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SUBSIDENCE DUE TO GEOTHERMAL FLUID WITHDRAWAL
T. N. Narasimhan, K. P. Goyal*
‘Earth Science Division
University of California
Lawrence Berkeley Laboratory
Berkeley, California 94720
| 7 ABSTRACT
Single-phase énd two-phaSe geothermal reservoirs are currently being
exploited for power production in Italy, Mexico, New Zealand, the U.S. and
elsewhere. Vertical ground displacements of upto 4.5 m and horizontal ground
displacements of up to 0.5 m have been observed at Wairakei, New Zealand that
are clearly attributable to the resource exploitation. Similarly, vertical
displacements of about 0.13 m have been recorded at The Geysers, California.
No_signjficantrground displacements that are attributable to large-scale fluid
production have been observed at Larderello, Italy and Cerro Prieto, Mexico.
Observations show that subsidence due to geothermal fluid production is
characterized by such features as an offset of the subsidence bowl from the
main area of production, time-lag between production and subsidence and non-
linear stress-strain relationships. Several plausible conceptual models, of

varying degrees of sophistication, have been propbsed'to explain the observed

features. At presént, relatively more is known about the physical mechanisms

“that govern subsidence than the relevant thermal mechanisms. Although attempts

have been madé to simulaterobserved geothermal subsidence, the modeling efforts

‘have been seriously‘limited by a lack of relevant field data needed to

sufficiently characterize the complex field system.

* Present address: Phillips Petroleum Company, 655 East 4500 South,
Salt Lake City, Utah :
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In many parts of the world geothermal energy is be1ng actively explo1ted

for power generation. ‘Compared to oil and coal the energy content of a unit

mass of geothermal water is relatively small. Hence, power production from

geothermal reservoirs, especially those dominated by 1iquid water, entails the
extraction of large volumes of the fluids,fleading inVarfably to the mining of
these fluids. This depletion of stored fluid volume is compensated largely by

a reduction in the bulk volume of the reservoir with associated reservoir

deformation. Abundant field evidence exists to show that the effects of

reservoir deformation often"pidpegeté'td‘the;iendisurface‘to be manifested as
vertical and horizontal ground displacements. Although the term "subsidence"
is suggestive of vertical downward movement of the ground surface, we shall,
in this paper, use the term 1n‘A’morefgenef£1’caatéxt to include both
horizontal and vertical displacehenfs.”'f' R
‘fAdditionEIIy;"ihe'deformationswaccbhpdnyﬁnc'reseanik.depletiOn may also
lead to the”écfiVation'ofiMdvemenfs a1ong preeXﬁsting faults, leading to
seismic events. The’ ground displacements which may often attain magn1tudes of
several meters, can lead to s1gn1f1cant env1ronmental consequences in some '
areas., For example, vertical movements of only a few feetv1n some coastal
areas such as in Texas can lead to flooding and loss of valuable urban or
agriculturei lands. Abrupt spatial changes in the magnitude of subsidence, on

the other hand, can lead to the rupturing of irrigation canals or pipelines.




There exists, therefore, a practical desire to exploit the geothermal resource
in such a fashion that the deleterious effects of land subsidgnge;are:minimal
and acceptable. To achieve th{SLend,,a proper understanding'¢fithe subsidence
ﬁeéh;nism,ﬁs essenfia] so that the consequences of specific explpitation
strategies can be foreseen andrqppropriate ameliorative measures ‘taken.
G_Thgrpurpose of this paper?is_toiaisess our current status,of knowledge
re]éted‘to subsidence caused by the:removal of geothermal fluids. In
particular, we shall address the following questions: What are the patterns
and magnitudes of subsidence that have been observed in differgnt'patfs of the
world? What are the physical bases that relate fluid withdrawal .and ground
displacements? What is our current ability to prédict 1and,subs14ence'with
the help of mathematical models? And finally, what are the key,questions,that
need to be answered in order to increase our ability to predict subsidence?
We shall begin the paper with a deséription of caserhistoriesirelating to
geothermal systems from around the wor]d. Following this, we sha]l describe
the physica] mechanisms that govern subsidence and examine how these physical
mechanisms may be quantitatively analyzed using mathematical models. We shall
close the paper with a discussion of the current status of knowledge and the

identification of key issues requiring resolution.
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| | . FIELD OBSERVATIONS o

In general geothermal systems can be classified into five categories:
normal,gradientf,;rad1ogen1c—, high heat flow-, geopressured-and hydrothermal
systems (DiPippo, 1980)1 _Normal‘gradient systems are systems in which the
temperature gradient in the earth's crust averages about 30'C/km. Exploitation
of suchra_system would requirefooe to dri]l deep:in'the earth's crust,
rendering. this resource to be uneconomical at present.

VGeotherma]_euergy‘produced by the radioactive decay of uranium, thorium,
and potassium in the earth's crust forms a radiogenic system. Radioactive
decaonf:i‘kg graoite canrelease about:oneebijlionth of a watt of heat. Thus,
a fair]y.large‘amount of heat eoergyrcan be,obtaioeqrby,tapping radiogenic
resource of the earth's?crustrasia'uhole,Arﬂoyeuer, this energy is quite

diffused and a suitable medium may not be readily available to permit its

large scale extract1on. L

Subsurface temperatures are pr1nc1pa11y control]ed by conductive flow of
heat through solid rocks, by convecting flow in circulating fluids, or by mass
transferin'magmas, The conduction dominated, highkheat_flow areas may be
associated”with regions in which the crust is abnorma]]y thin, thus allowing
the mantle to come into closer proximity to the surface, or in which a large,
deep seated magma chamber 1s enclosed within the earth's crust. Such areas . .
are often found to,hayeﬁlargeothermal grao1ents,:sometjmes\as large as 2 to 4
times the normal gradient as found in the Hungarian Basin (Boldizsar, 1970)

where temperature‘gradients_of”4ovto_75fC/kmﬁarerknown:T These regions are

expected to yield high temperatures at shallow depths. However, such areas.

may notvprove feasible for power,production because of the diffused nature of
energy contained in them. e e
The fourth type of geothermal system, the geopressured system, is found in

regions where fluid pressures exist in excess of hydrostatic pressure gradient




of 9.8 KPa/m (0.433 psi/ft). It is believed that any or all of the following
processés;ére responsible for the existence of a geopreSSUred;sysiéﬁi"Rapid
bufial?of saturated sediments, with rates of loading exceeding r;iééféf water
expulsion; development of osmotic pressure across clay beds; and 1iberation of
watéFithrqugh diagenetic'alteratibn'of’montmorillonite'to i11ite between
temperatures of 80°C to 120°C (Jones, 1969, 1975). Such fieldsfé§érfound
along the northern coast of Gulf of ‘Mexico, and in many other parts of the
world. These fields do not have high temperature gradients but cdhsfderable
temperatures are encountered due to great depths (=6 km) invoivéd.  Such
systems are of economic importance as they are capable of delivering mechanical
energy, thermal energy and large supplies of methane gas. The Gulf coast of
Texas and Louisiana is currently being explored with deep wells to harness
this resource.

The last geothermal resource, the hydrothermal type, has been eXtensively
exploited and used for power production, space heating and other applications
throughout the world because of its prdximity to the earth's surfate'and its
amenability to energy extraction. The driving heat energy for such systems is
supplied at the base of the convection loop. Hydrothermal Systems'may be
subclassified into two types: vapor dominated and ]iduid dominated systems,
vwhich differ in the physical state of the dominant pressure contfdi]ingiphase.
In vapor dominated systems, pressure is controlled by the‘stéam:pﬁésé while in
the liquid dominated systems, it is controlled by liquid water. Aﬁﬁﬁérthe |
geothermal systems discovered to date, hot water systems are perhaps twenty
times as common as vapor dominated systems (Muffler and White, 1972). Among
the'1i§0id dominated systems, Wairakei in New Zealand and Cerro Prieto in

Mexico are currently producing 140 MW and 180 MW of electric power
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respectively. ~ Electric power is also being produced from the vapor dominated
systems such as The Geysers in California U.S.A. (900 MW) and Larderello in
Italy (380 MW). -

Of the five categories of geothermal systems, only the geopréssured and
the hydrothermal systems are presently viable for economic power production.
Therefore, we shall :limit our discussion of subsidence to hydrothermal and
geopressured systems.: .

~In the following section field observations are presented from several
geothermal sites. Attempt is made to emphasize the important features
relevant td subsidence. A total of six case histories are discussed. These
include: ' the liquid-dominated systems at Wairakei and Broadlands in New
Zealand and at Cerro Prieto in Mexico; the vapor-dominated systems at The
Geysers in California and at Larderello in Italy; and the Geopressured system
at Chocolate Bayou in Texas.: 3

© o "Wairakei, New Zealand

Wairakei is located on the North Island of New Zealand.. It is situated on

. the west bank of the Waikato River and lies 8 km north of Lake Taupo

(Figure 1). - This liquid-dominated field occupies an area of 15 km’

(Grindley,'1965), and extends about 5§ km westward: from the river over a -
relatively flat valley underlain by Taupo pumice aiiuvium. -On the west, it is
bordered by hills of Wairakei Breccia that rise 90-150 meters above the valleys
andvserve~asvaAgroundwaterrrecharge area. No5bodndaries have been indicated
towards north~andwsodthlas evidenced by the behavior of the wells. The :
structure of this field:is controlled by numerous fractures associated with the
Wairakei,'Kaiapo,»’and*rUpber Waiora faultsi(Grierud et al., 1978). The == -
geology of the Wairakei field»is described in Grindley (1965), Healy (1965),




and Grange (1937). The reservoir engineering data have been compiled by
Pritéhett et al. (1978) and subsidence related studies are reported in Grimsrud
et al. (1978), Viets et al. (1979) and Miller et al. (1980a, 1980b). A mixture
of steam and water, in a ratio of about 1 to 4 by weight, isgyieiaed*by the
Waiora Formation which is considered to be the main geofhermai réservbir.
Aboveithe Waiora lies a relatively;%mpermeable'Huka mudstone. - . The Wairakei
ignimbrites, considered to be practically impermeable, underlie the Waiora.

The thickness of the Waiora Formation varies from about 366 m (1200 feet) in
the west to more than 793 m (2600 ft.) in the east. The Huka Falls Formation,
a relatively fine grained lacustrine.rock, is less than 100 m (300 ft) towards
southwest of the main production'area and thickens to about 310 m'(1000aft)
towards northwest and southeast.

