal stresses have caused large en
echelon fissures under the Snake River Plain. These fissures have been in-
jected with basalt or basalt-like material" (ibid).

The Crane Creek-Cove Creek area corsists of two groups of‘springs about
11 km apart with similar water chemistries whfch may or may not be inter-
connected at depth. The springs are located in a zone of sinter deposits and
mercury mineralization (ibid). The geothermal waters may come from a deep
source because of high temperatures (2499C) as estimated from the sulfate-
water isotope geothermometer (ibid). The estimated depth to the top of the
reservoir is 1000 m, with the‘cap réck made up of young alluvium and medium-
hard rocks of the Idaho Group (Trehan et al, 1978). Since reservoir assess-
ment is not yet complete, the geology is still poorly understood and the

potential for subsidence is thus unknown; a power plant will not be constructed
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until at least 1985 (ibid). This area dbes hot appear promising at present
for a defafled and repetitive grévity survey,’a1though such a survey would
be logistically feasible in the future.

The ‘above cohc]usion must also be reached for the quneau-Grandview area.

Although two 3000 m holes have been drilled through the volcanic section,

which in one case reached permeability zones, the existence of a commercially

viable pdwer reservoir must still be proven, and a power plant is thus not
expected to be on-line until 1987 (ibid); the potential for subsidence is

Tikewise unknown ahd apparently far removed in. time.

(6) Nevada Geothermal Systems

Several promising hot water geothérma1»resources may ultimately be
deVe1oped within»the Basin and Range province in the state of Nevada. These
include theifollowihg, which were chosen for further evaluation primari]y
becauéé of their potential for electrical production: a) Steamboat Springs,
in west-central Nevéda near the Ca]ifornié bordef; b) Desert Peak,vlocated
appkoximate1y in the center of the triéhg]e formed by the towns of Love]ock,

Fernley and Fallon (the.smaller Brady's Hot Springs resource is located less

'than 19 km to the northwest); c) Stillwater, Tocated 30 km east of Fallon;

and d) Dixie Valley, located across the Stillwater Range to the east of Still-
water. With the exception of Dixie Valley, all of the above resources will

each generate at least 350 MW over a 30-year interval, and reservoir tempera—

tures range from an estimated minimum value of 160°C to a maximum of 220°C

(Brook et al, 1979). Dixie Valley is inc]uded because of the recent possible

discovery of a steam field, which now makes the area more attractive as a

~prospect than its original moderate temperature (1400C) status in the U.S.G.S.
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geothermal resource assessment (ibid).

The above-cited hydrotherma] systems all share several features fn
common: a) they are associated with the steépTy dipping, large dfsp]acement
Basin and Range faults, which apparently localize the geothermal fluid, es-
pecially at fau]f intersections where fracturing is particu]ar]y intense; |
b) deep circu]étion of meteoric waters in these fault zones produces the
geotherha] resource; and c) secondary'fracture porbéity is predominantly
responsible for storage in the reservoirs, réther than primary poroéity from
sedimentary mater1a1s; | " |

 .Steamboat Springs consists of several springéldischarging from aﬁ exten-
sive sinter apron (1bid), which consist of heated meteroic water recharging
largely from the Carson Range to the easf (Nhite, 1968);_this geothermal area -
fé stfategicé]]y Tocated between two of the major citiés in Nevada, namely
Reno and Carson City. The reservoir is Tocated in fractured and faulted
Mesozoic metamorphic and granitfc_rocks of Tow bermeabi]ity overlain by a
300‘m cover of shd]]ow_sedimentary and volcanic rocks (ibid); this shallow
reservoir depth with its thin rock cover is an attribute favorable for
development (Trehan et al, 1978). THe springs emerge from the ﬁortheastérn
part of Steamboat Hills, a small posftive structural area located within a
-chain of structural basfnsv1ocated betweéﬁ the Vfrginia and. Carson Ranges.
Volcanic roéks in the area rahge from Middle Tertiary to Early Quaternary
age, and may be derived from a ]argev(IOO km3) hot magma chamber (White,
1968). The area is extensively faulted by the presence of threevwe11-'
defined‘fault systems of varying trends; some individual faults displace
Middle Pleistocene a]juvium and sinter (ibid). A 50 MW power plant will

