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SUMMARY AND CONCLUSIONS

This study constitutes an assessment of the utility of repetitive
gravity measurements in monitoring elevation and mass changes due to produc-
tion in a geothermal f1eld ; ,

Elevation changes occur in the form of sub51dence Its major cause is
an increase in effectiverstress 1n producing zones due to fluid withdrawal
and loss of buoyant support ThlS subsidence may not occur immediately, and
may be triggered by earthquakes Sub51dence of lesser magnitude may be due
to thermal contraction Regardless of the source, subsidence causes an in-
crease in grav1ty values

Mass changes occur because of fluid withdrawal in the absence of natu-
ral or artificial recharge, or from changes in density,due to local solu-
tion or precipitation of minerals, or from phase changes in the system with
consequent repositioning of mass. Fluideithdrawal, the most important
mass change ~causes a decrease in grav1ty values

The effectiveness of the gravity method is a function of two variables:
(1) the precision which can be attained u51ng conventional grav1ty meters,
and (2) the magnitude of the expected grav1ty changes "At present, only two
types of meters are capable of high precision, the stationary cryogenic
gravity meter, which is expen51ve in both construction and maintenance and
’ the portable mechanical meters manufactured by LaCoste and Romberg (models
D and G), which are moderately priced and relatively inexpensive to use.

The former meter can achieve one microgal precision (standard deviation) and
continuous monitoring inrone_location, but is not adapted to comprehensive
surveys over aiwide area. The latter meters can achieve four or five micro-
gals prec1sion 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 Timited to the LaCoste and Romberg meters 7

The LaCoste and Romberg D model grav1ty meters are somewhat more pre-
cise than G meters w1th reported values for standard dev1ations from the
literature ranging from 5 to 25 microgals for the D meter, whereas 6 meters
range from 8 to 24 m1crogals. S1nce prec1s1on is a funct1on of f1e1d pro-
cedures as well as meter type, we performed a G meter eva]uat1on on ‘, -
Vancouver IsTand repeat1ng stat1ons estab11shed by the Canad1an government
us1ng D meters nearly 1dent1ca1 f1e]d procedures were ut111zed Our aver-
age prec1s1ons were 8 to 10 m1crogais whereas the reportedVCanadlan values
for the D meter were 5+ microgals. Prec1s1ons of 8 mlcroga]s or 1ess cou]d
be cons1stently achieved w1th the G meter, but only with a larger number of
repetit1ons a]]ow1ng exclus1on of 1mprec1se va]ues For both meters, the
use of a "Teap frogg1ng'I techn1que (w1th several ties between adJacent sta—
tions) to establish a network of values with redundant t1es (a stat1on “tied
to more than one other stat1on) a]]ows d1str1but1on of error and 1ncreased
precision over the va]ues cited above The “loop1ng" techn1que w1th
several stations t1ed to a base (with the loop repeated to ach1eve h1gher
precis1on) is less precise, but also less 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 f1e]d tech-
niques. Two stud1es at geotherma] f1e1ds (Wa1rake1 and The Geysers) report-
ed gravity changes one magn1tude or more greater than ach1evab]e prec1s1ons
in repet1t1ve grav1ty surveys Mode11ng studies wh1ch we performed, using
a disk model and reasonab]e parameters for consol1dat1on and 1n1t1a1 con-
ditions, ver1fy th1s concTus1on - S o

Several precaut1ons w1]1 have to be observed in perform1ng a prec1se )

repet1t1ve grav1ty Survey It w111 be necessary to conduct a




contemporaneous Second-order spirit leveling, so that the effects of mass and
elevation can be separated. Both types of measurements are concerned with
potential fieTds and nefther yields a unique result without the other; i.e.,
elevations ‘detérmined without accompanying gravity values will not be true
geometric elevations’ unless ‘the ‘effects of mass changes are removed. Moni-
toring by both ‘gravity aﬁd"1eVé]fhg"%h0u1d’bé’ihifiatéd4on permanent monu-
ments prior t6%prdﬁuéiéonf“andireﬁéétéd at leaStldﬁce,'to identify non-
geothermal “changes 'such as those due to tectonic activity and weather effects.
The greatest detriment to high precision {s' transport of the gravity meter
over rough roads: special’ transport cises, increased repetitions, the use of
heavier cars, and/or avoidance ‘of the rough areas (for instance, by walking)
‘should be employed to mitigate this problém. "Likewise, high temperatures
and Wiﬁd:Ebhdifibn%i“or%giﬁhhd?vib?atﬁohifrom seismic shaking, geothermal
prodiiction; and heavy traffic, are also deleterious.

" A repetitive gravity survey séeks to establish changes in the differences
’ih“bbéérVed‘grav%%&fbétw%én7§tatiéhé'1bééted-in'the‘production‘zbne and stable
reference base(s) Tocated outside the zone, preferably on bedrock. The cal-
culation of these differences is straightforward, involving only ca]ibrafion,
removal of tidal and drift effects, and averaging reduced values at stations
and bases. However, for best results, calibration differences among meters
must be resolved through establishment of a calibration loop, and tidal
monitoring may be needed to establish values of the tidal constants for
reduction purposes. Barometkic préssure variations can be heglected, since
the effects are insignificant and may be partia11y removed through stationv
repetition and dedrifting. Data reduction, including 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 collected which can substitute for
imprecise,va]ues; changes can also be made in field procedure, if needed.

A;Based,on the foregoing assessment, we have included recommendations for
carry1ng out surveys which ach1eve 15, 10 and 5 microgal precisions.
Ach1ev1ng the smaller standard dev1at1ons w111 require more field effort
and wi]] be more costly. For a 60 station survey, at commercial rates in - .
1981, typical costs are estimated to be SZQ,OOO, $26,000 and $35,000 res-
pectively, for data collection, reduction and interpretation. These figures
exc}qde instrument purchase or rental.

Finally, we evaluated 20 geothermal areas in the western United States
which m1ght be suitable for precise repetitive gravity monitoring. The
evaluation criteria included capability for subsidence on a geological basis,
estimated electrical production, environmental impact, and ant1c1pation of
production in the near future. We feel that the most promising areas in
order of priority are (1) the Salton Sea field, California; (2) Valles Cal-
dera, New Mexico; (3) The Geysers-Clear Lake; and (4) Westmorland, Califbfnia;
(5) Roosevelt Hot Springs, Utah; and (6) Heber; (7) Brawley; and (8)‘Long

Valley, California.




I1
11

v

VI

-vii-

TABLE OF CONTENTS

Preface and Acknowledgments
Introduction

Assessment of the Gravity Method
A. Technical Discussion

B. Precision of Measurement with State-of-the-Art
Gravimeters

a. Comparison of the LaCoste and Romberg'G and
D model Gravimeters from Previous Studies
b. Field Procedures and Tests

C. Additional Considerations in Achieving High Pfecision
in Repetitive Gravity Surveys

D. Magnitude of Expected Gravity Changes Models of
Gravity and Geoid Changes Due to Water Withdrawal
and Aquifer Compaction

a. Introduction

b. Technical Discussion
c. Model Analysis

d. Conclusions

Implementation of Repetitive Gravity Surveys in Geothermal

Regimes

A. ~Summary .

B. Recommendations for Further Work

Bib]iography, Sections II, III and IV

Site Selection for Implementation of a Precise Gravity
Study in a Geothermal Regime

Appendices

A. Recommendations for Implement1ng Repetitive Gravity
Surveys 1in-Geothermal Regimes

B. Evaluation of Selected Geothermal Areas fof Surface
Gravity Monitoring

Bibliography, Section V through Appendix B

O H N

1
14
27

35

51
54
55

58

65
65

73

101







I.  PREFACE AND ACKNOWLEDGMENTS

This assessment of the surface gravity method and its applicability.
to monitoring changes 1n a producing geotherma1 regime is the product of
four separate authors.’ Each of us bore the respons1b111ty for different
sections and'tasks; as follows: - (1) Grannell - Sections I, II, IIIA, B
and C, IV, VI.and Appendices A and B; (2) Whitcomb - Section I1ID; (3)
Aronstam - Assistance with field work and input of numerous ideas and N
calculations in Granne11 s sections, (4) C]over - Statfstica1 eva1uations
used in"Sectfon IIIB.: o s

This assessment could not have been’carried out without the assistance
of several individuals.and organizations, to whom we wish to extend credit.
Ing. Alfredo Manon M. and his staff of the Comisi6n Federal de Electrlcldad 4
of Mexico facilitated our fie1d work at the Cerro Prieto geotherma1 field.
Norman Goldstein-and Ernie Majer critically reviewed the manuscript and
provided helpfu] comments. . Sa]ly-Foster. Barbara Tanizawa.and Elizabeth-
Clarke typed intermed{ate and final versions of the text. Robert Leggewie
carried out much.of the 1iterature search particu1ar1y for Appendix B.
Rosemary Wyman did some :compater analysis and provided considerable moral
support as.well as.technical comments. . Paul Knox: drafted some of the
figures. To a11wthese persons and agencies, we wish to express our grat-
ftude.;ﬁ”V;: PR SN RS NCLTE St SRE P PE RSt s e SRR