Geothermal fluid production at Wairakei started in early 1950. The
production increased significantly in 1958 with the commencement of power
generation. A total of 141 wells were drilled in the field up to 1968 when
drilling activity completely ceased. Of these, 65 bores account for about
95 percent of the tofa] fluid produced from the entire field. It is believed
that the reservoir was originally filled with hot water to the base of the
Huka Falls formation before production started. Based on the early exploration
measurements, initial temperatures and pressures at the sea 1eveirWere'about
250°C and 3965 kPag (575 psig). Data presented by Pritchett:et al. (1978) -
indicate that initial temperatures in the upper part of the reservofr;may have
been 10°-40°C lower than in the deeper parts. Presumably, the hOttest fluids -
were found in areas close to fau]ts and fissures. In the early years of
production (1958-1962), recharge to the reservoir was about loipercent of the.
fluid;produced. This inadequate recharge led to large pressure;¢§op5<inWIhe'x

reservoir. For example, pressure drops of the order of 1725 kPag (250 psig)
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were'observed in the western production area and over 2070 kPag (300 psig) in
the eastern production area. However, recharge rose to about 90 percent of
the f1u1d produced in the fo]lowing period leveling off at a PFGSSUPE,dFQPV 7
rate of less than 69 kPag (10 p51g) per year. A totai of about 1.05 trillion
kg (2 33 triilion pounds) of fluid had ‘been produced from the Wairakei-Tauhara
region as of December 31, 1976. This large scale extraction of fluids has led
to significant ground deformations in and around the Wairakei field.

Initial sUrface subsidence measurements were made in 1956 on the basis of
bench marks established 1n 1950 Periodic measurements Since then have shown
that the area affected by subsidence exceeds 3 kmz. Subsidence at Wairakei
has been reported by Hatton (1970), Stilwell et al. (1975), and‘subsequently,
thoroughly reviewed by Pritchett et al (1978) Observed vertica1 subsidence
and horizontai ground movements are shown in Figures 2 and 3. As seen in
Figure 2, the area of maximum subsidence ‘occurs east of the main production
zone and the max1mum subsidence was of the order of 4 5 meters between 1964
and 1975. The horizontal movements, accompanying verticai subSidence, are
represented by vectors in Figure 3 These vectors point toward the. area of .
maximum subsidence.r Also the observed horizontal deformations increase with
increasing vertica] settlement.: A horizontai movement of about 0.5 meters can
be observed near the 2Zone of maximum sub51dence 1n Figure 3. A plot of
reserv01r pressure drop versus subsidence at bench mark A-97 is shown in
Figure 4, This figure shows that subsidence at Wairakei 1s characterized by .
a) an off-set subsidence bow] b) a 1inear re]ation between reserv01r pressure
and subsidence up to 1963 and c) 2 non—iinear relation after 1963. p_.fd

As discussed eisewhere in this paper, surface and subsurface deformations ,
may be expected to enhance the fault act1v1ty and the seismic1ty of the area.

In a recent study Evison et al. (1976) found that both micro earthquakes as




well as macro earthquékesrwefe'manyltimeé more frequent in the Taupo fault
belt than either in the adjoininﬁ'ﬁasfhs df in the Kéingaroa Piaféad to the
east.waévértheless, to our knoWTédge; no such stﬁdy exists Whiéhiépecifically
relates subsidence with seismjé%tyiih the Wairakei area. It is difficult to
assert at this time that increased seismicity in the Wairakei field is due to
increased subsidence. | | o |

At Wairakei spent geOththa] fluids with approximate1y74400 ppm of
dissolved solids are discharged d}kééfly into the Waikatd fi;ér (Defferding
and Walter, 1978). Since 1968, no new wells have béen drilled in the field
and about 140 MW of power is being étéadily produced since then. .

The surface deformations in the field have disrupféd pibé]ihes'cérrying
steam,'cracked drainage canals and caused the main road to sink by 2-meters
(viets et al., 1979). The recurring'cost of repair of steam lines might range
from $2000 to $10,000 per year. Fixing of drainage canal cost about $250,000.

Broadlands Geothermal Field, New Zealand

The Broadlands geothermal fie]d, located about 28 km northeast of Wairakei
is another liquid-dominated geothermal system in New Zealand'(Figure 1). Its
behaviour, however, appears to be considerably different from that at Wairakei,
largely due to the presence of significant amounts of carbon dibkidé gas. The
New Zealand Electricity Department is expecting to produce 150 waof |
electricity from this field by mid 1980's. The first 50-MW unit may be in
operation by late 1983. The exploration in this area began in eéfiy 1960's
and drilling activity started in 1965. As of 1977, a total of 32 wéilsrhéd
been drilled, of which only 16 are considered to be good prbduceré (DfPibpo,
1980). These are wells BR2, 3, 8, 9, 11, 13, 17 to 23, 25, 27 and 28
(Figure 5). The depth of the wells in this field vary‘ﬁetween 760iand

[t §



n

N

1400 meters with one we]]ﬁ(BRiS)freaChing down 'to 2418 meters. Over the field
three thermal anomalies have been recognized (DiPippo, 1980). First is the
Broadlands thermal anomaly covering an area of roughly 365 m radius centered'
around well BR7; second is the Ohaki thermal anomaly with an area of about
550-m radius is centered on well BR9 and third is an elongated area between
wells BR6 and BR13 which extends ‘about 1220 meters in north south direction.
Of these, the Ohaki anomaly is associated with best production.

The geology of the Broadland's area has been extensively studied and
reported in Grindley (1970), Browne (1970), Hochstein and Hunt (1970), and
Grindley and Browne (1975). The subsurface formations in the descending order
include: Recent Pumice alluvium, Huka Falls: formation,-Ohaki Rhyolite, the
Waiora Formatidn; Broad]andS’Rhyoliteg Rantawiri Breccia, Rangitaiki
Ignimbrites, Waikora Formation, the Ohakuri group, and the Graywacke basement.
The thickness of.theserformationsiis spatially variable. The Waiora Formation
and Rantawiri. Breccia are the two main aquifers which provide most of the fluid
produced.»:The‘formatiohsrbeIOW'the Tower aquifer- are quite dense and almost
impermeable. - The Huka Falls Formation and:the Ohaki Rhyolite provide confine-
ment to the waiorafaquifer,while’the'Broadlands'RhyOIite apparently acts as a
boundary separating the twoiaquifers.a’The%localfdisruption of alternating
permeable and impermeable formations by faultsrand“dikéslprovides steep
channels, for‘fiuidiflbw—(BrOwne;:1970);‘ Theé Ohaki and the Broadlands faults
lie in the respective thermal areas. The lateral ‘extent of the field, as '
determined from‘the,resistiQity surveys (Risk, 1975) is alsd~shown\in"

Figure 5. ~The,resiStivity;of<therregion,'enclosed:byfbars,fis'leSS than: =
5 ohm-m and-the'reéistivity anomaly~enc]oses'an”aféa'offabout 10 square
kilometers. The boundary between hot-and cold ground is essehtially vertica]

down td;a depth -of :at least 3 km. .-
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. During a period of five years-between 1966 and 1971, artota]:discharge of
about 34 billion kg (74 billion pounds) of fluid and 4.4 :x 1016 joules (42
trillion BTU) of heat had been extfacted'from the Broadlands field. The
entire field was almost shut down for over 3 years between August 1971 and
December 1974.. Initial temperatures of about 260°C and 300°C existed in the
upper and the lower reservoirs before exploitation.

The response of the Broadlands geothermal field is noticeabiy different
from that of a conventional liquid dominated system due to the presence of non
condensible gases, mainly COZ.,rThe partial pressure of gases reduces the
boiling point of water by 3°C at 300°C and by about 1°C at a temperature of
260°C (Macdonald, 1975). -Thus, a two-phase region is expected to exist in the
reservoir within a depth of about 2 km during the preproduction state.
Standard hydrostatic pressures, as defined by Hitchcock and Bixley (1975),
existed in the aquifers of the Broadlands system prior to production. Since
the commencement of production in early 1966, the reservoir pressures have
continued to decline until 1971 when the production ceased almost—complete]y.
During exploitation it was found that in the Ohaki area to the north the
reservoir behaves as a single, interconnected unit, whereas Broadland area to
the south is characterized by considerably lower permeability and contains
several isolated pockets tapped by individual wells. According to Grant
(1977), the communication between the Ohaki bores is also.not:perfect, as it
takes about a year for pressure transients to propagate across the Ohaki
region. This behaviour is quite different from that observed in the Wairakei
field where the communication between wells is very good (Pritchett et al.,
1978). Another remarkable difference observed between these two fields is in
the .size of the pressure drop. A pressure drop of as much as 1400 kPa -

(14 bars) was observed in some wells when exploitation ceased in-1971 in the
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Broadlands field (Hitchcotk'and*Bixley, 1975). For a comparable amount of¢i'

&fIUid withdrawn, the pressure drop observed in the Wairakei field was quite

small, ‘Apparently, the presence of small quantities of carbon dioxide has’
played a majorfrolé in determining’ the response of the Broadlands field. The
lower effective permeability as evidenced 'at Broadlands can be attributed to
the presence Of'thé'tﬁorflu1d~pha5es,‘eaéh of which impedes the flow of the
other (Grant, 1977).° According to this same author, the pressure drop in the
reservoir is mainly the drop in the partial pressure of the gas, with a little
drop in the steam phase pressure. -After the 1971 shut in, pressures in the
field started to build up with a‘recovery rate of ‘about 173 kPa/year (25 psi/
year) over a three-year period (Hitchcock and Bixley, 1975). "Grant (1977)

‘believes that this pressure recovery is primarily the recovery of gas pressure

and the amount of ‘pressure increase is the measure of the total amount of
coz recharge to the system.

~ Under ‘these conditions it is reasonable to infer that in the absence of

*COz,ithe pressure behavior should have been similar to that of Wairakei.

Following the pattern of drawdown and recovery, ground subsidence and rebound

are.also observed at the Broadlands field as described below. -

e An -extensive precise level -network was ‘established in the Broadlands area

during 1967469‘per10d.'3Appr0x1matelj'500'bénch marks were installed over an -
area of 65 square kilometers, covering a route distance of about 78 km.