probably be constructed by 1985, provided the réSource is proved to be
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large enough for power pfoduction (Trehan, et al, 1978). ‘"Although not much
subsidence is expected in this area, since large, low angle permeab]e chan-
nels which could collapse are not likely to exist (White, 1968), the shaT1ow
/naturé of the fractured reservoir shou]diyield an espeéia]]y good site for
studies of mass removal. The area is easily accessible, and favorable loca-
' tidns-for a caljbratidn Toop and réference base will be easily attained on
nearby bedrockf | |

The Desert Peak area 1s‘a newly discovéred reSOurce'(Benoit, 1978) which
is located in fhe Hot Sbrings Mountains north of Fallon, Nevada. Unlike most
"basins" in the Baéin and Range, the area whefe the first successful We11s
- were drilled is 1ocated a few Hundred‘meters above the present valley floor.
| The underlying geology donéists primarily of Tertiary and Quaferharyvtuffs,
- tuffacrous sediments, and voléanic flows which ake locally several thousand _'
feet thick. The reservoir seems developed primari]y’ih underlying fractured
metamorphic basement rock of pre-Tertiary ageg since fractured grgenstone;
were brought up during drilling (ibid); at least one of the wells is located
in a major fau1t zone, characterized bylan unusually steep gravity gradient
(Granne]],‘1977). Aithough some aquifers contain hbt water, the primary
,production will be from a deeper, fracture-controlled reservoir. The reser-
voir may be extensive, since intense fau]ting characterizes thévgrea, énd
structures are quite comp]ex'(Voegt1y, personal communication), but indivi-
: dual production zones may not be continqus with each other, and several
separate reservoirs of smaller size méy be present. High temperatures at
depth may be partially dué to deep circu1ation, but an over]ying cap rock of
altered tuffaceous rock, with'a Tow thermal conduct1v1ty, may be he1pfu1 in

produc1ng reservoir temperatures in excess of 220°C
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Little subsidence may occdr when the area gées into pfoduction (at a
currently unknown date), un]ess:fractures or channels are'sizeable, horizon-
tally oriented, and capable of callapse upon withdrawal of geothermal waters.
The system is located in an especially arid area, and high recharge rates
for the reservojr are unlikely, since the highleleVation of the area prevents
any recharge except from local preéipitation (Grannell, 1977); thus gravity
changes in a temporal survey would largely reflect mass removal alone. There
may be some Togistical difficulties with conducting a survey in this area,
since access .is currently Timited, and some Stations might Havé to be estab-
1ished on foot. A location for a ca1ibration loop will also not be reédi]y
available. Tectonic changes can be expected if some of the faults are active,
'whiﬁh seehs likely; these could affect repetitive gravity surveys.

The Stillwater area is located on the eastern side of the southern
Stillwater Range (the town of Stillwater is located over the resource). Hot
waters are encountered in sedimentary materials which form the va]ley fill
(tdgether with Tertiary basalt flows), but temperature inversions are pre-
sent in drill holes and the main resource has not been lTocated (0Imsted
et al, 1975). Geophysical evidence suggests the presence of major faulting
in the subsurface, and the trace of the fault which generated the moderate
Fa11onvearthquake‘of 1954 passes through this area; since fractured bedrock
at dépth is thus likely, this area may follow the typical Basin and Range
‘characteristic of the resource being confined prihari]y to secondary poro-
sﬁty in metamorphic basement. The temperatures'at Stillwater are not too
) far above the electrical cutoff temperature of 150°C (they average 160°C),
vindicating that a binary plant would be needed, and probably would not be

-on-line until after 1985. A repetitive gravity sufvey would primarily
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reflect mass removal from the basement, but some subsidence'cou1d also be
expected if overlying aquifers are a]so,uti1ized. Somevinteresting non-
gebthefma] grévity variations would Tikely be produced by changes:in water
levels in the numerous 1akes'fn the Wildlife Refuge and gun club loéated
nearby, and tectonic changes are also expectable in fhis seismica11y>act1ve
area. A calibration line could be established some 15 km to the southeast
along a'major access into the southern Stillwater Range, although tectonié
activity could affect the elevation of the range.