We are éspeCEaffy'gratetu1"to”herbert’Dragertlof'the Pacific Geoscience
Centre on Vancouver Island: ' He not only provided 1ogist1cal support. but
also many invaluable technical discussions. .. .. .-

This_work -was. .supported by ‘the Assistant Secretary for Conservationg~.
and Renewab]e Energy. 0ff1ce of Renewable Technology. Division of
Geothermal and Hydropower Technolog1es ‘of the U.S. Department of Energy
under -Contract :No." W-7405-ENG-48 with Lawrence Berkeley Laboratory
through Subcontract No. 4502410 under. the Geothermal Subsidence Researchv.-ﬂ
Program The program was adm1nistered under the technica] d1rect1on of ,
Norman Goldstein Mr. H. A. Todd was the ‘contract adm1n1strator for
Lawrence Berkeley Laboratory. - ' A




IT. INTRODUCTION

Within recent years, geothermal areas have become an 1ncreas1ngly71m-
portant tanget for the development of alternate energy. These areas.:
produce hot water and/or steam from porous and permeable aquifers or
from natural or artificially 1nduced fractures in otherwise 1mpermeable ,
rocks. In either case, exp101tat10n removes mass from the system: which
may or may not be returned in the form of injected waste water or_natural
rechange 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 to the damage which can result, is subsidence of the
ground surface due to compaction of the depleted zone. Substantial subsi-
dence has been identified in New Zealand at the Wairakei field (Hatton,'
1970) and, to a lesser extent, at The:Geysers in California (Grimsrud et
al, 1978). Because of possible important economic consequences, pnograms
for predicting and monitoring subsidence should be implemented in suscep-
tible areas. It has already been well established that repetitive spirit
leveling and tiltmeter observations conducted at the surface are useful
techniques for monitoring subsidence (ibid); this report explores the
feasibility of utilizing a less known but promising supplemental tech-
nique, namely, precise repetitive surface gravity observations.'::r r‘h

The classical use of gravimetry has been in the detection and inter-
pretation of spatial variations in- grav1ty, after reduction of field data ‘
to Bouguer anomaly values. More recently, this use has been augmented hy
precise, repetitive measurements of observed gravity which are utilized

to document temporal variations in the gravity field. This augmentation




has been facilitated by improvements in field technidues and instrumenta-

tion, as.weil as by a greater ability to understand and mathematically model

earth processes. In consequence, temporal studies have been applied to
measurement of earthquake deformation and processes (Barnes, 1964; Oliver

et al, 1975; Kisslinger, 1975), pre-earthquake predictive monitoring

(Jachens and Roberts, 1977; Lambert et al, 1979) pre-eruption studies of

Kilauea volcano ih}Hawaiif(GordoniEaton. U.S.G.S., personal communication,

1976) and groundwater withdrawal in sedimentary basins (Strange and Carroll,

" 1974). In addition, similar ‘studies have been conducted or are underway in

geothermal regimes (Hunt, 1970; Isherwood, 1977; Cook end Carter, 1978; and

Granne11eg§“gl, 1978), where they may be useful in documenting both ground

subsidence .and net-mass‘changesidue;to exploitation. However, the application

of precise gravity methods -to geothermal areas has not yet been fully assessed.
In his assessment of the use of preciSe‘spirit leveling for monitoring

" geothermal areas, Van,T117(1979),listed the fo]lbwing reasons for such

monitoring: - | : |

1) "The satisfaction of}legal requirements for monitoring instituted by
governmental authorities with’jurjsdictfon in the area. -

- 2) The protection of environmental features, such as streams,»pefke.
forested areas, wildlife habitat.‘etc;, which may beAadvefseTy -
affecfediby,subsidence. e

3) The protectionfof man-made structures, such as irrigation or.drainage
canals,,dams, poWer pTante,ﬁbui]dings,:power lines, communication |
towers, roads, railroads, etc., which may be damaged by subeidence.

4) The collection of evidential data for enforcement purposes.

5) A check of engineering design features intended to minimize the




effects of subsidence. :
6) Research,- for example, in-the development of monitoring techniques,
" or operational aspects of the geothermal field; including-between
~rateiof'Subsidence'ahd'rate;of fluid withdrawal, rate of :subsidence
vs. rate of fluid reinjection.and relationships between subsidence
andstemperature'regime changes.”
Precise;gravity monitoring would also-satisfy these reasons, and serve -
other important functions related to'net-mASS'changes, such-as:
1) fhe detection -and monitoring.of natural recharge for the purpose of es-
- timating reservoir 1ife (Isherwood, 1977).
2) 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).
3) Calculations of the total amount of mass removal, such as.have been

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

III. ASSESSMENT OF THE GRAVITY METHOD

A. TECHNICAL DISCUSSION

If a precise gravity survey were to be conducted and'repeated’bver 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, the elevation effects per se could theoreti- W

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




"Subsidence :could arise from three separate causes during the exploita-

tion: process. ~The following. summary.is derived primarily from Van Til

(1979) v i

1),

2)

-Most -of the subsidence is expected to be caused by 1oss of pore space
sQuevto+compaction-feTlOWTng‘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 rock and
interstitial water) iminus the pore fluid pressure. A decrease in fluid
pressure during:exploitation results in increased effective stress and
leads -to .the ‘compaction.of .the layers from which geothermal fluids were

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

»:dence of;the~over1yingv1ayers-andeeventually'the ground surface. The

effect will be greatest where the pore space is intergranular and con-

tains hot waters; -lesser effects will be observed where the intersti-
tial fluid ds steam:(because :of initially low fluid pressures and high
compressibilities) and where ‘fracture pore ‘space characterizes the
reservoir;ualthough.experimentS‘on rock'corevsamples indicate that an
increase: in effective stress in this case may nevertheless produce
volume decreases.: Subsidence from this cause could probably be detect-
edvih*shortetime;spansfofwlasuyears; depending upon the production -
rateS'1n'the>reservoir;and*1ts=geo1ogy.'7 ; ‘

Thermal contraction-of reservoir rocks due to cooling may contribute to
subsidence.r Th1s effect wouid probabiy be minor, because of the small
decreases 1n average temperature wh1ch result dur1ng product1on, and
because of the very low coeffic1ents of thermal expansion of rocks.

Thus temperature-induced subsidence would probably be effective (and




3)

~thus detectable) only over.long time spans 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. These values may be exceeded locally; for 1nstance,

cooling may be more pronounced'in the vicinity of cold water recharge.
Subsidence could also be caused by seismic activity, since earthquake
shaking can contribute to the compaction of uncqnsolidated materiéls
(through rearrangement of the constituent,grains). This ‘effect has
been observed at the Wilmington oil field (Poland and Davis, "1969)
where the rate of ground subsidence increased temporarily by several
centimeters annually in response to two moderate earthquakes. Accord-
ing to Atherton et al (1976), "Since most geothermal areas are Tocated
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 western 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-

ploitation process. These include the following:

1) Mass is withdrawn from the reservoir when production occurs. This




2)

3)

effect may be offset by natural recharge and/or by reinjection of geo-

thermal brines. If reinjection is used for brine disposal the liquids

| may not necessar1ly be returned to the same part of the reservoir from

which they originated In the absence of natural recharge and reinjec-
t1on, net mass losses could be detectable 1n a time interval as short

as one to a few years, depend1ng on production rate and depth to the
reservoir, among other factors. - .

The subsurface chemical/thermodynamic'environment may be altered, such
as by cooling, with consequent densification'due to mineral precipita-
tion in pores and fractures; Thermal metamorphism and cap rock precipi-

tation are common occurences in geothermal env1ronments (e Ges Elders

et al, 1978), and deposition of surface minerals precipitated from

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

time span in the Cerro Prieto geothermal field These processes may be
altered in the subsurface. yielding mass changes. but no data apparent-
1y exist on reaction rates. It is surmised that such alterations might
produce measurable mass changes over long time spans, but probably not
in the short term. o | A
Changes in 1iquid saturation within the reservoir may-occur; i e;.
b01l1ng may occur because of lowered flu1d pressure caused by produc-
tion. ThlS transition would affect not only subsidence (through an
increase in effective stress), but could cause migration of mass in

the form of mobile and less dense steam to.a: higher part of the reser-
voir. Because of the inverse square law nature of gravity, such spatial
changes in the mass regime without the removal of mass,would also

affect gravity values measured at the surface. This mass change 1is




--1iable to be detected only over a longer time frame.