Initially a precise level survey was carried out in May 1968 which was ‘then

‘resurveyed in September 1969 and in March 1974. Local subsidence surveys were

conducted -in ‘September 1969, December 1969, June 1970,’January 1971, January
1972, February 1975, and February 1976. Total vertical subsidence observed -
between May 1968 and March 1974 is shown in Figure 6 which also includes the '

recovery in the ground levels during the shut-down period between 1971 and
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1974. Thus, the subsidence. shown in Figure 6 is in fact smaller than the
maximum magnitudes observed up to August 1971. For examp]e;;a,maximum vertical
displacement of 220 mm was observed over the period February,léﬁé to January
1972 compared to 190 mm shown in-Figure 6, indicating c]ear]yrthat,a rebound
has occurred. It may also be noted{byfcomparing Figures 2 and 6 that unlike

at Hairakei,.the'subsidence bowl in the Broadlands occurs directly over the
region.of maximum discharge. - By using the pressure data from Hitchcock and
Bixley (1975) and subsidence data=from the Ministry of Works and-Development
(1977), a plot of reservoir pressufeﬁdroptversus subsidence has been prepared
for bench mark H468A in the vicinj;y"of well-BR9 and is shown iﬁ Figure 7 for
the period September 1969 to October 1973. For this figure September 1969 is
taken as the datum, at which time a certain amount of subsidence and a pressure
drop of about 600 kpa (6 bars) was already existing at well BR9 (Hitchcock and
Bixley, 1975). A total subsidence of 6 mm took place at H468A between January
1972 and February 1975 (Ministry of Works and Development, 1977). Assuming a
linear relation, we have calculated the subsidence for October 1973. Note from
Figure 7 that the slope of the curve tends to change between January 1971 and

January 1972 and drastically changes beyond January 1972. This is due to the

rebound of the ground surface associated with rising reservoir pressures caused

by the shut in of the field in August 1971. Horizontal displacements
associated with subsidence have also-been observed in the Broadlands field and
are shown in Figure 8. As seen in this figure, the maximum movement over a
six year period (1968-1974) is about 120 mm. A reinjection plan is underway
in the Broadlands area to minimize subsidence effects. Reinjection tests .were
conducted on wells BR7, BR13, BR23, BR33 and BR34 for periods yarying'from a
few weeks to 3 years (Bixley and Grant, 1979). In all cases, water, super- -

saturated with silica, was injected and it was found thatfthe—permeabi]ity,of

AL
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the injected formation either increased or remained the same. Thus,
reinjection tests are quite encouraging at the Broadlands field and a full

scale reinjection scheme might be coming forth in the future. The potential.

- problems related to subsidence at this site -include flooding by Wairakei rivers

~ and the role of ground deformation in siting pbwer houses and steam lines.

Broadlands geothermal field, which lies in the Taupo-Reparoa basin, has .
very little micro earthquake activity as compared with that in the Taupo fault
belt where the activity is about two orders of magnitude higher (Evison et al.,
1976).”,It‘appears that neither,geqthermalrfldid production nor subsidence has
any effect on the microseismicity of the Broadlands area.

.. Cerroprieto, Mexico

Cerro Pfieto géothermal field is the first liquid dominated system in North
America to be exploited for electric power generation. It isllocated,invfhe
Mexicali valley in the Colorado River delta and is located about 30.km south
of the border of Mexico and the United States (Figure 9). It occupies a
relatively flat area of about 30 square kilometers and exhibité.some surface

geothermal manifestations such as mud'voltanoesr(shcm»to 2.m high), steam and

- .gas vents, hot springs, boiling mud ponds and a 200-m high black volcanic cone

known as Cerro Prieto, after which the geothermal field is named.
Geo]ogicélly,the,cerro‘PrietpZfie]déistundeflain by deltaic sediments which

are classified into two units, Unit Aiand’Unit B.( Unit A has a thickness of -

600 to 2500»meteﬁs and contains nonconsolidated and semi-consolidated sediments

.of,clay silts, sands, and gravels. Unit B consists of .layered consolidated -

‘sediment shales and sandstone and is more than 2 km thick.  The depths to the .

producing layers vary ovér:the field between 600 to 900 meters and 1300 to
1600 meters to the west of the railroad track and between 1800 to 2000 meters.
and 2200 meters to 2500 meters to the east.
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The structure of the Cerro Prieto field is controlled by numerous faults -
related to the San Andreas fault system. The locations of soméLimportaht
faults are shown in Figure 10. Hydrologically, these fau]tS'ﬁay"or may not
‘act as conduits for the influx of fluids from the basément. - Fof’ékample, the
Cerro-Prieto fault is believed to act as a western hydrologic bddndary to the
field while-the Morelia fault acts as a leaky boundary to the north. The
Delta-, the Patzcuaro- and the Hidalgo faults appear to act as conduits to
fluid flow.  The eastern boundary of the field is not yet well established.
Based on geophysical data and interference tests it has been infefred that
both Cerro Prieto I and Cerro Prieto II areas, lying on the west and east of
the railroad track, respectively, are hydrologically interconnected. According
to Mercado (1975), hot water in the eastern part of the field rises up and
flows towards west.

Electric power generation in the Cerro Prieto field began in 1973. In
April 1979 the capacity of the plant was doubled to 150 MW, as two new units
came into operation (Lippmann and Goyal, 1980). Consequently, fluid production
rate has increased from about 2.8x106 to 4.2x106 kg (2800 to 4200 tonnes
per hour. Total heat and mass produced as of November, 1980 has been estimated

to be 6x1013 14 11 8

kcal (2.4x10"" BTU) and 1.9x10"" kg (1.9x10° tonnes),
respectively (Goyal et al., 1981). Figure 10 shows the location of over

60 deep wells that have been completed in the field. These wells produce a
water-steam mixture, the weight ratio of which varies from well to well from -
0.5:1 to 4:1. Under natural conditions, the waters in the prodUéing strata are
believed to have existed at or below the boiling point (Truesdell, A;H;:.IQSO;
personal communication). This view is supported by temperatufe‘]bgs which

show that the highest temperature of the water has been equal to the =~

ik
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saturation temperature corresponding to the hydrostatic pressure of the hot
saline water. - Enthalpies of the produced fluid'wereifdund'to vary from well
td well from about 200 kcal/kg to 450'kcallkg.*=Temperatukes*0f'abbut -
300°-310°C and pressure about 10,000 kPa (100 bars) are believed to exist in
the field at a depth of about 1300 meters (Lippmann and-Mafién, 1980). Some -

approximate ‘locations of isotherms, expected to exist at—diffekent'depths, are

2lso shown in Figure 10, -These profiles are likely to have changed because

fluid production has been in progress. since 1973. Pressure drops and
temperature drops of about 500 to 2000 kPa (5 to 20 bars) and 10-15°C have
been observed in some wells. -

Subsidence associated with this large scale fluid extraction was
anticipated to occur :in the Cerro Prieto field.  Therefore, the Direccion
General de Estudios del Territorio Nacional (DETENAL) and the U.S. Geological
Survey, jointly laid out the first network to measure horizontal and vertical
deformations. in the Mexicali'vélleylin'1977. ﬁThéfSecondQSdrvey conducted in
1978 and reported by Garcia (1980) show both uplift (max. 33'mm) and subsi-
dence (max 28 mm)'over;én,area extending from the U.S.A-Mexico border to the
south of~the<fie]d.,fAcbordingfto these results, “subsidence in the producing
area was very sma]lg,—Neverthe1ess,/itrmustsbe‘nOted"that'thefﬁnteﬁbretation-"
of these results willxdepend;upon,the'location’offthe“éhOSEn'datum*of zero
subsidence.‘;Horizonta]*tontfaction¢of about 31 y strain/year in NW=SE-
direction and extension of 0.7 u strain/year in NE-SW was also observed ‘in the
field during the sécond surveyvof’1978'(Massey; 1980). ' It is likely that the
Cerro Prieto area might~also be undergoing some ‘tectonic: deformations similar
to those observedrin the fmperialvValley.i Zelwer and Grannell (1982) provide
gravimetric evidence to-fhe effect that between 1977 and 1981 approximately
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45 cm of vertical subsidence has occurred east of the power plant, caused by
the 6.1 magnitude earthquake of June 8, 1980. Their evidence also suggests
that élmost~all the fluid withdrawn is replenished by recharge. 7

Increased fluid withdrawal at Cerro Prieto may cause changes ih pore
pressure, femperature gradients, volume and stress patterns which in turn may
influence the seismicity of the area (Majer et al., 1980). Seismic studies
haye,been conducted at the Cerro Prieto-field since 1971 and have been reported
by Albores (1980) and Majer et al. (1980). It was found that micrbearthquake
activity in the production area was lower compared to that inrthe;;urrOUnding
regioq. One explanation for this may be that the effective streSS"iﬁ”thé
production zone is increased due to fluid exploitation. This leads to an
increase in the effective strength of the rock against slippage, which in turn
reduces the seismic activity in the production zone. The regional seismicity
may be due to tectonic stresses rather than the geothermal activity.

As of August 8, 1979 reinjection was underway into well M9 with untreated
water separated from well M29. Response of well M3 and that of peripheral
wells is being monitored over a period of time. About 40,000 kg/hr
(40 tonnes/hr) of approximately 165°C fluid is injected into an aquifer located
between 721 and 864 m depth. The injection rate had decreased to about 25,000
kg/hr (25 tonnes/hr) by December 1979 (Alonso, et al., 1979). No
subsidence-related damages have been reported from the Cerro Prieto geothermal
field so far.

The Geysers, California, U.S.A.

The Geysers is a vapor dominated geothermal system and is the largest
producer of geothermal electric power in the world. As of early 1982, Pacific
Gas and Electric Company is generating approximately 960 MW of electricity from

steam supplied by Union 0il of California, Magma Power Company, Aminoil U.S.A.
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and;Thermogenics, Inc. The Geysers field is located about 120 km north of San
Franc1sco in the northern coast ranges of California (Fig. 11). Electric power
production at The Geysers began in 1960 when a 12.5 MW generating plant went

on line using about 114 000 kg (250 000 pounds) per hour of steam supplied by
four wells. Since then power production at The Geysers has been steadily
1ncrea51ng through the addition of more wells to the production line. The
field is being expl01ted by private companies and much of the reserv01r
performance data is not in the public domain. Good reviews of sub51dence

related literature of the Geysers are contained in Grimsrud et al. (1978) and

’Miller et al. (1980a b)

The Geysers field a tectonically active area, can be characterized by a
series of generally northwest-trending fault blocks and thrust plates. It is
underlain by four maJor geologic units, the Franciscan assemblage, the
Ophiolite, the Great Valley sequence and the Clear Lake volcanics. The
FranCiscan graywacke, that has undergone slight to moderate metamorphism,
constitutes the reserv01r rock. These sandstones are very dense and have low

permeabilities (=1 md) and porOSities (-10 percent) The steam is thus

'expected to be confined to open fractures and fault zones, the presence of |

which have been confirmed by drillers' logs and tested cores. Two reservoirs
are believed to exist at the Geysers' a small shallow reservoir and a deep
extensive one. The depth to the shallow reservoir, which has produced about‘
50 billion kg (110 billion pounds) of steam (Garrison, 1972), 1s about 640 m
(2100 feet) The main deep reservoir is located between 760 to 1520 m (2500
to 5000 feet) These two reservoirs are in communication with each other at
some locations while at others they are not. The vertical extent of the

reserv01r is estimated to be greater than 3050 m (10 040 feet) (Lipman et al
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1977) and the lateral extent is believed to be 4580 m by 4580 m (15 000 feet
'by 15 000 feet) The top of the reservoir is estimated to be near sea level
Vin elevation. 7 . | 7 7