The Dixie Valley area is located in a wide basin bounded on the west by the
Stillwater Range; it grades northward into Jersey Valley, and.is bounded
eastward by thé Auguéta Mountains. These valleys contain numerous hot
springs of»unknown temperature, which are'1ike1y‘¢ontr011ed-by'intersecting
faQ]t trends. Newly discovered resources in Dixie Va]]ey appear to yie]ds
fracture production (J. Noble, personal communication). Major subsidence is
not 1fke1y from geothermal production, although it may occur from agricultural
drawdown in parts of the valley. Mass removal would ]1ké]y be detectable
gravimetrically, but the changes may be small because of possible great
depth to the resource (a charactéristic of many Basin and Range systems).
The valley will present normal access prob1ems for Nevada basins, in tﬁat
the existing roads are rough, they will not provide complete coverage, and
a four-wheel drive vehicle will be required. Establishment of a calibration
network shoﬁ]d present no problems, with the exception of possible tectonic
activity affecting elevations. 'It is not known when and if electrical

production from hot water (and/or steam) will be initiated.



(7) Valles Caldera, New Mexico

The Valles Ca]dera is Tocated 80 km northwest of Santa Fe, New Mexico
in the eenter of’the'Jemei Mountains, and is Pleistocene in age. The'esti-
mated electrical energy output of 400 to 2700 MW over a 30 year period makes
it the 1argest potent1a1 geotherma] resource in New Mex1co and one of the
most promising in the western United States (second on]y to the Imperial
Valley); tne estimated electrical production fs based on a moderate resertofrk
‘size ofH125 km3, as well as on reservoir temperatures with a mean value of
approximately 2750C (Btdok EE_al, 1979), for the 2700 MW value.

The caldera is roughly circular to elliptical in shape with an approxi-
mate mean'dfameter of 13Akm It was formed in pre-existing Late Tert1ary
vo]can1c rocks rest1ng on a Precambr1an through Tert1ary igneous, sed1mentary,
and metamorph1c basement comp]ex (Smith gt_al, 1961). In early Pleistocene
time,.catastrophic eruptions occunred in the center of the Tertiary vo]canics,
with the'ejection of sone 250 km3 of rhyotitfc pyrocﬂastic rocks in the form
of‘ash f]ows; these formed 300 m thickvsheets of welded tuff, which combrﬁse
the major part of the.so-called Bandelier tuff (ibid). The emptying of the
magma chamber caused co11apse of the roof to form the Valles Caldera (1b1d)
Subsequent to 1ts format1on, the Bande11er tuff w1th1n the ca1dera has been
overlain, or intruded by, younder sed1mentary rocks and post—subs1dence
rhyolites; the main magma chamber is still bresumed to be molten. The
center of the caldera has undergone intensive faulting and fracturing, as a.
result of doming which resulted in an areal tilt away from a centrally-formed,
northeasterTy trending graben (ibid).

The Valles Caldera ts the‘hajor gedtherma1 resource.in the'Rio Grande

rift which, other than tne'ca1dera, consists of a rather small identified
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resource base (Brook et al, 1979); however, high heat flow values throughout
the region, and geophysical anomalies suggestive of buried magma bodies near
Socorro (Sanford g;_gl) 1977; Chapin et al, 1978), imply that'many,undis—
covered (although less spectacular and less easily identifiab]eg‘hydrothermal
areas exist along the rift region (Brook et al, 1979). The caldera itself
consists of a hd% water reservoir (1bid).__The resource'is‘deVe1oped in rocks
which are largely volcanic, and the permeabi]ify is secqndary in oriéin,
developed in induréfed rocks (Trehan et al, 1978); the presence of some
aquifers in the sedimentary materials cannot be comp]ete1y discouhted,
vhowever.