These statements do not,rhowever, take 1nto account the fact that non-
geotherma]ly caused subs1dence and mass changes are also poss1ble 1n a geo-
therma] env1ronment, and can substant1a11y augment, or even mask,, geother-
ma]]y-1nduced grav1ty changes. Th1s background "n01se" may ar1se from both
cu]tura] and natural causes. As an examp]e,r empora] effects of up to 17
m1croga]s have been observed 1n Canada (H Dragert, persona] commun1cat1on,
1978), and may be due to such factors as 1oca1 changes in the water tab]e
from prec1p1tat1on or drought format1on of ice at the expense of water,
and therma] contract1on or expans1on of the ground surface.‘ S1m11ar1y,
art1f1c1a1 ground water recharge in southern Ca11forn1a has caused grav1ty
changes of 35 - 40 m1croga1s (Evernden, 1981) Other causes cou]d 1nc1ude
1) changes in the levels of nearby surface water bod1es such as lakes or

| cana]s, o |
2)v_w1thdrawa1 of groundwater, oil or gas from the subsurface, ‘
3) 1local eros1on and quarry1ng, |
4) slope creep and landslides;
5) hydrocompaction;
6) oxidation of organ1c so1ls, and | -
7) tecton1ca11y-1nduced elevation changes and tilting such as have been

observed in the Imperial Valley of California (Lofgren, 1974).;7‘ N

- A further complication is the dependence of the leveling process on -
density:distributions within the earth.  Elevation variations-obtained by
means of leveling do not represent true geometrical changes if the spatial Q_j

distribution of mass within the reservoir is altered during production.




Fortunate]y, if both grav1ty and 1eve11ng stud1es are carried out, and if
the d1mens1ons of the reg1on being subjected to density variations are
knonnror_small.kthen the»densjty changes can be,ca]cu]ated using appropriate
equations (Whitcomb 1956) Any mode]s of mass changes (in liquid, gas, or
host rocks) wh1ch man1fest themse]ves as changes in ground e]evat1on, grav-
1ty, and grav1tat1ona1 potent1a1 or geoid distort1on need to include a con-
s1deration of the d1fferences between geometr1c and orthometrlc (Teveling)
e]evation changes. B -

The feasib111ty of conduct1ng a precise gravity monitoring program in
a geotherma] reg1me depends essent1a11y on the 1nterre1at1onsh1p of two
maJor factors' (1) the magn1tudes and rate of occurence of the expected
'changes as d1scussed above, and (2) the prec1s1on of the instrumentation
and f1e1d techn1ques avai]able to detect those changes. In the remaining
parts of th1s sect1on, we w111 exam1ne the questions of the precision of
ava11ab1e 1nstrumentation and the magnitude of the expected grav1ty changes
as determ1ned by actual observat1on in geotherma] f1e]ds and mode]ing stu-
d1es the mode11ng stud1es incorporate cons1derat1ons concern1ng orthometr1c
versus geometric e]evat1ons., Since non geotherma]]y 1nduced grav1ty changes
are best hand]ed by mon1tor1ng pr1or to deve]opment, a d1scu551on of this

top1c w111 be deferred to. Section IV
B. PRECISION OF MEASUREMENT WITH STATE-OF-THE-ART GRAVIMETERS

Basically, two types of gravity meters are currently being used to
monitor gravity changes in producing geotherma] fie]ds- a) extremely pre-
| cise meters wh1ch are mon1tored cont1nuous1y 1n one part1cu1ar location, as

exemp11f1ed by cryogen1c grav1ty meters and b) less precise but portable
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mechanical meters which are used f6f ﬁohitoring mu1tip1e étations at reguTar
time intervals, | o B o
The'cryogenic gravity meter "differs from conventional gravity meters
in that mechanical springs and levers are replaced by magnetic fields gen-
erated from persistent currents ihféoils'ofrsuper-COnducting7Wifé. These
fields support a ane-inch-diametef'éﬁﬁercohducting'sphere (the g}aviméter's
only moving part) with a force that does not significantly diminish with
time... Thus the cryogenic gravimeter does not exhibit the instrumentally
produced signal drift which is characteristic of conventional'gravimeters"
(01son and Warburton, 1979). These instruments are very prééise, their
precision 1imited only by noise from "known sources such as earth and ocean .
tides and atmospheric density variations". These effects can be subtracted
out, yielding a precision of measurement of approximately one microgal
(ibid). Precisions of this order of magnitude and the capability for con-
tinuous measurements are a distinct advantage when it is necessary to de-
tect changes. in elevation and maSs over time intervals as short as a month,
such as those observed at The Geysers (ibid). However, the lack of borta-,
.bility, coupled with high instrument cost (as much as $80,000 ét:preSenti4
Norman Goldstein, personal communication, 1979) and large installation and,:
monitoring costs, make them unusable in situations where wide spatial
coverage at substantially lower cost is desired. In addition, cryogénic
meters may occasionally exhibit tare-like behavior. Evernden (1981)'has
interpreted the 300 microgal change observed over a month;loﬁg'interQal in
a cryogenic meter installed at Lytle Creek (southern California) as béing
instrumental in origin; this lessens one of the clear-cut édVantages‘of

this°type of meter. Therefore, it is presumed that most gravity monitor-
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ing in the near future will be performed with fhé less'precisé portable
meters. Thus, thefremaining paft of this section will be restr1cted 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 instrumentation for carrying out high
precision, repetitive gravity surveys. Two models are currently available,
the»G'and D models,aeach”characterized by Tow drift rate.vconsistent per-
formance, and portability. Achievable standard deviations -under optimum
condftions, as reported in the literature and through‘persoha] communica-
tion, range from 8 to 15 microgals and 5 to 10 microgals, for the G and D
models, respectively. We have thoroughly examined the literature, dis-
cussed~precision'problems with various persons involved in temporal gravity
variation studies, and conducted field tests in westernlcanada,'southern
California, and northern Mexico to ascertain the instrumental and field
technique reqqirements for repetitiye gravity surveys in producing geother-
mal aFeas. This séétion presents the results of this study, and outlines
recommendatjonS'for conducting graVity»suryeys,at'differing levels -of

-precision. '
a. Comparison of the LaCoste and Romberg G and D Model Gravimeters from
Previous Studies o

Several precise, repetitive gravity S£Ud1é§ and/or instrqﬁenta] eval-
uations have been carried out within recent years which have provided in-
forﬁation concerning achievable levels of precision with both G and D model
LaCoste and Romberg gravity meters. Brein et al (1977) conducted studies

in Europe to examine problems associated with :the G model meters; their
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work indicated that the achievable standard deviation for a tie between two

gravity stations is 10 to 15 microgals. ‘Grannell et al (1978, 1979, and” =

1981) have achieved variable results from repetitive surveys at the Cerro’

Prieto geothermal field, Mexico, over a three;year=periodJWithitwOfG mode]

meters. The median standard deviations were 15 and 10 microgals for the

first and ‘second years, respectively. ‘Ranges for both ye&rs‘(fOrVQO% of

the ties) 1ie between 4 and '25 microgals; this excluded ties which had been

subjected to obvious tares, probably occasioned by transport problems (in

other words, long distances of travel by car over washboard roads with no
suspension system available to damp out excessive vibrations).  During the
third year of repetitions, pooled variance calculations for the entire sur-
vey yielded a standard deviation of 8 microgals. Use of G meters by U.S. -
Geological Survey personnel and other researchers in various”rebetitive~'
surveys has yielded the following estimates of precision:
1) “Eleven.microgals was reported by Jachens and Roberts (1977) for
work performed on the Palmdale Bulge; |
2) A precision of 9 microgals was considered achievab]e’in'méter
tests in 1974 and 1975 (Howard Oliver, personal communication,
1975); and | |
3) Four fo 24 microgals were reportedvby Cook and Cartef'(]978)”iﬁ

repetitive_stqdies at EooseVe1t Hot Springs.