Prior to 1968 the sha]]ow reserv01r was the source of steam for power
production. But by the early 1970 's most of the fluid was being produced from
the deep reservoir that is believed to have an initial temperature and pressure
of about 240 C and 3545 kPa (514 pSi), respectively. It 1s»specu]ated that a
deep bOiling water tab]e may exist'at a depth of about 4586€to 6100 m:(lb,OOO
to 20 000 feet) which supplies the steam to the producing wel]s.” Ndncondens-
able gases up to 2 percent by weight are also produced at The Geysers along
with the steam. By 1975 there wererllo wells in the field, providing about
3;6§'mi1iion kg (8 million pounds)'of steam per hour to generate'about 500 MW
of electricity. At present, about 900 MW of electricity is beingvgenerated.
Future plans to increase the capacity are underway. This commercial steam
production has reduced reservoir pressures considerably and has caused land
deformations. A pressure drop of 1240 kPa (180 psi) was observed in the
reservoir between 1969 and 1977. The relative changes in the elevations of
the ground surface in The Geysers area are shown in Figure 12. The maximum
sub51dence to about 13 cm has occurred in the area of maximum fluid withdrawal
It is 1nterest1ng to note that the vertical changes in the v1c1n1ty of the
power p]ants 9-10 are minimal, even though 1arge—scale steam productions from
these units since 1972. It was also observed that the reserv01r pressure
drops and the rates of sub51dence were 1argest soon after the new sources of
steam were put on line and they gradual]y diminished as recharge gradients:'
reached steady state conditions (Grimsrud et al., 1978). The vertical
displacements observed during 1973—75 and 1975—77 along section AA“ (Figure 12)

are shown in Figure 13. Two types of ground movements may be observed here.
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First, a downward local tilt of about- 3.5 cm towards WNW and second, a
substantial subsidence in the areas of steam production overlapped by circles
in Figure 12. A maximum subsidence rate of about 4 cm per year during 1973-75

decreaséditoiaBdUt'2;¢ﬁ per year during 1975-77 near power plant 5-6. A

‘nearly uniform uplift from 1975-77 in the ESE area of the main production zone

canleither:6e5due tbitﬁé thermal eipansidnsToféthéVOVefburdén in fhé héwly
drilled areas or-may be attributable to the assumption of zero subsidence at'
bench work R1243. ?ﬁéséfvbfr“ﬁfESSUre drop ‘and subsidence along section AA'
(Figure 12) are shown in Figure 14. As could béﬁééén from this figure, the
areas of maximum subsidence are the areas of maximum pressure drop. Horizontal
displacement rates were found to vary from 1.5 cm per yéaf°in\the'areas‘of'
heaviest fluid withdrawal to O;ﬁ'dmjpéf:yeéf in the peripheral areas (Lofgren,
R , R S | | |
“In an effort to reduce subsidence and extract maximum thermal energy,
reinjection of the steam condensate back into the fdrmatfoh bé§éh:in'19b9 at
The Geysers. By 1975, six wells were bé%hg’déed;iofféﬁnject condensate of
about 1.78 x 10% w® (4.7 million gallons) per day, about 25 pérCEnthf R
daily steam output, back into the reservoir between 720 and 2450 m (2364 and
8045 feet) depths. The injéété&'tondéhsatéiflows“anh\byfg?aQity fbkdépths h
below adjacent producing wells, in situ %téam—préééufé being less than the
hydrdétatic*bféSSuréﬁlw It‘ié'bé]ieved that'the—iﬁjeéfed f£1uid can contribute

to an increase in the sefsmicity of the region by inducing slippage along the

~ planes of weaknesses. "Tngaaditibn,‘micrbédrthqﬁéké:abti?ityiéén?a1§6'be‘caUsed

by volume changes due to fluﬁdawithdraWa1Vahd'sUbsidéﬁéé?(Majér‘énd/McEVi11y;

. 1979). A'cbmparikéh’O?itheﬁgeismicfaétivity during pre-production (1962-63)

and peak production (1975-77) timés showed that the regional seismicity

(magnitude >2) in’the area increased to 47 events per year in the latter
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period as opposed to 25 events per year in the former (Marks et al., 1979).
Also the microearthquakesét The Geysers are strongly clustered around the
regiqns of steam production andrfluiqfinjection.i It apbearsrlikely that much
of the present seismicity at The,Gey;erg,isrinduced by one of more of the
following phehomena: steam withdrawal, injection of condensate and subsidence.
Thé exact relationship betweenrtheserphenomena is not firmly established, it
issdspected that the slippage_dfrfay]trblocks past one anqther'duevto
subsidence movements may in part,contgibute to the microear¥hquakes.A Or it is
that subsidence may give rise,to,the”formatibn and propagation of micro-
fiésures which may enhance micro-seismic activity. Initiqtion and propagation
of microcracks is also attributgd'to the thermal stresses produced by
circulating geothermal fluids and thi; phehomenon is termeq:?thermal stress
cracking" (Nelson and Hunsbedt, 1979). The mechanisms, by which this increase
in seismicity has occurred warrants further study. No environmental hazards
are reported in the Geysers area due to land sqbsidence.
Larderello Geothermal Field, Italy

Electric power generation at the Lardere]]o field began as early as 1913,
making it the first geothermal field in the world producing electric power
from geothermal steam (DiPippo, 1980). This field is part of an grchrof
high heat flow extending along the east coast of the Italian peninsula from
Tuscany to Sicily (Mongelli and Laddo, 1975). The Larderello system contains
many geothermal anomalies. As of March 1975, the producing anomalies included.
San Ippo]ito, Gabbro, Larderello, Serrazzano, Castelnuovo V.C., Sasso Pisano,
Lagoni Rossi, Lago, Monterotondo and Molinetto anomalies. ,Figure 15 shows. the
lTocation of the field and its various anomalies. ~The Larderello field extends
over a disténce of about 20 km from;Monterotondo in the south to the Gabbro in

the north. The area covered by this field is about 170,km2,(Ceron;etia],,‘_
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1975). As of ‘March 1975, a total of 511 wells were drilled in the region with
an average depth of about 650 meters. Of these, 194 were connected to the
productioniline and 9 wells were used as observation wells for reservoir
engineering studies. . Installed capacity at: this time was about 380 MW with ‘an
average fluid production of about 15,000 kg/hr (15 .tonnes/hr) per productive
well at an operating well-head pressure of 100 to 800 kPa abs (Ceron et al.,
1975). ,

- The geologic map ofvtheuLarderello field along with a cross section view
is shown in.FiQUrerls:,'FromiarhydrogeolbgiCa].pointVOf view, the lithology
here can be grouped into three main complexes: The first is an impermeable
cap rock complex made of outcrops of "Argille Scagliose" comprising shales, -
limestones, etc., and""Macigno" and “Polychrome Shales" overlain in places by
¢1ay, sand and cOnglomeraticisediments.i The .second is the Tuscan formation,
which constitutes the principal reservoir and .forms the circulation region for
the endogenous fluid. It comprises radiolarites to evaporite deposits. The
third is the basement complex, consisting of phyllitic-quartzitic formations,

which is,highly:impervious'where phyllites predominate but may be locally =

permeable where intercalations of quartzites and crystalline limestones are

present. -Because the cap rock 1sfnot continuoqs;;the:Tuscan'Formation is - .
exposed:at some‘pléces and allows the geothermal ‘aquifer to ‘be recharged byi
rainfafl; - The steam pfoduced at the Larderello ffeldforiginates from the
meteoric watergthat may have undergone'eithef,;“deeb'regiona1~circulation or a
local shallow one (Petracco -and Squarci, 1975). . ...~ - ' ‘
Geophysica1"studies‘indicate'thatathe.reservoirhis“characterized~by a
distincttresistivity high of greater-than'loo ohm-meters and is located at
depths of less than 1000 m. - Thermal gradients of the order of 300°C/km to a

maximum of 1000°C/km at some places are found in the area. The accepted normal
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gradient for. the area is about 30°C/km with a heat flow of greater than 3 HFU
(heat flow units). At some places heat flows of 5 to 10 HFU's exist.: The
highest reservoir temperature and pressures encountered in the field are 300°C
and 3000 kPa (440 psi), respectively. The geothermal fluid produced consists
of dry-saturated or slightly superheated steam and some noncondensible gases.
The amount of noncondensible gases varies over the field from 1 percent to

20 percent by weight with an average of about 5 percent of which CO2 is the
dominant one. Temperatures, pressures and flow rates vary from well to well
and from area-to area. There has been:a significant decrease in the mass flow
rates and reservoir pressures over the decades of production. For example,
wells 85 and Fabiani of the Larderello anomaly show a significant decrease in
the mass flow rate over a 20 to 30 year period (Figure 17). This figure
indicates that flow rates are apparently tending to a steady state. The
productive wells in the Larderello field were first shut-in in 1942 but
systematic measurements of relative pressures began only in 1955 (Celati

et al., 1977). The water table data was used by Celati et al. (1975) to
determine formation pressures during this period. It was found that the
initial pressures in the Larderello region varied from 1960 to 3920 kPa (284
to 568 psi) and that these values were affected by nearby producing zones as a
result of the expansion of the explored area. Pressure depth plots indicated
that in different parts of the field both water dominated and vapor domfnated
systems had existed prior to intensive exploitation began. Reservoir pressure
distributions in the Serrazzano area for 1970 are shown in Figure 18. The
highest pressure downhole pressure formed boserved among all Italian steam
fields was measured in the Travale field where a pressure of aboht46000 kPa-
(about 870 psi) existed in .new wells drilled from 1972 onwards. Such high

pressures -indicate that the wells in this field have reached a water dominated

L7l
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reservoir. Considering that Larderello is in much the same hydrogeological
and thermal situation- as the Travale field, it can be deduced that Larderello,
in undisturbed conditions,'might also have had similar pressures (Celati

et al., 1975). Continued production from the field has led to a considerable
drop in the reservoir pressures and water levels. Since 1963-64, water levels
in the western part of the field have dropped by about 100 meters- compared to
the other parts where the drop is less than 50 meters (Celati et al., 1977).
In a related study, Atkinson et al. (1978) calculated an initial pressure of
3920 kPa (570 psi) at the“Serrazzéno field and steam reserves of about
1.7x10*! kg (170 mi117on tonnes).