Subsidence in the Valles Caldera will be dependent oh the nature of the
reservoir which fs tapped for production. Subsidence will be minimal fo
moderate if the reservoir lies primarily within fracture porosity deveToped '
in indurated volcanic rocks;bit may be more sizeable if aquifers in sedi-
mentary materia]§ exist and are drawn down, or if the creation of secondary
channels by solution has created”high porosity zones. Gravity effects due:
to mass changes may well dominate the magnitudes of the gravity changes
expeﬁted here, and may be measurable in a few year interval, since a 50 MW
power plant is p]annéd-in the near future (Brook é;_gl; 1979). The area
should presenf no logistical difficulties, and an adeduate ca1ibrationvloop

should be feasible in the nearby mountains.

(8) Oregon Geothermal Systems

Three areas in Oregon seem to be suitable for evaluation because of
their geothermal potential: 1) Newberry Caldera; 2) Vale Hot Springs; and

3) Klamath Falls area. The first two areas are characterized by high
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temperatures (230°C and 1579C respectively) and moderate volumes (47 km3 and
117 km3 respective]y); so that each area should yield approximately 800 MW
of electrical energy over a 30.year period (Brook et al, 1979). The fhird
area, Klamath Fé]]s (which éctua]]y inc]udes'three KGRA's ~-- Klamath Falls,
K]amath.Hills, and Olene Gap) 15-considerably Tower- in temperature (1116C -
1249C), but contains an unusually large amount of beneficial heat (approxi-
mately 2 X 1018 joules), and 1ow-temberature uses df the resources'in the
- area for space¥heatingvand greenhouse 6perations are common (ibid). Thus
this area 1is inc]uded because deVélophent is 1fké1y to tontinue for these
Tow tempefatbre purposes, and further evaluation of certain parts of the
region‘may‘reveal higher temperature resources, a]though theif‘existenée is
.cunrently.speculétive (Stark g;_gl; 1979). |

Newberry Caldera is a young (0.6 m.y. and younger) volcano which is
located in centré1 Oregon soufh of thé town of Bend on the boundary between
the High Cascades Volcanic Province and the Basin and Range Province
(MacLeod et al, 1975); it fé the youngest and most'nbfthwester1y of - 34
.rhyolitié domes andArelated volcanoes which are found in'southeastern
Oregon, all of which, as a general-ru]e,'become older in an easterly direc-
tion (ibid). .Newberry Volcano s av20 X 40 km basaltic shieid vo]céno with
a summit caldera in which both basaltic and rhyolitic rocks have been
erupted (Hfggihs, 1973). Many of- the caldera rocks, inc]uding ash and
pumicé flow tuffs, air fa11 fuffé, and obsidian flows, are onTy 2000-7000
years'old (ibid). The emb]acement of the ca1dera was probably controlled
by faulting along three regidna] fault systems, with magma being beriodf-'
cally released by the'fad]ting process. The caldera is probably underlain

by several thousand feet of Pliocene-Pleistocene volcanic and volcaniclastic
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rocks, the same kinds of materials as those making up the caldera. Little
is known about the geothermal environment at Newberry Caldera (for instance,
_temperafures have been estimated from similar Quaternary volcanoes rather:
than by geothermal or direct measurements), and no productien is slated for
'thé:near future. Some subsidencé could be expected, and in particular would
be associated with volcaniclastic rocks making up the reservoir. However, a
gravity monitoring effort vould be hampered by the présence of twd large
bodies of water (Paulina Lake and Fast Lake) which cover approximately one-
third of the caldera area; fluctuations in water levels in these Takes could
contribute significant non-geothermal gravity changes, 1? existent. - -Local
and fecent faulting might make estab]ishment of a calibration 1oop'd1fffcu1t,
requiring that one be established in some other area.