G meter results have also been:evaluated by personnel from the Bureau of.
Energy, Mines and Resources; Canada, with the most precise ties yielding

standard deviations of about 8 microgals (H. Dragert and J. Liard, personal

communication, 1978). The conclusion reached -from the above information -
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is that, with reasonable care, gravity ties made with G meters shou1d ex-
pectably be characterized oyfprecisioné averagingvapproximately'lo micro-
s, . , L 5 e e ,

Less published information is available for the D model gravity meter.
The*initfaITconc1ﬁsioné"fromLtne(1iteratore suggest that D meters can
attain‘aporoxtmatelywtwﬁoe'tﬁe7precision of 6 meteré. Tests by personnel
from the-U.S. Geological Survey 1nd1cate precis1ons of 4 microgals are h
achievable with the D meter (Howard Oliver,_pereonal communication, 1975).
However, continuing tests by the U.S.G.S. also show that the D meter is
most’ precise on1y ‘when the' range is restr1cted to a few m1111gals when the
range is extended beyond approx1mate1y 10 m1lligals the prec1s1on deteri-
orates and becomes comparable to that of the G meter, or perhaps worse
(Steve Robbins, personal communication, 1979). A U.S.G.S.- funded study
involving séveral gravity lines established across the San Andreas Fault
indicates a Tower precision for two D meters, with a standard deviation
from‘17fto“Zé*micr6§ET§°(EVernden}.iQélf'7”Intanotner‘test,‘a"orecise set
of data obtafned in severa1 locations 1n Canada over a.two or more year.
intérval has beén stud1ed (Lambert et al 1979 H Dragert and J. Liard,
persona] commun1cat1on, 1979) Accord1ng to th1s ‘study, prec1s1ons of 8
microga]s or Tess are nearly a1ways atta1ned and adjustment of errors
through a network of ties yie]ds final prec1sions for a11 t1es of approxi-
mate1y 5 m1crOgals. St e s |

“Two major problems'exiSt”in:oSingfvaiues from the literature to esta-
blish precisions: - e IR |

1) 'No published and extensive comparative data exist which directly

" compare D and G meter data obtained under exactly comparable
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~ circumstances; and
~2) The surveys reported byrvarious workers were based onAdifferent
field techniques, and the precision is 1iable to be affected by
_ the type of field technique employed. 7'
Because of these two deficienciest we felt that field tests were man-
datory, which would compare data taken by both kinds of meters utilizing a

standardized field technique.
b. Field Procedures and Tests

B;sical]y, two major types of field procedures can be employed for

precise, repetitive gravity work, "looping" and "leap frogging".

1) In the "looping" technique, a base station is occupied, followed
by occupation of severai 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 the base are found. To 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 earthquake prediction lines and
various calibration loops established in California (e.g., the
Palm Desert 1ine). A variation on this technique which;generally
eliminates the need to calculate tidal drift was first published

by Roman (1946), in which drift segment slopes can be calculated U

[

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




-15-

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

“are made at each station occupation to improve precision. The

calcu]ations'foriproduging the drift segments are somewhat tedious,

but tidal correetions7ﬁre'not needed 1f ties are kept short. This
‘method has been. used 1n repetitive surveys at Roosevelt Hot Springs,

_using G meters‘(Cook and Carter, 1978). Themajor prob]anw1th these

two 1oop1ngtechn1ques is thattares occurringwithin the Toop must
be treated as linear drift although they are non-linear in nature,

and consequently sizeable errors may affect significant portions of,

“or all of the stat1ons in, a particu]ar Toop. Other errors, such

as those due4t9 hjgh temperatures, have the same effeét, and in

~ some instahces;'entire loops must be rejected, and thus repeated.

A "leap frogging"ztechhique“Can'be utilized, in which the order of

repetition,ot stations is analogous to procedures used in precise

leveling, with-backsights endfforesights. Reuetitive ties are made

, jbetween a base and a station, until the gravity difference between

the twduis well established. The station thus established 1is - then

. treated as,the_new base, and tied in to another station. Continuing

;',.1Q this fashion a chaihrof stations is obtained, all tied carefully

to the original base.“dlf 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;bgeq q@i]ized succgssfg]{y bx Canadi-
an personne]‘(Lambert}g£h§13 1979),3put is th gommqn]yfused in
the,Unitqd[Statesfl B?CQUSG,Qf theV§quencjng‘pf“obgequ;jons,
indjyidualJgrayitxﬁdiffgreﬁcgs»outkof,the set thatrmage,qp a tie
ééﬁ be rejected due to lack of précision,;fathgr thgn‘gq;entire
]Qopz(qh:pQrtiqn theneof)i_,ButﬂtheAmetqu is _expensive, in terms
Adf_maﬁpower, and, if,numergus successive ties aremquevjnja chain
configuration{:errors:max accumu]ate within;the_ngtwprkfap a rate
of X#N, where X is the error of an individual tie, and N is the
number ofitjes. The removal of error,by_a 1inear¢gis;ripuﬁion
process,>as‘discu§sed qbovg, might;be;le;s:éffegtiyg in removing
the error,fn cases whgre many stations are involved than when only
Ja&few‘successiyg ties are made. No publjshedbﬁfmgter q§ta(exist,

to our knowledge, using this technique,

* Because of the lack of comparative data between G apd 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 Island for the purﬁbééibf”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 bfoceduréé 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-
ing$ were obtained, with only one reading taken for éa6556¢cupa-

*tion.: -Four minutes exactly were allowed to elapse between the
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unclamping of the meter and the actual reading, so that hysteresis
prob]ems could be minimized. |
2) The data were reduced'to observed gravity values in the field,
| - using tide correction tables which had been previously generated
on the computer, and by'multip1ying by the appropriate calibration
constants' dThe‘gravity differences for successive ties were then
ca]cu]ated and standard dev1at1ons were obtained for these
d1fferences
3) Exc]usion criteria were'app1ied if individual differences were
outside tuo standard deviations of the‘mean calculated for the
8 sets of d1fferences. ‘Additional field work then commenced to
' substltute for the reJected differences. Canadian procedure at
this point allows up to 4 additional ties, and if the final data
vsetrdoesrnot have a standard deviation of 8 microga]s or less, the
entire set is rejected, and the ties betWeen the two stations must
be repeated in their ent1rety (Dragert;'personal communication,
1979). | B
Using three G meters (G300 G423 and 6395), we estab11shed a tota]
of 17 ties in the area around Sproat Lake near Port Alberni 1n central
Vancouver Is]and. Transport of the meters was in spec1a1 spr1ng mounted |
boxes so that road vibrat1ons could be eliminated, and the meters were kept
h shaded dur1ng occupat1ons to reduce 1nstrument ]eve11ng errors. The meters
were a]ways returned to the same pos1t1on at the same or1entat10n, to
eliminate magnet1zat1on effects and no base plate was used so that the
elevation of the center of mass of the meter was virtually identical for

each occupatlon of a single stat1on.
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For the 17 ties, we obtained standard deviations ranging from 4 micro-
gals to 18 microgals, with a medianrvalue of 8 microgals. Thus, using
Canadian exclusion principles, half of the ties would have been acceptable,
and approximately twice as much work wou]drbe needed to meet their particu-
]arréxclusion criteria. The résults:of tﬁe work are summarized'fn Figure 1
on the next page. Some of the fesults suggest that fewer data wéu]d need to
be excludedwundervnormal(gircumstances. VFor instance, the exfremeiva]ue of
18 microgals was obtained by an operator suffering from fobd poisoning, and
“the anomalous readings in that data set might have been due‘fo dperator
error rather than to instrument noise. Also, there were differences
among the meters: G300 registered a median standard deviation for all ties
of 7 microgals, G395 produced a median value of 8 microgals, and G423, 10
microgals. The latter instrument was having internal difficulties, and
under field conditions in a geothermal area, the instrument woujd'nOt have
been used once such a problem was identified. Finally, we plotted standard
deviations as functions of both time, and distance between stations.

Figure 2 on page 20 shows that the standard deviations improved wifh time.
Either the meter stabilized after the long trip to Canada, or the operators
became more experienced. Both reasons are likely, since (1) transport is
known to cause errors, and (2) one drawback of the G meter is thaf para]}axr
effects in reading the central value of the needle with the e]eétrdnic read-
out are an order of magnitude greatgr than with D meters. The ]aftér prob-
lem, which can add 3 to 4 microgals of error, can be reduced by Means of
magnification of the dial, or a mirror mounted beneath it, or theruse of

an externa] galvanometer with a large scale. It is also clear that |

experienced personnel are mandatory, and that in a longer field seSsion
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distances encountered in this study. In the lower curve, the precision
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with qualified people, fewer data sets would have to be rejected, using the
above field.techniques and applying the same exclusion principles. We feel
that 70-75%.of G meter data could be utilized, 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 distance 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 improving 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 wefe
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 used for .rtr,ansport: was small and overloaded
by the combined,1oadrof.meters,énd,lead weights used for ba]iastbgand;the
shock absorbérs had grown»ineffeétiverwith time. Nevertheless, over this
segment of the road (occupied-toward the end of our,stay), we recorded some
of our.best'tie va]uesr(refeniback,to'Figure'Z,,p. 20), and the transport
problems seem to have been minimized.Q L ',

Based on ourrexperiencé;withrthe "eap frogging" method in Carada, we

felt that some‘modifications_in:fie]d procedure were in order; these would

be implemented for both G and D meter surveys:

1)  The estabTished.procedure calls for bccupation of stations A

- and B in a. sequence as follows: .A B ABABABA. Differences




2)

3)
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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 va]ues'(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 weighting intermediate stations twice as much as end sta-

‘tions (put another way, any error in an intermediate station affects

both the forward and backward ties into which 1t‘is incorporated).
We feel that it would be an improvement in statistical 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 %Ccupation, but then makes all
the ties independent of each other. Differences are calculated
within the 8 groupings, as depicted above.