-To monitor the effects of the injection of 1iquid wastes on surface and
ground waters, a reinjection program was started in the Larderello region
during the early 1970°'s. ’About*ohe”fifth;ofﬁthe:Waste 1liquid is returned to
the reservoir by reinjection through the wells at the periphery of the field
and the remaining 80 percent is discharged direé?ly;fnto the local streams
(Defferding and Walter, 1978) in spite of high concentrations of boron.
Generally reinjection was-successful. However, in one case cold reinjected
liquids reached a production well. | '

No?subsidencefhéS‘been reported at the:Larderello field, although’
production'has?been:iﬁ‘pfogress‘for‘60 years and on a relatively large scale
for 30 years (Kruger and Otte, 1976). Microearthquake studies in ‘the’
Larderello area do not seem tOLhaveibeen‘repeated.;,However,‘a few earthquakes
of magnitude 4 in thefLarderé11ofarea:andfOne'earthquake'centered about 15 km
east .of Lardére]lb‘have:beeh repbrtédi ‘It ‘seems ‘that microseismicity could be

recorded at the Larderello field if sensitive instruments are used.
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Geopressured Systemé,
Several reservoirs of brine at high pressures and moderate temperatures
are known along the Gulf Coast of Louisiana and Texas. Wallace (1979)

estimates 17.1 x_102»1 Joules of thermal and methane energy in place in the

2 area of the northern Gulf of

reservoir fluids underlying a 310,000 km
Mexico basin. Temperatures and pressures of most waters in these areas vary
between 163-204°C and 69 to 103 MPa (10,000 to 15,000 psi), respectively, in
the depth intervals of above 3.5 to 5:km (Wiléon et al., 1974). Temperature
gradients of about 20°-40°C/km exist in the Gulf Coast region in the upper
2 km. Geothermal gradients exceeding 100°C/km are found within and
immediately below the depth interval where max imum pressure gradient change
occurred (Jones, 1970). The depth to the top of the geopressured zone
conforms in a general way with a 120°C isotherm which occurs in the depth
range of a 2.5 to 5 km below sea level (Jones, 1970). The loss of load
bearing strength due to thermal diagenesis which takes place between 80°C to
120°C is considered most responsible for creating the top of the geopressured
zone. The location and depth of occurrence of the geopressured zones in the
Gulf Coast region are shown in Figure 19.

In this paper we shall confine our attention to one geopressure field
which is under exploitation. It is the Chocolate Bayou Field in Texas from

which 0il1 and gas have been produced since the early 1940's. -

Chocolate Bayou, Texas

Chocolate Bayou.is an 0il and gas field in Brazoria County, Texas, and is
located about 30 miles south of Houston (Figure 20). 0i1l1 and gas production
from both normally and geopressured zones have been responsible for a land -
subsidence of about 0.6 m (2 ft) in this area. The Austin Bayou Prospect, a

proposed geothermal exploration site, is located 8 km (5 miles) southwest of
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Chocolate Bayou and has essentially the same geohydrological conditions. One
should expect that the subsidence at the Austin Bayou prospect will not be
much different from that at Chocolate Bayou under geothermal fluid
production. The Chocolate Bayou field occupies an area of about 69 km2
(25 mi ) and has a surface elevation of 3 to 12 m (10 to 40 feet) above sea
level with a gentle southeast dip. The formations from surface downwards
include Pliocene to Holocene sand and clay beds in the upper 760 m

(2500 feet), Miocene and Pliocene sands in ‘the next 1200 m (4000 feet), and
Oligocene and Miocene shales in the remaining 610 m (2000 feet) down to a
depth of about 2650 m (8700 feet) Underlying these formations are the
productive geopressured sediments, which might occur down to depths of about

4900 m (16 000 feet) The producing zones are underlain and overlain by thick

shales and vary in thickness from less than 3 to more than 60 m (10 to more

than 200 feet) The depth to the top of the geopressured zone varies from

2, 440 m to 3 050 m (8000—10 000 feet) Numerous faults with no surface

expressions exist in the field Relative fault movement is believed to be

'responsible for the generations of abnormal pressure zones by bringing shales

into contact with sands and thereby preventing the communication between upper

and lower aquifers (Miller et al., 1980b) Faults are also believed to act as

complete or partial barriers to the fluid flow (Gustavson and Kreitler, 1976)
Since the early 40 S the Chocolate Bayou field has produced more than

ol 1? standard cubic feet) of natural gas and

4,5x10 cubic meters (16 X 10
5. 6x106 m3 (35 million barrels) of oil respectively. Gas wells have
contributed an additional 6. 5x106 m (41 million barrels) of liquid |
hydrocarbons. Annual production of the field is shown in Figure 21. The
annual production of brine from the field is not shown in this figure, because

these data are not readily available (Grimsrud et al., 1978) The reinjection
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of brine sfnce 1965, for the Phillips Petroleum Company's we]ls;'is also shown
in this figore. This reinjectioh is believed to be about 10 percent of the
brine produced. As may be noted from this f1gure, brine is the predom1nant
liquid produced ‘at the field since 1965. Current total productlon of
hydrocarbons is less than 8x10 m (0.5 million barrels) per year and that

of brine is more than'4.8x105 m3 (3 mf]]ion barrefs) per year (Mil]er '

et al., 1980b; Grimsrud et al., 1978) Initial conditions of the reservo1r
vary w1th1n the field from one location to another. The produc1ng zones in
west Chocolate Bayou area are all normally pressured; in East Chocoiate’éayou,
both normally pressured and abnormally pressured zones are preseht} end in
South Chocolate Bayou all zones are abnormally pressured. Pressure versus
depth relationships in wells located west of the Chocolate Bayou area is shown
in Figure 22. Based on well logs, a temperature gradient of about 3°CI100 m
seems quite reasonable down to about 5000 m. Data presented by Bebout et al.
(1978) for a well from the South Chocolate Bayou field indicates thatrbottom
hole pressures had declined by 55 to 62 MPa (8000 to 9000 psi) duhing a |
ten-year period 1964 to 1974, although bottomhole temperatures remained fairly
stable at about 162°C (323°F). The reduction in the formation pressures is
expected to cause some land subsidence. In fact, bench mark K691 1ocated in
the Chocolate Bayou area has subsided .55 m (1.8 feet) since 1943

(Figure 23). Besides oil and gas production, ground water w1thdrawals and
tectonic movements are also considered as potential causes of th1s sub51dence
(Grimsrud et al., 1978). Groundwater w1thdrawals between 1943 and 1974 have
caused a subsidence of more than 2.13 m (7 feet) in the Houston-Galveston area
and are believed to be responsible for some subsidence in the Chocolate Bayou

area (M111er et al., 1980). Some estimates have been made on the component of

ChbcoleterBayou subsidence attributahle to groundwater pumpege; :1t has been



-

27

suggested that the subsidence of about 0.3 m:(1 foot) out of a total of .55 m
(1.8 feet) can be attributed to the groundwater withdrawal (Sandeen and
Wesselman, 1973; Grimsrud et al., 1978). It may be noted from Figure 23 that
the bench marks: P53 and M691 located in:the Chocolate Bayou field show a -
change of -slope in late 40's and early 60's. This increased subsidence can be
related»to'increaSed production of hydrocarbons as shown in Figure 21.

Another interesting point may also be noted in Figures 21 and 23 that although
the hydrocarbOn‘production’at the Chocolate Bayou field has been decreasing
sinceJ1964,’tHe average rate of subsidence from 1964 to 1973 was greater than
that from 1959 to 1964. This suggests either a lag-time of at least several

years between extraction of deep fluids and the appearance of subsidence

~effects. at the sdrface>or,a.transition of the sediments from a state of over

consolidation.to‘thatfdffnbnnal»consolidation.(Holzer,-1980). “No-surface
effects, such as\faulting, ground cracking, disruption of well casings,
damageSito‘structures,"etc.,fareireported‘in_thé Chocolate Bayou area due to
ground subsidence.

‘Summary of Field ObseryationSv :

’Theré isiclearffiéld'evidence from different parts of the world to confirm
that geothermal fluid extraction can cause to.vertical as well as horizontal
displacements at the land surface. These deformations, which can cause"
significant damage to property, often shpwtspec1fic5patterns,ofﬂvar1ations in
space;and‘in7t1me;¥1ndfcative'ofrcomplex,1n£eraction of physical phenomena.

Attwéirakeifin'New_Zea]and»a well-defined subsidence bowl, with'an:area of

2;»ha5fdevelopedrduefto~f1uid production, with a maximum -

about 1.5 km
vertical displaCementlin excess of 4.5 m.  Within this bowl, pronounced
horizontal displacements directed towards the center have also been observed

with a maximum magnftude of about 0.5 m. Spatially, the subsidence bowl is
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centered about 1.5 km ENE of the center of the main production area

(Figure 2), presumably controlled by peculiarities of local geology. The
annual rate of*vertical displacement also shows a significant relation to
time. An analysis of the subsidence at bench mark A97 in the SSW part of the
bowl suggests that the rate was about 4 cm/year between 1953 and 1962.  Around
1963 this rate underwent a marked increase and, between 1971 and 1974 had
attained a magnitude of about 15 cm/year. An examination of the pressure drop
at the same bench mark suggests that the marked change in the rate of
subsidence is indicative of a marked increase in the compressibiiity,of’the
material undergoing subsidence. Although recent studies indicate an increase
in the micro- and macroseismic activity in the Taupo fault belt area (which
passes to the West of the field in a northerly direction), it is difficult to
decide at present whether this increase is to be attributed to the
explditation activity or to natural tectonism.

The Broadlands field, New Zealand, also exhibits conclusive evidence of
subsidence associated with geothermal fluid production. Unlike at Wairakei,
the subsidence bowl at Broadlands is centered almost directly over the
production area, with a maximum displacement of the order of 0.2 m since the
mid 1960's. The field was almost completely shut down during August 1971 and
again during September 1974. Both these events were followed by a marked
decrease or even a reversal in the direction of ground displacement;s'Between.
1969-and 1972 the average rate of subsidence was of the order of 5 cm/year.
As at Wairakei, the horizontal movements at Broadlands are also directed
towards the center of the bowl, with maximum displacements of the order of
10 cm. Recent investigation indicate no noticeable seismic activities

attributable to geothérmal exploitations at Broadlands.
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Theiliquid-domjnated geotherma] field at Cerro Prieto, Mexico, has been
producing since 1973. Observations to date indicate that small vertical .
displacements, of the order of a few centimeters, have occurred over the field
sipce‘1977.,Vprgver,Athese:djsp]acements,cannot be conclusively attributed to
fluid‘prod0ctiop.<jltis probable that the ground deformations and seismicity
that have been measured recently in Cerro Prieto could be-attributed by
tectonic ;;tivity in thisrstructprally active part of the earth's crust.