- The Vale Hot SpYings‘area is located in eastern central Oregon, near
the Idaho border. It 1ies in proximity to fhe Vale fault zone (defined by
Lawrence, 1976), which is one of four identified west-northwesterly trending
strike-s1ip fault zones which (a) break rocks of Pliocene age, (b) Separate
areas of normal faulting, and (c) form the transition between the main Basin
and Range province of Nevada and the largely unfau]téd Columbia River Plateau
basalts (ibid). The area is located along the southern boundary of the Snake
River Plain structural trend where it crosses from Idaho into Oregon (Hill
et al, 1961), an area underlain primarily by lavas of P1iocene age, with
graben materials of Pliocene and Pleistocene sedimentary rocks and inter-
bedded basalt flows underlying the plain itself. Although little apparently
has been published on this hydrothermal convection system, a large area is
suggested by an audio-magnetotelluric survey (Long and Kaufmann, 1980), and

a high heat flow anomaly (Brook et al, 1979). At present, no production is



planned. Subsidence should be-expected if production is primarily from
volcaniclastic rocks, a likelihood. Any problems with conducting a preci-
sion gravity survey,or,estab]ishing_a.ca]ibrationv1oop are currently unknown.
The Klamath Falls area is located in.south-central Oregon, within the
Klamath Basin,_which;is bounded by the High:Cascades.to the west, the Medi-
cine Lake Highlands to.the south (in northermost Ca]jfornia),,and high
desert country to the east (Stark et al, 1979). The basement rocks consist
ofAPiiocene.basa]ts,,which_are unconformably - overlain by the Pliocene Yonna
formation,”a sequence of tuffa;eous siltstones - .and sandstones, and diatoma-
ceous lacustrine. sediments, which contain maars, tuffs and thin basalt flows;
the Yonna. formation is overlain by Late;P]io¢ene and Pleistocene basalt
flows with volcaniclastic interbeds. All the formations have been broken
into grabens and hdrsts by4nokthwester1y trending normal faults, with as much
as 1600 feet vertical d{sp]acement;_]ess;prominent are-north and northwest-
trending cross.faults which truncate or offset topographic features (ibid).
Fault scarps. seem to control at least some.of the.diétribution of subSurfaée-
hot waters (ibid). This area_shoWs the same potential for subsidence as. the
two. areas mentioned above, and hot water is currently being produced and
discharged, although some users utilize heat exchangers to conserve the
resource (Lund et -al, 1975). In some areas, grayity work would prove diffi-
cult because of the presence of large water bodies (Klamath Lake and Swan
Lake); no difficulty. is anticipated in establishing a calibration loop

1oca11y.

(9) Roosevelt Hot Springé and Cove Fort -vSu1furda1e, Utah

The. Roosevelt and Cove Fort~Su1furda]é-KGRAs.are located in southwestern



-98-

‘Utah (northéast of the town of Mi]ford), near the eastern margin of the Basin
and Range prbvince. vThis area has beén'characterized by repeated igneous
activity in the last 30 m.y., and the associated rock types are high silica
rhyolite, and basalt or basaltic andesite, a.bimOda] association which is
typical of the Late Cenozoic volcanism which is common along this;edge of
the Basin and Range (Ward et al, 1978). The province edge‘is coincident
with a major structural feature, thé so-called Intermountain Seismic Belt,
a 1300+ km Tong, 100 km wide zone of éeismicity which separates it from the
Colorado Plateau-Middle Rocky Mountains; this northerly trending belt is”
characterized locally by fegions of high heét flow and geothermal feétures
(Smith and Sbar, 1974). These twb KGRAs, together with the Tower tempera-
ture Thermo KGRA (located some 30 km southwest of Roosevelt Hot Springs),
are located near the intersection of the Intermountain Seismic Belt With a
200 km east-westerly trending zone of seismicity? which extends from south-
western Utah through southern Nevada and bounds the southern Great Basin
(ibid),b This latter belt is épat1a11y‘coin¢ident with the Pibche-Beaver-
Tushar mineral trend, a significant tectonic feature which crosscuts the
northerly trending Late Cenozoic fault features of the eastern Great Basin
(Ward et al, 1978). Roosevelt Hot Springs has an estimated mean reservoir
temperature of 265°C, a mean volume of 47.km3, and an expected electrical
energy output of 970 MW over a 30 year period; the values for the same
parameters at Cove Fort-Sulfurdale are 167°¢c, 30 km3, and 330 MW
(Brook et al, 1979). | | |