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

AABB BBAA AABB BBAA AABB BBAA AABB BBAA. Again, 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 "excursions" to a
certain extent, either cyclical variations with a Tong period, or
minor tares 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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tie. Both positive and negative extremes seem to be reached in a
data set w1th severa] t1es, so that the mean is not affected by these
) extremes, even though the standard dev1at1ons for 1ndJV1dual sets
of t1es m1ght be constderab1y 1arger bgij,; Ar iv
To test the sets of prem1ses out11ned above we conducted a second field
test in Long Beach where we ! took mu1t1p1e sets of ‘ties at’ three statwons
separated by a d1stance up to‘lO km, us1ng the stat1on occupatlon scheme
described in (2) above. All these tasts were run’ “with 6300 and 7 t1es were
made over two different runs. The three stations chosen were probab]y simi-
lar to those which would be Tocated in a geothermal environment, in that two
of the stations were located dneunconsolidated sediments, and one was Toca-
ted within 0.2 km of several actively;pumping 0il wells. Unlike a geother-
mal area, paved roads could oe'htiliied exclusively, and traffic noise was
severe in the Long Beach urban environment. The same precaut%ons‘me;e'to1;
lowed 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 va]ues at a stat1on 7
The results of this work show some 1mprovement in prec1sion.over 6300 i
values obta1ned in the Canad1an work. The 1nd1v1dua1 standard;devnatlons of
the tiesiwere 5, 6, 7, 8, 5, 10, and 15 mTCrogals,’respectiveTy.lﬁﬁhen af./'
pooled variance for the meter was calculated, and the standard deviation
calculated from it (as the square root of the variance), the resulting

value was less than 3 microgals. The results of this work are summarized
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in Table I on the following page.

The calculation of a pooled variance in this case is analogous to the
calculation of a standard error (another commonly calculated statistic) which
can be viewed as being equiva]ent;toﬂthe,sfandard deviation of several means.
The standard error can also be predicted mathematically and is then based on
the number of observations and the standard deviations associated with indi-
vidual ties. In comparing the two standard error values, the mathematically

predicted value is somewhat larger than the value actually calculated from

~ the data by the pooTeH”Vériéhte:technique. This suggests to us that occupation

of stations over a,§§§§ia1fhohﬁfintgrvg] tends to even out the "cyclical var-
iations" or "excursioﬁs" which are seen .in the data, that errors are not.
truly normally distributed, and that the standard error should be used as the
measure of error for preciéion'gravity1studies_in a geothermal environment in
cases where means of repetitive values.are used. Unfortunately, no standard
error determinations for repeéted sets of gravity observations are available
for D meters.

Only one standard deviation value on TaBTé'I exceeded 10 microgals:
the 1ast value for the tie from COLO to EL DOR was 15 microgais. There was
an identifiable source of erro?ﬁfbf this tie, in that part way through the
data collection, a heavy road‘é?adér drove over the station, which was loca-
ted on a sidewalk overlying uncbhéb]idated soil. Initially, the gravity value
became 20 microgals too high (in comparison‘with other data) suggesting com-
pression of the soil; later, the value became -too 1ow, suggesting reexpansion
and then overcompensation. Ultimately, deformation had occurred. The cycli-
cal variation mean of the eight ties still yielded a value (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. G300 7.892 .005
2. G300 7.888 .006
3. G300 7.888 .010

s, all 7 ties, -
= ,008 m gals

COLO - EL DOR TIE SET
without value 7,

Meter x (mgals) S (mgals) s = .007 mgals
4. G300 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. 7
ft is:c1ear that;the-procedure‘USed in the Long Beach study involves
more!werk thanAthe Canadian effort. We were able te comp]ete the same num-
ber of ties pef day (two) as»we.had dene in Canade, probably because multiple
readings per station occupafion eliminated the necessity for excluding dif-
ferences, and}oe1y the minimum number of ties per set were needed. But each
ggglicated tie Sep‘invo]ves an ektre half-day. In an attempt to cut the work
down, Wesevaldetedleur data set:ggaih, this time using the data from only the
first eix ties,rand then again.USing only the first'four.ties. These results
are also included in Table I. ,The following ecnclusions can be inferred
from these'resultsfjr i |
1) The loss in pneciSfon'in using six ties, rather than eight, is
| neg]igfb]e. |
2) The 1oss 1h preeisiOn‘in using four ties per set is measurable, but
S stillsmall, o |
3) If only the'manpower for a totelrdf one set of eight ties is fis-
| cally‘feaeib1e, it is bEtteE”to beffofm two sets of occupations
with fourxt1es;each,'fathef_than bne set of eight; the same effort
is involved, but the former pfocedure permits the calculation of
~s£andard errors. An anernate_(but51ess recommended) ﬁroCedufe is
ﬁo Co]1e¢t'one‘$ef of eight ties, and then divide the data ‘into two
sets of:four fof‘eVa1uation'purDOSes.

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

W/ - There are additional’ considerations for assessing the use of the
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gravity method in geothermal regimes: (1) calibration effects; (2) transport
problens; '(3) barometric pressure variations; (4) tidal corrections; and

(5) data reduction procedures.

(1)‘C§]1pratjon‘erfors_are,yhg cause. of mismatches among gravity-meters. . ...
Figure 1 (on page 19) §how§ that, while standard deviations for values taken -
witﬁ»qusfngle meter may be small, the mean value for a set of ties-can vary .
congiderab]yvffom_one metgf tolthé’next.> Tﬁis is shown, for instance, by the
tfgSéR-TSA, in which thé_1argést;standard;Qeyiation is.84mi¢roga1s, but the -
range jn‘heéns,_petween G300 and G395 data sets, is 42 microgals. . This mis-
match fs a function of imprecisions in the calibration tables provided by the
manufacturers. The source of these imprecisions appears to be a combination
of screw efrors (due to nonlinearity in the screw with which gravity differ-
ences are measured) and too few data used in establishing éa]ibnationvtables
and constants. Scréw errors may cause up to 70 microgal variations in G
meters (R. Jachens, persona]‘communicatjpn) and 30 microgal variations in

D metersv(H. Dragert, personal communication). The solution to this problem
lTies in establishing a detailed 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 meters which are used
in the survey must be calibrated, using one .of the meters as a reference.

This should greatly reduce inconsistencies among meters. - .

(2) Transport problems have been previously alluded to in the text.as being
detrimental to data quality. This problem cannot be overemphééfied.'.Téréé
and non-linear drift have been artificially 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 have been fre-
quently observed in.the field as well. An unprotected gravity meter trans-
ported over rough roads .can experience more than .1 milligal 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, a distance .of one mile, has caused .04 mgal drift in one hour of
monitoring immediately after transport of only one mile distance.  This drift
is non-linear and unpredictable; it is usually toward high values, but is some-
times in the opposite sense as meters apparently occasionally recover some of
the drift. The drift_apparent]y‘a]so‘may "store" for some time, and then
appear. as a large sudden tare at an unpredictable time. Indeed, most of the
drift seen in mechanical meters may be due to -a succession of small tares
which are vibration induced. Control of transport problems is multi-faceted,
and can include the fo]]oming:

a. Use of spring-mounted or airecompreSSion transport cases or the use
of mechanical isolators, which are designed to damp out vibrations in the
10- 100 Hz range (the most damag1ng frequenc1es wh1ch are 1mparted by veh1cu-
lar V1brat1ons), may be qu1te effect1ve In the absence of a transport case,
keep1ng the meter off the veh1c1e floor and use of extra padd1ng on a car
seat near the center of mass of the veh1c1e may prove helpfu]

b. Se]ect1on of stations to avo1d prob]emat1c roadways is recommended
If stat1ons where no adequate access is poss1b1e must be used then more
repet1t1ons of these stat1ons and/or access to the station on foot may be
effect1ve These cons1derat1ons are espec1a11y crucial in the selection of

a base stat1on, since 1ts va]ue affects the va]ue 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 Téble IT on the following page.
During the course of that study, we first occupied a val]ey-basevlocated close
to a paved road, then a station high:-on Cerro Prieto volcano (reééhed by three
miles of dirt road and then one mile of cobblestone road)}, and finally a lower
base on the volcano, which eliminated the cobblestone portion. The necessity
for a bedrock reference base dictated fhe latter two choices, but froﬁ the
standpoint‘of 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 difficulties, cannot be overemphasized.