The Geysers field in.Lake County, California constitutes an excellent
examp]ejqf_; yaporfdominateq)system. Relative to a 1973 datum, vertical .
movemen;svof.as m@ch“as‘13 cm _have been observed in The Geysers up until
1977. The maximum subsidence rate was about 4. cm/year between 1973-75 and
declined to about 2 cm/year near Power Plant 5-6. At the same time, a nearly
uniform uplift of about 2 cm occurred during 1975-77 was also observed in the
ESE part of the production area.. There is evidence that the areas of maximum
subsidence over the field are correlated with areas of maximum pressure drop.
Since 1969, spent condensate fluids haQe been reinjected into the formation

and provide pressurgﬁsupportltp,the;reservoir. A comparison of the

| preproduction seismicity,tqdﬁhat.gfgthe peak production period, 1975-77, shows
“that regional seismicity (magnitude >2) had increased from 25 to 47

_events/year. In addition, micro-earthquake activity is strongly clustered in

regions of prpquctipn_ang,injeqpion.

Another well known vapor dbminated system is the one in and around .
Larderello in Italy. Although this,field has been under production since
early 1350'5,‘n9(nptjceable subsidence has apparently occurred. A few
earthquakes,ofapproximate_magni;udev4 have been reported. No. data are

available on the micro-earthquake activity in this region.
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The geopressured geothermal systems of the Gulf Coast in Texas and
ALouisiana'are currently under exploration. As such, no case histories are now
available to evaluate their deformation behavior in response to fluid’
withdrawal.  Some clues to their possible behavior, however,rtahwbe obtained -
by studying the deep 0i1 and gas fields that have been exploited near the
exploration sites. In the Chocolate Bayou oil fields of Texas producing oil
and gas horizons are known between depths of 2650 and 4900 m (8700't6
16,000 feet). These zones may be either normally pressured or may be
geopressured. - Within the Chocolate Bayou area maximum subsidence of up to
0.55 m subsidence attributable to oil and gas production between 1944 and 1972
has been measured. It is believed that part of this'subsidence*touid be due
to shallow groundwater development.

PHYSICAL BASIS

As evidenced by field observations the important questions réquiring
consideration in analyzing subsidence due to geothermal fluid withdrawal are
as follows:

1. The nature of the size and the shape of the subsidence bowl.

Distributions of horizontal and vertical displacements.
2. The location of the subsidence bowl in relation to the location of the
area of fluid production. 7 |

3. The variations in the time-rate of subsidence as a function of time.

4. Differential subsidence.

5. Fault movement and induced seismicity, if any.

The fundamental sequence of events leading to land subs}dencé'iS'és
follows: (1) fluid withdrawal causes'reduction in fluid pressu}e:'(Z)'fluid
pressure reduction causes an increase in stresses on the rock matrix,

accompanied by a reduction in the reservoir bulk volume; (3) the reduction of
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reservoir volume leads to the generation_of a three dimensional displacement
field within the reservoir and some_deformetion may also be induced by
contractjons assooiatedleth.temperature dec]ines;:and (4) the reservoir
disp]aoements propagate to. the land surface to cause horizontal and vertical
ground d1splacements. Coe | . ‘ ‘ _

For purposes of analys1s, it 1s convenlent to d1stingu1sh between the
reservoir proper where the d1sp1acements originate, and the overburden through
which the reservoir djsp]aoementsgere merely transmitted. We shall define the
“reseryojr”,tokinc}udetthose portions}of;the system?from’which geothermal
fluids are drainedr(released fromistorage)ito compensate,for the fluids
removedfet the wells. Specifically, the reservoir includes the highly
permeable horizonsﬁ(the_aquifers) as well -as the slowly draining formations
(aguitards or caprooks). The overburden, on the other hand has little
hydraulic continuity with the reservoir. Thus, there is no dra1nage of fluid
from the overburden to make up. for the geothermal fluids exp101ted.

. The reservoir and the overburden basically. differ in the manner in which
they are subJect to loading and deformatlon. The reservoir is subjected to

loads or191nating)from withln,the pores (endogeneous loading)vwhereas the

overburden is subject to stresses or d1sp1acements 1mposed on its boundary

'(exogeneous loading). Stated differently, the reservo1r is subJect to drained

loading while,the overburden is subjectedftoiundralnedKIoading.,

In practice, it may be hard to definevthe exact‘location of the
reservoirfoyerburden tnterfece,_,Thisbounderyunilj obviously change its
disoosition?uithrtime, un}ess‘there‘existsefsharpfimpermeab]efcontact between
the two. :Neuertheless;,therelis reason(to suspect that results ofooverallv
analysis may not be very sehsitivefto{the uncertainties inherent in locating

this contact.
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‘Deformation of the Reservoir

In a geothermal reservoir deformation may occur due to mechanical as well
as thermal causes. Although a reasonable theoretical basis is currently
available to discuss mechanica]ly induced deformations, much remains to be
done to properly explain the complex interactions existing between thermal and
mechanical deformations that occur within a geothermal reservoir under
exploitation. | -

In the following discussions on reservoir deformation, we shall restrict
ourselves to subsidence caused by fluid withdrawal (that is, endogeneous
loading). The duration of reservoir exploitation is considered to be much
smaller than that over which tecton€c stresses change and hence, we will treat

the total stresses on the system to remain unchanged in time.

Mechanical Deformation: This phenomenon can perhaps be best explained by
considering an elemental volume of the reservoir and its response‘to an
imposed change of fluid mass at constant temperature. Such a chahge in fluid
mass is indeed induced when geothermal fluid is mined from the reservoir. The
mass of fluid contained in an arbitrary volume element is given by
M = vafo, where M is mass of fluid, V1is volume of voids,

pe is fluid density and Sf is fluid saturation. Consequently,
AMf = pfoAVv + VVSprf + vafASf 7 (1)

Of the three quantities on the right hand side of (1) the fﬁrst,'ﬁhith denotes
the component of aM; arising due to pore volume change, is the phenomenon
which is directly determines the magnitude of subsidence. The remaining two
terms, which govern the dynamics'of pore-fluid pressure change, indirectly

contribute to subsidence. Therefore, in so far as the mechanism of boré'



33

volume change 'is concerned, we may focus attention on the first term on the
right hand side of (1) Thus, only that term needs further con51deration. N
As already stated AV is caused by a reduction in the pore flu1d pressure
following removal of fluid mass.” In addition to the change in void volume one
has also to consider the change in the volume of the solid grains in ‘order to
evaluate the change 1n the bulk volume of the element Note,that it is the .
change in the bulk volume that controls sub51dence. The basic ideas of .
combining AV and AV (where v is volume of solids) to compute AV has

been discussed in detail by Skempton (1961) In accordance w1th Skempton S

'development we can show that when the total stress 1s constant that lS,

—— = - c4p ' (2)

- where ¢ is the compressibility under drained flow conditions in which external

stress is increased with no change in pore pressure gp), And:

AV :
Vo= CsAp N AT ,(3)'1

where Cg is the bulk compressiblity of the solids. As Justified N
lexperimentally (Skempton, 1961), the assumption inherent in (3) is that a "M )
medium subJected to the ‘same magnitude of internal fluid pressure and external}
stress will behave as if the entire medium was made up of the solids. Based,?
on the theory of elasticity, Nur and Byerlee (1971) prov1de a theoretical
justification for this. In (2) and (3) a reduction in volume is. associated

with a positiversign, Combining (2) and (3)
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¥ = - Cadp . S : (8) -

where a = (l-cS/c). Equation (2) peftains to volumechange solely due to
grain-grain slippage and (3) relates to volume change due to elastic
compression of the grains. 'ﬁhysiceily,'(4) implies that feilihg pore;pressure
will be accompan1ed by compactlon due to gra1n—gra1n s]1ppage and a d11at1on

due to the expans1on of the sol1ds. Usually c>c

s and hence gra1n-gra1n

slippage will dominate the deformat1on process.
Furthermore (2) 1mp11es that,for void vo]ume change and bulk volume
change, respectively, the'following c6nstitutive relations between effective

stress, o', and p are valid:
For void volume change:
Ac' = - Ap (5)

For bulk volume change:

cS
Aa'=-(1—c—-) Ap = - aAp (6)

When more than one fluid phaseris present in a geothermal syssem (e.qg.,
steam and water), the relation between change is f]uid bresshfe ahd cﬁange‘:
skeletal stresses becomes more cemb1ex than (6). Ndvbubiished wofk,rio our
knowledge, addresses this re]ationshib for a two-phase, steeam;ﬁater systeh.r
The somewhat analogous prob]em of deformat1on of soils part1a11y saturated by
water and part1a11y by air has been addressed exper1menta]]y by 5011 |

mechanicians. The discussions immediately below outline their f1nd1ngs. '
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B1shop (1955) suggested that (2) wou1d need to be mod1f1ed _Skempton

(1961) generalized Bishop's 1deas and proposedr for:a porous medium with a

water phase and an air phase,

o= 0P S ¢
where
P,-p
&ﬂfﬂq)aw (8)

Pw

in wh1ch p is the pressure in the water phase, Pa is the pressure in the

air phase and x 1s a parameter dependent on the cap1]1ary pressure

,(pa-pw) If one assumes g to be constant (4) 1mplies that (5) should be

modified to:
so' = -[Sep, +pes,l o (9
and (6) should be modified to

More recent work by Fredlund and Morgenstern (1976) suggests that X may be ”

dependent on o in add1tion to pa-p . It 1s 1mportant to take note of the

fact that the change 1n pore pressure 1n response to fluid drained will be
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governed by (2) The ap contro1led by (2) w1]1 then govern- the sol1d volume

change as in (3) or the bulk volume change as in (4)
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In view of the foregoing, we may express the rate of change of void volume

with reference to f1u1d pressure by ‘the relation,

AV

v vV Ag' Vv
ap,, YL ap,, =" Sx IvE (11)
where SX = SX *p, 5, . Noting that ¢ = -(AVVIV)(llsa ), we may
replace (11) by
AVV ,
-A?-— S cV (12)

Skempton (1961) presented data indicating that cS/c is very nearly zero in
almost all unconsolidated sediments. But ip rocks such as grenite and
quartzite it may attain values of 0.7 or more. Also, for tdily saturated
materials, §, = s)'( - 1.0.

Very little is known about the nature of the Y and Sx functions for steam
water systems at elevated temperatures, although one would suspect that a
steam-water system would obey an expression similar to (12).