| Rooseve]t.Hot Springs is located on the western margin of the Mineral
Mountains, whose geology consists primarily of a young Tertiary granitic

pluton which has intruded older sedimentary rocks and is associated with
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Tertiary volcanic rocks. and Quaternary rhyolite flows, domes and ash deposits;

o~14 m.y. by K-Ar

the pluton is the largest (250 km area) and youngest (1
ages) 1in Utah (Ward et al, 1978). The volcanic rocks were formed in repeated
episodes of volcanism, starting 20 m.y. ago and continuing until the most
récent episode of Quatefnary basaltic eruptions (ibid). The hot sprihgs.are
assogiated with the intersection of two major faults, the northeasterly
’ trendinngpa1 Mound fau]f and, perpeﬁdicu]ar to it, thé Hot.Springs fault;
numerous'faults parallel the Hdt Springs féu]tl(ibid)f The geothermal system
is structurally contrb]]ed, based‘én the correlation between exceptionally
‘high heat flow values and identified faults; the heat may "be supplied by
steady state conduction from é source at-a temperéture near the granite.
so1fdu$ having lateral dimensions of the Mineral Mountains pluton at a depth
of 7 km“ (ibid); Partial melting (and/or intense fracturing) is suggested
both by low velocity raypaths and a low Q trahsmission path (ibid). Low
‘heat flow values in the central Mineral Mduntains, east of the‘main gedther-
mal prospect 1ocated along the Opal Mound fault, ﬂare']ﬁkely associated with
a recharge region'" for this hot water system. |

The main hot water production seems to be from fracture porosity associ-
ated with the extensive faulting found in the Roosevelt Hot Springs area. Low
to moderate amounts of subsidence‘are thus expected over a sevefa] year period,
~and particularly if recharge rates are low, as may be anticipated jn‘this
type of geology. , Mass removal may élso be méasurab]e with time, and parti-
cularly since somevprOduction may be from higher levels in the reservoir;
producing wells are 1dcated at depths as shallow as 382 m (Brook et al, 1979).
A 55 MW power plant is planned for the near future (ibfd), so that initiation

of monitoring is desirable at this time. PreVious repetitive gravity and
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Teveling surveys havexalready been conducted in this area'(Cook(and Carter,}
1978) and could be resumed. |

Less detailed geo]ogica1 1hformation seems to be currently available for:
the CovebFort—Su]furdale area; which seems to be characterized by‘the same
regional geo]ogic framework as the Roosevelt area This'area does'haveva:v
higher 1eve1 of seismic act1v1ty than Roosevelt Hot Springs, and an argument
can be made that fthe close spatial assoc1at1on of .earthquake swarms with
the nearby.Quaternarytbasa1ts suggests that the potential exists for a geoé
therma] source re]ated to Ho]ocene volcanism" (Ward et al, 1978). Since the
hydrothermal reg1me is 11ke1y to be similar to that at Roosevelt Hot Spr1ngs;
but (a) thevreservo1r temperature, volume and power production are currently
estimated to pe'1ower (b)'the state of.geo1ogica1 amd geophysicaTIknowledge
is 1ess, and (c) no power p]ant is p]anned for the near future, ‘this area
appears to be a less v1ab1e prospect for grav1ty monitoring: at the present
time. | _

‘No logistica1 difficulties (other than the avoidance of hfgh temperatures ’
in the summer months) are expected in either of these KGRAs, and there-shou]d
be no problem uith the establishment of oa]ibration 1oopsbat appropriate bed-

rock locations.
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