c. Positioning in a vehicle and typg of vehicle can be crucial. Heavy
vehiclés may be more effective in reducing drift than light ones'(H} Dfagert,
personal communication), also shown by studies at Cerro Prieto. The field
data there showed considerable upward drift, but it was more linear than with
a small vehicle, yielding improved precision. Location in the vehicle may
also be crucial (see Table II), since some of the highest-quality data in
comparative studies were obtained with the meter midway in the car rather

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

(3) Barometric pressure variations are an error source which must be removed |
in conducting extremely precise gravity surveys, such as monitoring'geother-
mal production with cryogenic gravity meters (Olson and Warburton, i979). ‘
The influence of barometric pressure variations on gravity haé been extensively
studies by Warburton and Goodkind (1977). Based on their work, we‘haQe
calculated that barometric pressure effects will usua1ly cause érrdrs in

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

gravity surveys. For the most part, the effects of barometric preSsure will
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COMPARISON OF GRAVITY SURVEY RESULTS UNDER A VARIETY OF TRANSPORT CONDITIONS AT CERRO PRIETO

TABLE I1.
GEOTHERMAL FIELD
Gravity ‘ ‘ /
Meter Period of Occupation
Used ‘ -
G300 - 1977-78, Winter
G423 1977-78, Winter
6300 1978-79, Winter
G300 1979-80, Winter
6300 1980-81, December
and January
G300 1981 February and March
G300 1981, January and March-
Apr11
G300 1981, March

;‘Approx1mate No.

of Qccupations

Used in Statis-

tical Analysis

75
90

120
40
2

41

' Standard

Field Conditions - Deviation
No transpOrt case, small oar, meter on ©.007
seat, relatively inexperienced operators,
valley base used."
No transport case, small car, meter on .025
seat, 1nexper1enced operators, valley
base used
No transport case, small car, meter on 012
seat,JValley base used.
Transport:case located center of medium- .008
sized car volcano base introduced.
Transport”case located in back of small .o

.. car, volcano base used exclusively.

‘Upgraded transport case located in back of .007.

heavy car, auxiliary volcano base used.

: Upgraded transport case locatedfcenter 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 deviations, i.e., 68% of
the standard deviations fall within this tabulated value.

- I.E-
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be e]iminated by repetitions of gravity values at different times,rahd by
removal of meter drift, as is performed with the loobing methods . "Uoder
normal circumstances, then, no correction needs to be made for barometric
pressure effects,‘eVen with D meters operating at_five microgal'precisions;

since the effect is not significant.

(4) Tidal chahges do form a substahtia] portion of the oBserved gravity
variations seenwover short time;periods at’individuai stations, and must be
removed from the gravity va]ues;eitﬁer byiappropriate field procedures or

by post—fie]d processing.\ The magnitude of tidal changes can far exceed
those associated with geotherha] productionf and thus mask the values being
sought,. with changes of + .2 mi]]igais being commonly observed. Roman's
method (Roman, 1946), as described ear]ier, is a variation of the looping
techniques which allows the gravimetrist to ignore tidal corrections by
dedrifting, u51ng the data obtained in successive occupations of stations
within the loop. With enough ties in a set, the use of the "leap. frogging"
technique would also theoretically permit one to avoid tidal corrections,
since the tidal effects would be averaged out. This would resuit in simi- :
lar mean values for sets of ties, but much larger standard deviatibns within
the sets. We do not recommend either of the above field procedures;’unless
data reduction must be done entirely by hand. The calculation of tida] cor-
rections, once an extremely tedious task by hand, is very straightforward:
and rapid on high speed computers, using a]gorithms such as those deve]oped
by Longman (1959). Furthermore, the extra data occupations needed to remove
tidai 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.justify the extra cost of
conducting such ‘a survey; it must be realized that some of the occupations
in this ‘type of work will be for drift evaluation and thus will not consti-
tute additional independent 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 br1ngs con-
formance between the theoretical calculated t1da1 corrections and
the observed tidal changes.  The latter are usually larger, and
‘the calculated values are normally multiplied by 1.16 to obtain
the appropr1ate 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 oF three days of continuous gravity
monitoring (either by using a strip chart recorder attached thrbughrthe '
electronic jack on the side of the meter, or by taking readings manually
every 10-15 minuteS‘throﬁghOUt the kecording period). These va]ues can
then be incorporated 1nto a ‘tidal correction computer program Separate
values may be needed for the ca]ibrationﬂloop,'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 grayity'vqlues, as is the case in precise,

repetitive surveys. The following steps are ySua]]y taken:




a. The meter readings are multiplied by the appropriate calibration
factors, to convert the readings into milligals and parts of milligals.

p. Tidal corrections are app]ied‘tokall the values in a loop or a
set of tieé, using appropriate vq]ues for the lag time and conformance
factor.

c. If the looping method is usgd, the accumulated changes which are
not removedvby the tidal corrections can be treated. as drift, and,rembved
by distributing the error which occurs between adjacent base station occu-
patiﬁns'to the intervening stations, assuming linear changes. This is
effective if loops are kept short, and if drift changes are small (.01 to
.02 mgal over a five or six hour period).

d. Once all the stations in a loop or set of ties have been cdmp]eted,
gravity differences can be calculated between the base and the station(s),
using mean values of the readings obtained. The object of a precise repeti-
tive gravity survey is the detection of temporal changes in the differences
between individual stations and some stable reference base located outside
the field area.

e. Finally, when loops are repeated, or a set(s) of ties comp]eted;
standard deviations and/or standard errors should be calculated. This
a]]owg 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 timely modification of
field procedures, if necessary, such as selection of an alternate base ' {_j

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 demands 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 which cover the interval

~ of time in which data will be collected; a ten-minute interval between ad-

Jacent values is adequate, since intermediate corrections can be interpolated.
These are then carried to the field, allowing full reduction of data as they
are collected. | |

An alternative to hand calculations is to use a microprocessor systen
which will not only assist in the data collection process by appropriate.
interfacing, but}wi]i produce data reduction in rea] time. This permits

immediate‘identification of tares if the system has some means of visual

‘display, and w111 ai]ow the identification of (and elimination of) hystere51s

effects, which may sometimes exist in the first five or ten minutes of occu-
pation at a part1cu]ar station. Such a unit couid also store previous grav-
ity data and make comparisons with those data for immediate identification
of significant changes.: Furthermore a microprocessor system will allow the
collection ofnwnynmre data 1n a given t1me span, a]iowing a fu]ler under- -
standing of gravity meter behav1or, and thus enhancement of precis1on by
us1ng optimum field procedures A suitabie interfaced m1croprocessor system
has been described by BaJwa et ai (1978 1979).

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

a. Introduction
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-Although high precision can be oBtained by the use of appropriate grav-
ity meters and field' techniques, use'of'the'gkavity method also depends on -
whether or not the expected change can be detected with the availabile preci-
sion within a reasonable time frame. Results from the literature suggest
that the use of precise gravity surveys in geothermal regimes is indeed
feasible; Isherwood (1977) detected changes of more than 0.1-mgal at The
Geysers over a few-year-interval and Hunt (1970) reportéd‘a‘O.B'mgal change
at Wairakei in six years. We have augmented these measured magnitudes with
modeTing studies to estimate possible magnitudes for several different con-

ditions of water withdrawal and aquifer compaction.

b.  Technical Discussion

In this section we estimate the effect of water removal and compaction
on gravitational acceleration, terﬁed "gravity," and potential fields during
the large-scale production of geothermal fluids. BecauSg the affected area is
sometimes equidimensional and the distribution of the affected porous materi-
als in the shallow earth's crust is sometimes tabular in shape, a horizontal
circular disk is used for estimating changes in the earth's gravitationa]
acceleration and potential. Changes in the latter parameter affect estimates
of vertical ground movement based on leveling, a procedure which assumes that
the potential surface, or geoid, remains fixed in time. Other, less simple
three-dimensional distributions of porous materials can be modeled withvmore
complex, and costly, three-dimensional calculations if necessary. If oniy
gravity is needed, twb-dimensiona1Vcaléu1ationskcan be:used,'but for geoid
estimates, two-dimensional models 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 mode] are 1) mass removal due to fluid withdrawal,
2) density increase doe to ‘compaction ofrporous rocks as a result of reduced
pore pressure and increased effective stress, 3) vertical movement of sub-
surface mass away from or toward the;observing‘station on the earth's sur-
face, and 4) vert1ca1 mot1on towards the earth's center of mass of the ob-
serving stat1on 1tse1f due to compact1on which 1eads to subs1dence at the
earth's surface. PreSSure- and temperature-dependentfchanges in the density
of water are negleoted'asioeing”too small to significantly affect the results.