Insofar as the phenomenon of fluid flow is concerned, it is the void
volume-change, a scalar quantity, that is of critical importance. However,
for purposes of subsidence analysis it is necessary to be abie'to'evaiuate the
vertical and lateral displacements that accompany bulk volume change. How
much of the horizontal disp]aceﬁent seen et the Tend}surfeEeiis'direetiy
related to hor1zontal d1sp1acements in the reservo1r is one of the 1mportant
quest1ons that needs resolut1on at the present time. |

One of the simplest methods of convert1ng volume change to d1sp1acement is
to assume that due to the large lateral d1mens1ons of geolog1c systems,

horizontal strains are essentially negligible and that all volume change is
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caised by vertical displacements. If so, the change in the vertical dimension
of a regular prism<of,crossectiona1,area;A-will be given by, ah = - (caap)h.
Whére h is the height of the prism. This 1§ the assumption of one-dimensional
consolidatingtheory, which has proven engineering va]idity'in many field
situations. In this case, ¢ is usually obtained by testing samples in aﬁ
oedometer or a device in which lateral strains are prevented...

For those field situations in which lateral strains may not be neglected,
the genera].three dimensional deformation field accompanyingivolume change has
to be considered. The boundary conditions obtaining in sdch systems cannot
generally be duplicated in the laboratory and hence it is not possible to,know
c'a»priori,;,Iq.this‘qase,_;hgnggﬁinvbplk volume is a function of linear
disp]aqements in different directions. For simplicity, if we consider a.
system with elastic, isotropic materials undergoing small strains, the change

1n.bu1k‘volume4ma¥ be related to directional displacements by the relation,
€ ,=,erx ¥ e,y "’»e RS RS : T e B SRR CoET (13)

where e, is the volumetric strain aV/V and<ex,”gy“and_ez are linear
strains in the direction of the coordinate axes. The task here is to evaluate

€ and ¢, based on the linear moduli of the material and the

x* €y
bpundzry conditions. In addition there'also(arjse distqrtions,of the
eleméqta[_vg]gmefin addition to displacements. . These distortions, caused by
shear forées, db not contribute to volume change. If we assume the porous .
medtum to be an elastic solid obeying Hooke S Law, then, three dimensiona]
strain components, ‘ij’ i= 1 2 3 can be related to the three-dimen51onal
stre§s cqmgonents oij,thrqughgthree}materlal prpper;yes, Young's modu]us,_

E, shear modulus G and Poisson's ratio, v (see for example, Popov, 1968). For
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purposes of analyzing three dimensional deformation, the effective stress
relations (5) and (6) may be generalized to (Garg and Nur, 1973): ~

Cis = Gsuo = 9

ij i3 7 x5ijPw : | o ‘§14)

for void volume change and

°5j ='aij - “stijpw (15)
for bulk volume change.

It is widely known from experience that the parameters governing volume
change, ¢ and E, are often strong functions of effective stress, in addition
to being dependent on the direction of the loading path and having.a memory of
past maximum loads. It is practically most expedient to treat these
complexities of behavior by imposing the elasticity assumption over small
ranges of stress increment. Accordingly we will restrict ourselves to the
assumption of linear elasticity.

Having considered the phenomenon of deformation of our elemental volume,
we now proceed to consider the forcing function that causes volume change. In
the present case, the forcing function is the withdrawal of fluid from a =
geothermal field and the consequent reduction in fluid storage. The task then
is to relate (12) to the dynamics of transient fluid flow in a défﬁFméble
porous medium. o

The single-equation approach: The simplest way to couple fluid flow and

deformation is to assume that the boundary condition controlling deformation

in the field can be reproduced in the laboratory (e.g., oedometer test) and
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that the compressibility of the porous medium is known. In this case, the

“entire problem may be represented by a singlefgoverniné'equation,

S ok 1T £, R

DWG)’;" ,V . T;‘(’DWQVZ vp, ) = mc ® R (15)
where G is the source/sink term, k is absolute permeability, u is viscosity,
pw'is fluid density, zris,elevation‘above'datum, g is acceleration due to
gravity,*pw'is fluid pressure, and m is a generalized storage

coefficient,

m. = o, ["chw + Swsxc +n dSw/dpw] (17)

where n is porosity and C is compressibility of water. When two phases are
present, an equation 51mi1ar to (16) has to be set up for the second phase.
The solution of the above equation(s) merely leads to the evaluation of the
bulk volume change. If one makes an assumption of the pattern of displacement
(e.g., zero horizontal displacement) one can ea51ly compute vertical
displacements in the reserv01r. Essentially such an assumption was used by
Helm (1975) in his one-dimenSiona] simulation of 1and subsidence., Narasimhan
and Witherspoon (1978) combined this one-dimen51ona1 deformation assumption in
conjunction with a}three dimensional fluid flow field. This asSumption is
perhaps realized within the low-permeability, high-storage aquitardS‘that:mey
exist in geothermal systems. If this assumption4is used, the horizontal
displacements observed at ‘the land surface will have to be explained solely in
terms;of the deformation of ‘the ‘overburden. Another limitation of the simple
equation approach is that the stress field evaluation is treated in a o
perfunctory manner; that is, only the change in mean principal stress or the

vertical stress is accounted for.
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The Coupled-Equation Approach. A more comprehensive solution of the

reservoir deformation problem requires that the physics of the problem be
described in terms of two coupled equations: one for fluid flow and the other
for porous medium deformation. These equations will have to bé reinfofced by
an energy transport equation in geothermal systems, as we shall see later. .
The coupled approach was originally propounded by Biot (1941) and later
revised by him in.1955. Biot's approach has since been applied exteﬁsively in
the fields of soil mechanics and rock mechanics (e.g., Sandhu and Wilson
(1969), In the general three dimensional situation we need to separate out
the change in void volume and the expansion of water in (16) and then rewrite

equation as,

' Y P ap
k ijhi Tw
03 * Topy -u-(pwgVZ * ) =», __%f:dl T ooyne, 3T (18)

where cij are the elements of the strain tensor and ‘ij is Kronecker

Delta. Also, the volumetric strain. Because the e.}'s

$13%ij = v ij
are unknown in (18), we need to solve a second equilibrium equation which

balances total loads. That is,

hﬂi.o | 19

where uij;denotes the total stress tensor and F, denotes body for‘c:'es.,i In
order to couple (18) and (19), we may express %3 in (19) in terms of €ij
and Py using appropriate consitutive, stress-strain laws. For an elastic

isotropic materiaI, %45 may bé,expressed as (Biot, 1941):
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°ij =T 44 T “ij“ki‘ki * “ijpw (20)
where E 1s Youngs modulus and v 1s Poxsson S ratio. The physical basis for
fluid flow in 2 deformable porous medium is prov1ded by (18) and (19) modified
by (20) These equations are subJect to appropriate initial conditions,

boundary conditions and sources.

Thermal Deformation' Although the phenomenon of thermal expan51on of

solid materials is extremely well known, the role of thermal expan51on in
relation to flu1d flow 1n deformable media has s0 far been treated only in a
simplisticwmanner’(see_for example,ﬂGoldernAssociates, 1980). In th1s_
approach the‘volume change due to temperature change is_explicitly added’to
the volume change due to pore pressure change. Invparticular, an increase in
temperature leads to an increase in the volume of the solid . Intuitively one
would expect that part of the solid volume expansion will tend to decrease the
pore volume while part of itewill,contribute;toran increase in the bulk
volume. Whether the ensuing decrease in pore volume will generate a_pore

pressure component or not will have to depend on the relative thermal

expansiVities of the solid and water. If we neglect these questions, the

| expan51on of the solids due to an 1ncrease 1n temperature will affect bulk

volume change in the same sense as a decrease in pore-fluid pressure. Thus,
if B is the coeffic1ent of thermal expan51on of the solids defined as
= 1/V (dV IdT), then the bulk volume change due to a 51multaneous

change of Ap and AT is (under conditions of constant c)

-ey- s = c(]_ -c—s) gpw‘f.:. '(1_'n') B"S~-AT~ R PO I (21)
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It is obvious that AT has to be obta1ned by solv1ng a separate energy balance
equation in addition to the f1u1d f]ow equation (19) and the force balance
equatlon (20). In recent years many papers have appeared in the 11terature on
the formulation of the energy ba]ance equatlon in s1ng]e phase and two-phase
system.  Notable among these are: Coats (1977), Garg et al. (1975), Mercer
and Faust (1979), Pinder (1979), and Witherspoon et al. (1977).

In summary then, a physicalfdesoription of the subsidence phenomenon
,accompanying geothernal fluid'exploitation invo1ves the simuitaneous
consideration of threeheoupiedfequations} “one for the conservation of fluid
mass; one for the maintenance of force balance and one for the maintenance of
energv'ba1anCe. These equations would need to be supplemented by appropriate
relations between pore pressure on:the one hand and skeletal streSSes on the
other as we11 as information on the compressibilities of the bulk medium and
the solids and the thermal expansivity of the solids.

OVERBURDEN DEFORMATION

The overall effect of the reservoir deformation is that its interface with
the overburden is deflected downward. In addition, points on this interface
may also be subjected to some horizontal displacements. In response to these
displacements on its bottom boundary, the overburden itself deforms, leading
to vertical as well as horizontal'diSplaeements at the land surface.

It is clear at the outset that the overburden deforms eséeﬁtia11y in an
undrained fashion. The deformation of the overburden is therefore governed by
a force balance equat1on such as (19), subJect to a prescr1bed d1sp]acement
boundary condition at the bottom and a zero stress, free surface boundary
condition at the top. Additionally, the overburden may be constrained by

other lateral boundaries such as faults and basin margins. The response of
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the overburden is largely governed by the ratio.of "its thickness to the radius
of the deformed region as well,as the properties of .the materials constituting
it. Where the thickness of the overburden'is=re1ative1y small compared to the
areal extent of deformation, the land subsidénce observed will almost be a
replica of the deformation pattern at the reservoir overburden interface.
However, -as: the thickness~increases; the displacements at the
reservoir-overburden interface may be modified and attenuated before reaching -
the land surface. - .