Computations’of,the}gravity potential and apparent tilt (the horizontal
spatial derivative of the change in geoid elevation) fie]dsjover the entire
surface above the disk-shaped reservoir have been made. The maximum effect
in gravity and potential change is above the center of the disk and maximum
change in apparent tilt is above the edges of the disk.- Figure 4 shows three

basic types of geodetic e]evat1on measurements ‘that attempt to determine the

‘shape of the ground surface. Leveling measures the distance between a refer-

ence equipotential surfaoehandntne{oround»surface. “This_measurement involves
gravity corrections; and the resoltant measurement, if it is referred to the
geoid, is called the'orthometriotneight. In this paper these corrections are
assumed to be done perfectly;-and heights'measured'by leveling are assumed

to be'truélortnometrfé heionts.‘vGeometrio methods measure the distance rela-
tive to some external frame of reference, represented here by a distant star.
In practice,:both:leveling and geometric methods measure elevation relative
to another point on the grOundrsurface, so that the elevation measurements

shown on Figure 4 should be accompanied by measurements for some distant
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(a) ‘i:}’ GEOMETRIC  pqurpoTeENTIAL A
N : SURFACE -~
SNl LEVELING -~ |

——"A TILT

GROUND SURFACE

LOW DENSITY
VOLUME

(b)
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|

° .
2390990 0, 0 30000000
20 08 ," 0,00 0e,%,

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).

C
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point with the same reference systems.

Figure 4a shows what will habpen when an anomalous mass, here a lower-
density volume in‘a‘homogeneous half space, is présént just beneath the sur-
face. Both the ]eVeling and the tilt meaéuremehts would indicate that the
ground surface has a bulge, even though it is geometrica11y'f1at, The
gebmetric measurement is unaffected by mass distributions and faithfully
follows the geometric ground shape.

Now suppose that the low-density volume of'Figure 4a.is eliminated by
the transferral of mass from some distant source, so that the subsurface is
homogeneous, as is shown in Figure 4b. The change in mass distribution will
cause a decrease in elevation ‘as measured by leveling and tilt, but the geo-
metric measurement will register no change. ’ |

"A disk model is used here to estimate the various gravitational parame-
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
Pd]ynomials;'thé desired parameterélcén'be:calcdlatéd'at,a11 points in space.
Cylindrical 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 shallow geothefmal
production field such as those described by Lippmann et al (1977); Reservoirs
with horizontal radii of one to five kilometers, consolidation formation thick-
nesses of 100 to 200 meters, and consolidations of 0.1% are typical in this

paper. The consolidation formation is not always the production formation,




- but this has negligible effects on the calculations here. The burial depths .
of the{mode]s in Lippmann et al are not given because the calculations in
that paper assume that all distortiqn,is‘vertical. . This assumption.implies

a sha}]ow.depth of burial. This will not be a limitation in these gravity
calculations, however. The model production formation is assumed to have a-
radius of 5 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 initia1 dens1ty_of'
2.44 gm/cm3,'and a consolidation of 0.1% yielding a surface subsidence of

20 ch. Water is assumed to fill the pores both before and after subsidence.
Table IIT shows the results. for Case 1 as a function of horizontal distance
from the surface point above the disk model. The first column is distance

in kilometers; the second is change in gravitational potential in cml/sec?,
the third is change in orthometric elevation (potential divided by the free-
air gradient of potential 931 cm sec'z), the 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 10'6 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 little significant differ-
ence between the orthometric change, that is, the elevation change as
measured by leveling, and the gecmetric elevation change which is 20 cm in
this case. |

The gravity change 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 less than 0.001 mgal.

r;{The free-air elevation change of -17.45 cm is a relatively good estimate o/

of the geometric elevation change of -20 cm in this case. It will be seen in
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later examples, however, that free-air elevation computed from gravity data
alone does not provide a good estimatg of elevation change and that é]evétion
must be measdréd separately. i‘ |

Tilt anomalies in this model are small, less than .0.005 micrdradians.

At any point on thé(eahth's surfaterébove'thiﬁ same diék modeii it is
possible to construct the behavior of therparameters.forvan arbitf?}y:cbnsoli-,
dation in thevfhree-dimensional gravity;iélevation,.and bulk densify;;hange
space.  For thé given geometh of 5 km‘radius,:ZOO m thickness, apdeOO m
burialvdepth, the specification of any two of the parameters of‘changerin
gravity,‘elevat1on, or bulk density uniquely determines the th1rd.~;F1gure 5‘
illustrates such a plot for Case 1 re]at{ng all three parameters at\the sur-
face above the center of the disk model. Lines of equal‘gravity are horizon-
tal, lines of edua] elevation are vertical, and 1ines of equal density are
diagonal across the plot. |

Case 2. In 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 results are shown in Table IV (for an -
explanation of the table, see Case 1). Little change from the results of
Case 1 in Tab]e IIT is seen, with the exception that the maximum gravify
change ‘in Case 2 is reduced to 0.0494 mgal compared to 0.0538 in Caserl.

'gggg_g. The next two models are intended to investigate mbre'extensiVe
regional aquifersxthan those of Cases 1 and 2. Major geopressurized gepthér—
mal reservoirs in deep sedimentary'formations exist in thé Gulf Coast_states
of the U.S. If these reservoirs are exploited, the lafge continuous 1atera1

extent of the aquifers éou]d mean thaf the subsidencé effects might extend

to a radius of 50 km df more.' For thié model, a disk formation was used
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-100 0 | 100
| EV(CMD |
RRO= 5.00

THICK= 0,20, DEPTH= 0.30
"DEN1=  2.u4l000
DEN2= 2.390000 2. 490000 0. 010000

RADPLT= 0.0

Figure 5. P10t 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 yeothermal fluid production model for Case 1. The model's parameters
are: radius =5 km, thickness - 200 m, and burial depth (depth to the t0p
of the disk) = 200 m. The heavy line with an arrow start1ng at the origin
indicate the path that would be followed by increasing consolidation of
the production formation,
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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 densityzof 2.44 gm/cm3,'and a consolida-
tion of 0.1% yielding a surface subSidence of 100 cm. Wateffis assumed to
fill the pores both before and after subsidence. Table V shows the results
for Case 3 as a function of hbkiZonta] distance from the surface point above
the disk'mode1 (fo} énlexp1anation of the table, see Case 1).
Théldifference between the change of 100 cm geometric elevation and
orthometric e]évation:éhange in Table V is 0.2 cm, which is not significant
in 1igh£ of the acturaty of leveling. The gravity éhange‘is'0.2708 mgal at -
the center of the'diék, and decreases to 0.2651 mgal at a’position 5 km from
the edge. Outside-the disk radius, gravity changes are 0.005 mgal or less.
Figﬁre 6 is a.three-dimenSional gravity, elevation, and bulk density
changes p1ot for an’érbitrary_éonso]idation of the model in Case 3. Again
as in Case 1, the sq]id line going towards the ubper left from the origin of
the plot is the path that would be followed by increasing formation consoli-
dation due to water withdrawal where remafning pcre space is filled with water,
'§g§g;ﬁ, In this model, all pérameters are identical to those of Case 3
with thé exception thét thé production/consolidation formation is put at a -
mdre,reé]f;tic and deeper burial depth of 4 km, The re$u1t$ are shown in
Table VI (for an explanation cfrthé table, see Case 1). The major differences
from the Case 3 reﬁplts are that the gravity:change at thércenter of the
stfucture is reduced by 0.004 mgal‘and the gravfty 5 km 6Utsfde the disk
radius is 1ncreased‘by 0.007 mgal, | |
Case 5. This model was chosen to shcw the effect of removal of liquid -
with no recharge, or of a 1idﬂid~to-vapor trénsition in an aquifer. These

can be accomplished by a lowering of a water table near the surface by some




Distance

(kM)
0.0

5.00000

10.00000
15.00000
20.00000
25.00000
30.00000
35.00000
40.00000
4500000
50.00000
55.00000
60.00000
65.00000
70.00000
75.00000
80.00000
85.00000
90.00000
95.00000

100.00000

105.00000

110.00000

115.00000

120.00000

~ 125.00000

130.00000

135.00000

140.00000

145.00000

150.00000

155.00000

160.00000

165.00000

170.00000

175.00000

180.00000

185.00000

190.00000

195.00000

200.00000

Potential

(CM2/SEC2)
97914.
97914.
97916.
97918.
97921.
97926.
97931.
97938,
97947.
97959.

0.
-94,
-83.
-75.
-68.
-63.
-58.
-54.
-51.
-48.
-46.
-43.
-41.
-39,
-38.
-36.
-35.
-33.
-32.
-31.
-30.
-29.
-28.
-27.
-26.
-25.
-25.
-24,
-23.
-23. -
-22.
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TABLE V. Case 3.

Orthometric

Elevation = Gravity
(CM) (MGAL)
-99.81 .0.2708
-99.81 0.2708
-99.81 0.2707
-99.81 0.2706
-99.82 '0.2705
-99.82 0.2703
-99.83 0.2699
-99.83 0.2694
-99.84 0.2683
-99.86 0.2651

- 0.0 0.0
0.10 0.0049
0.08 0.0021
0.08 0.0012
0.07 0.0008
0.06 0.0006
0.06 0.0004
0.06 0.0003
0.05 0.0003
0.05 0.0002
0.05 0.0002
0.04 0.0001
0.04 0.0001
0.04 0.0001
0.04 0.0001
0.04 0.0001
0.04 0.0001
0.03 0.0001
0.03 0.0001
0.03 0.0000
0.03 0.0000
0.03 0.0000
0.03 0.0000
- 0.03 0.0000
0.03 0.0000
0.03 0.0000
0.03 . 0.0000
0.02 0.0000
0.02 0.0000
0.02 0.0000
0.02 0.0000

“Free Air
Elevation

(CM)
-87.91
-87.91
-87.89
-87.86
-87.82
-87.75
-87.65
-87.46
-87.10
-87.07

0.0

-1.59

-0.69

-0.40

-0.26

-0.19

-0.14

-0.11

-0.08

-0.07

-0.06

-0.05

-0.04.

-0.03

-0.03

-0.03

-0.02

Tilt

(MICRORAD)

0.0
0.00
0.00
0.01
0,01
0.01
0.01
0.02
.02
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Figure 6. Plot in three-d1muns1ona1 space of gravity (mgals), e]evation
(cm) and bulk density change (gm/cm3) 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 Tine 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).




Distance

(KM)
0.
5.

10.
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.000G0
. 00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
. 00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
. 00000
.00000
.00000
.00000
.00000
.00000
. 00000
.00000
.00000
.00000
195.
200.

0
00000
00000

00000
00000

Potential

(CM2/SEC2)
97895.
97895.
97897.
97899.
97902.
97907.
97913.
97920.
97930.
97943.
' 0.

-96.
-84,
-75.
-69.
-63.
-59.
-55.
-51.
-48.
-46.
-43,
-41.
-39.
-38.
-36.
-35.
-33.
-32.
-31.
-30.
-29.
-28.
-27.
-26.
-25.
-25.
-24.
=23.
-23.
-22.

TABLE VI. Case 4.
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Orthometric
Elevation

(CM)

-99.
99,
99,
-99,
-99.
-99
-99,
299,
-99,
-99,

OO0 0 OO0 ODO0OO0O0OO0COO0OOOO0OODOOOOODOOOOOOO0O

79
79
79
80
80

.81

82
82

Gravity

(MGAL)

0.
0.
. 2666
.2663
2659
.2653
2644
.2628
.2598
.2530
0

.0119
.0059
.0035
.0024
.0017
.0013
.0010
.0008
.0006
.0005
.0004
.0004
.0003
.0003
.0002
.0002
.0002
.0002
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001
.0001.
.0001
.0001

2668
2667

Free Air
E]evation

(CM)

-86.
-86.
-86.
-86.
-86.
-86.
-85.
-85.
-84.
-82.
0.
-3.
-1.
-1.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.
-0.

61
60
55
47
34
15
84
33
37
14

Tilt

(MIC

RORAD)
.0

.00
.00

.00
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means (not necessarily directly related to the geothermal activity) or by the
reduction of pore pressure causing a liquid-to-vapor transition during geo-
thermal f]uid prodgction. In this model the affected formation has a radius
of 1 km, ékthickness of 100 m;'a bur}al depth of:éSO m, and a porosity of O.i.
Table VIIrshows the results for Case 5 (for an eXp]anation of Table VII, see
Case 1). - | o
 Again, the orthometfic elevétion change fs‘small, only 0.03 cm. Hoﬁévér,
the gray{t&,change is ‘large and negative owingvto the absence of a free-air
effect dﬁé‘to consq]idafion and‘rélated 1owerin§Jof the obsefving station.
The free-air apparent'elevatioh change.computgd from the gravity is 97 cm at
the center of the stkucture, c]ééflyrshowing that gravity is not a good meas--
ure of elevation change, whichvin'this case isfzero; |
Whilé #he actuai geometrié ti]ﬁ is zero,.the tilt of fhe geoid (that
bwhich would;be meagured‘by a tf1f méter)‘is the largest of the cases consi-
dered heke,:being as;mugh as 0;16 microradiang;zbo m from the edge of the disk

model.
d. Conclusions

1. Gravity variations to be expected from typical geothermal production
zones can be expected to be of the order of 0.050 mgal or larger as seen in
Cases 1 and 2. This is certainly well-resolvable with current state-of-the-art
gravimeters, 7

2. Both gravity and elevation measurements must be made in order to
evaluate the nature of distortidn in a geothermal production'area. Gravity
alone cannot be used as a measuré 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) . = (CM) (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 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 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. 0.01 -0.0010 0.34 0.01




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

to avoid the masking of deeper bulk density changes.

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

Based on the forego1ng work we can make a series of recommendations
concern1ng the conduct of a prec1se repet1t1ve grav1ty survey over a pro-
‘ duc1ng geothermal f1e1d. The recommendat1ons fall 1nto two categories:
1) those which app1y to all gravfty surveys, irrespectiVe of the 1ene1 of
precision desired; and 2) three sets of specific recqmmendatipns for mainte-
nance df 15’ 10, and 5 mieroga1‘standard'dev{atidns;’respectiVer Both
categor1es are presented in deta111n Append1x A together w1th the rat1ona1e
for the recommendat1ons as appropr1ate, here the recommendat1ons will be

summarized.
-.For all gravity.surveys;-the following are reccmmended:

1) The gravity stat1ons shou]d be permanent]y estab1ished on f]at con-
crete p1ers. with permanent pos1t1ons for the meter feet w1th 1den—
t1ca1;or1entat1pns at all stat1ons. ‘Station Tocations should have ‘
minfma] cu]tural ndise:and be proteetedrfrdm‘possiblehlong—term |
damage. o | |

2) ‘Deleter1dus env1ronmenta1 cond1t1ons must be m1n1m1zed or avoided.
These include rough transport, sunlight on the level bubbles, high

external 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, permanent,
precisely-estab]ished,ca]ibration loop.

4) Data reduction should be completed coincident with data collection,
and statistical evaluation'carried out. This is facilitated through
use of a pocket calculator and tidal correction tables for the in-
terval of the gravity survey. If necessary, tidal monitQring with
a gravity meter precedes the gravity survey, ahd isbﬁsed to calcu-
late appropriate tidal constants. Field reduction §f7thé data per-
mits identification of tares, exclusion of poor quality values, and
the acquisition of replacement data.

5) The gravity survey should bevaccompanied by a precise (second -order
minimum) leveling survey. This is needed to separate the effects
of mass and elevation changes, since both types of changes will
occur during geothermal production. Both the gravity and leveling
surveys must include one or more stations which serve as stable
references, preferably located on bedrocks. Gravity and elevation
differences can be assessed with respect to these reference points.
Neither method gives unequivocal results without the other.

If maintenance of a specific precision is desired, either D or G meters
may be used, and either the tie or looping technique followed, 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 MICRQGALrPRECISION REQUIREMENTS FOR REPETITIVE GRAVITY

SURVEYS
Precision Level Meter Type - Field Method ° r g g Comments _
15 microgals =~ Gor D Looping or : G meter and loop1ng method will be sufficient and

LaCoste-Romberg Leapfrogging - Tless costly. Two occupations of a station in sepa-
rate loops will suffice, but will not permit calcu-
lation of standard error directly . from f1e1d data.

10 microgals GorD Looping or . G meter and loop1ng method will be suff1c1ent and

LaCoste-Romberg Leapfrogging - less costly, but a few data may have to be rejected.
Three occupations of a station in-separate loops will
suffice; four will permit calculation of standard
error directly from field data (y1e1d1ng two sets of
two occupat1ons) .

5 microgals D , Leapfrogging - Two sets of six t1es each are preferred to tie in

Note:

LaCoste-Romberg; . stations; a comprehensive survey may need internal
- G model in some ‘ : bases. Some stable G meters -could be utilized.
circumstances ‘ Extra precautions will be necessary to maintain

this level of precision for both types of meters.

A full discussion of precision maintenance starts onrpage 65.
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