One of the intriguing:questions still unanswered codcerns;the nature of -
the mechanisms that cause horizontal displacements at the land surface; does
the horizontal displacement at the surface definitely imply significant
horizontal displacement in the reservoir? In principle it is conceivable that
horizontal,displacements.may“be:causédiat the:land surface simply because of
the elastic.overburden system responds to the curvature of the undeflying
subsidence bowl. SuChrhorizontal“displacémeﬁtS’could be-accounted for by
means of the force balance equation (19) already mentioned. However, Helm
(1982) has been investigating the!possible“importénce‘of horizontal "
deformations,originating within the reservoir by treating the solid grains as -~
constituting a viscous fluid. The chief\difficuTtyfin‘answering‘this question
is that no field data are presently available on the'variation of horizontal
displacements with depth within the overburden. Indeed, a recent'report“by’
0*'Rourke and Ranson (1979);1nd1cate5fthaﬁ not only -are instruments = =~ =
non—existentratipresent‘to;measurerhorizontal:displacements along a vertical
profile but -that suchiinstruments may:not'be~availab1e'in'the*foreseeable=f-
future.  Until sufficient field daté is forthcoming, all the hypotheses that

attempt to explain horizontal displacements will remain largely untested.
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ROLE OF FRACTURES

. Qur discussion of physical bases has so far centered exclusively on porous
materials. . Yet there is reason to believe that many geothermal reservoirs
(e.g., Wairakei, New Zealand, The‘Geysers,»U.S.) are dominated by fractures.
Additionally, the overburden may also be traversed by individual faults or a
system of faults. Despite these physical realities, incorporating fractures
into the physical basis is not easy. Fractures may control subsidence both at
microscopic level, in terms of microfracturing and development of secondary
porosity (Noble and Vonder Haar, 1980) or on a macroscopic scale in terms of
differential subsidence across major faults as has been noted at Long Beach,
California. In fractured reservoirs, fractures appear more to constitute
highly permeable channels of fluid flow rather than constituting storage.
Fractures may indirectly govern deformation by influencing the rate of fluid
transmission and discrete discontinuities may contribute to deformation by
acting aS failure planes. However, it is doubtful whether the deformation of
fractures themselves will contribute greatly to bulk volume changes in the
reservoir. Apart from this qualitative reasoning, very little quantitative
information is currently available in the literature to evaluate the role of
fractures in the subsidence process.

RANGE OF VALUES OF PARAMETERS
Because of the difficulties associated with the collection of undisturbed

samples from geothermal reservoirs and the difficulties associated with
measuring physical properties of rocks under simulated in situ conditions,
reliable data on physical properties relevant to geothermal subsidence are
very limited in extent. Within the last decade, the U.S. Department of Energy
has funded a few projects aimed at understanding the mechanism of subsidence

in hydrothermal systems as well as geopressureed geothermal systems. As part
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of this effort physical properties of core samples from the Wairakei reservoir
in New Zea]and,,East_Mesa reservoir of the Imperial Valley in California; the
Cerro Pr1eto geothermal system in Mexlco and the Pleasant Bayou exp]oratory
geopressured wel] 1n Texas have been measured Even ~among these, only the
East Mesa samples and the Cerro Prieto samples were subjected to elevated
temperetures:andfpressures, The ranges of ivalues, as evidenced by these
studies, are es{fo]lows, B

Wairakei, New Zealand: The_producing_formatjon at Wairakei is the Waiora

Formatjon,_whioh is a yo]canic tuff.,‘fhis is_overlain by the'HukayFalls_
Formation, a mudstone of lacustrine origin which in turn is overlain by the

Pumice zone. Both permeability and mechanical properties of cores from these

_formetions were measured?atkroom tempereture byrHendrickson (1976), - The

effeetive,porosieiesjofrthe aforesaid formations were as follows: Waiora,
35.6 to 41,6 peroenf, ﬂuka:Fa]]s, 39'to Qlfpercent anvaumioe, 48.8 percent.
The permeabiiity:of_tne\waioraFormationuwasvfoundito be in the
micro—darcy}rangevand_uas_found‘to be distinctly sensitive to effective
stress. In the_effective_stress range of 5 to 15 MPa, absolute permeability
of the wa1ora was found to decrease from 50 microdarcies (4. 93x10‘1?m2) to

about 10 microdarcies (9 86x10'18 2) On unloading, the permeability was

d1stin¢t)ywlowerrthan it was during:]oadjng._;A samp]erof the Huka Falls

formationvindicated,a permeability_of,63 microdarcies (6.22x10'17 2)

~ The bu]k compress1b11ity of the Naiora format1on was found to vary from |
3. 5x10‘1° to 2. 44x10'9Pa°1,,w1th compress1b11ty decreas1ng with
increasing confining Ppressure.. The compressib111ty of Huka Falls mudstone

.10

varied from 4.5x10 "™ to 1. 2x10'9Pa'1 The Pumice was found to be far

more compressible than the other .two rock types with compressibility varying
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from 3.45x10~2 to 3.13x1078Pa~}. " The Waiora rock indicated a linear

thermal expanéion'of'8.2x10'6m/m°K:ahd'specifit heat of about 0.18 cal/g°C.

 East Mesa, California and Cerro Prieto, Mexico: Recently, Schatz (1982)

studied the physical properties of cores from East Mesa and from Cerro Prieto
under elevated conditions of temperature and'pressufe and in thé:présence of
fluids similar in chemical composition to the reservoir fluids. In addition,
permeability and compressibility, Schatz also studied the créep'behavior of
the samples under elevated temperétdres:ahd pressures.

The observations, in regard to mechanical proberties,‘are summarized in
Tables 1 and 2. In all the tests, the Sampies were‘fifst carefully sﬁbjected
to confining pressures and pore fluid pressures expected at the appropriate
depth in the reservoir. Following this, the confining pressure was maintained
constant and the pore pressure was dropped by 6.9MPa (1000 psi) to simulated
pressure drop due to fluid production. The accompanying instantanéous strains
were then measured. The compressibilities given in Tables 1 and 2 are the
ratios of dbserved strains to the change in pore pressure. Both the East Mesa
samples and the Cerro Prieto samples clearly exhibited increased deformation,
when loaded beyond the preconsolidation stress 1eve1.v The rebound
compressibility variedvbetween 50 to 75 percent of the virgin
compressibility. Porosities of the rocks varied between 15 and 20 peréent,
these being functions of 1itho]dgy as well as depth. The rahges fn the |
compressibilities of rocks from both reservoirs are remarkably Simiiar,
varying between 6x10711 to 3x10'107Pa'1, depending on lithology and
conditions of testing. The uniaxial compréssibility is generallyrhighér’théni
the corresponding isotropic case. o ‘

In order to verify the assumption of the Terzaghi effective stress

concept, Schatz also conducted tests in which the confining pressure was
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increased‘by 6. QVMPaT(TOOO psi) rather than dropping'the pore‘pressurevby that
amount, after attaining Simulated reservoir conditions."He found that within
statistical limits the strains observed in either case were approximately
equal, suggesting that the concept of effective stress is indeed useful for“
geothermal reservoirs. - o

ConSidering the fact that hydrothermal systems are very active phySically

mand chemically, one should expect that the deformation of the system to any

imposed load would require time to equ11ibrate. Thus, compaction due to creep

or, in other words, the dependence of strains on time at constant loads could

be very important. Schatz (1982) addressed this issue experimentally as well
as theoretically using cores from East Mesa and Cerro Prieto. He also
monitored the chemical composition of the waters expelled during the creep
tests to decipher the phySico-chemical mechanisms accompanying creep.

The duration of the creep experiments varied from about a day to a maximum

'of about 9 days. The average long-term creep rate (over 4 days or more) was

-9 -9,

of the order of 1x10 sec -1, for East Mesa and 0 3x10 sec -1 for Cerro

‘Prieto. Because of experimental conSiderations, longer term creep tests were

not feaSible. The results suggest that creep rate tended to decrease WTth

increasing grain size and decrease WTth decreaSing porOSity.‘ Under elevated

) temperatures and pressures, pressure solution effects exert Significant

influence in creep. As a result less altered materials which are not yet
fully in equilibrium Wlth existing phySico-chemical conditions are likely to
creep more than already hydrothermally altered materials. For the 6 9 MPa

(1,000 psi) pore pressure reduction imposed in the experiments the observed

instantaneous compressibility was about 1. 5x10’mPa"1 (1x10 6pSi I)A

for the East Mesa and Cerro Prieto rocks._ Schatz (1982) estimates that

1

assuming a long-term creep rate of 1x10 sec the bulk strain could
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1ncrease by a factor of two in a day and by a factor of ten 1n about three
months over that suggested by the 1nstantaneous value.
During the creep tests, permeability measurements were also made on the

Cerro Prieto cores. The permeability at room temperature varied from 0.5 to

-16 14 2

14 5 millidarcies (4 9x10 to 1.4x10°

-15 2)

) Wlth an average of about 4
millidarcies (4x10 . Measured data indicate that temperature
increase from room temperature to 1so‘c as well as creep cause permeability to
change by a statistically 51gnif1cant 40 percent HoWever; permeability
'reduction merely due to pore pressure reduction was not 51gn1f1cant. There’is
a pOSSibility that pressure solution accompanying creep could selectively
close throats connecting ind1v1dual pores, thereby leading to permeability
reduction. 7 _ |

In regard to permeability values it must be empha51zed that effective
field permeabilities in the field are likely to be larger due to the presence
of interconnected macroscopic fractures and lithology changes, too large to be

manifest in the small cores tested in the laboratory.

Pleasant Bayou, Texas: The U.S. Department of Energy has drilled two

exploratory wells at Pleasant Bayou, Brazoria County, Texas. These wells
reached down to a depth of 4775 meters. Core samples from these wells have
beenrstudied’by Gray et al. (1979) in respect of instantaneousrCompressiblity
and permeability and by Thomson et al. (1979) for creep behavior. Allrthese
studies have been carried out under room temperatures. Little is known about
the p0551ble mechanical behavior of these materials under the observed |
reservoir temperatures of about 160°C (320 F).

Data from 25 different depth intervals between 4478 and 4775 m 1nd1cate
bulk" compre551b1l1t1es with pore pressure set up to atmosphereic varied from

4.4x10711 ~10p, bpsi~l)

to 5.1x10 (0 3x107° tor3.5x10 psi 7). Under
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conditions of elevated pore pressures, however, bulk compressibilities were

somewhat lower, varying from 2.9x10*1] to,3.6x10°T°Pa'].(0.2x10’6ato

2.5x10'6psi']). Gray et al. (1979) take this to be definitely indicative that:

the compressibility of grains cannot be ignored.  The uniaxial cdmpressibility

for these samp}eS;varied‘froma5.1x10711 to 2.2x10710pa"!

(0.35x107° to
1.5x]0'6p§i']).and the porosities varied from 2 to 20 percent. Gray et

al. (1979):report that all samples showed that deformation was stress-path

dependent and that the materials stiffened noticeably with increased effective

stress. Thompson et.al, (1979) studied the creep behavior of some of the

Pleasant Bayou core samp1e5~by‘holding,the~stresses:constant for up to a third

of a day and observing-the dependence of volumetric and distortional strains

as a function of time. They found that the volumetric behavior could be ~ °

treated as that of a modified .Kelvin body and that-distortional behavior could

be treated as that of -a Maxwell material. 'The implication in relation to
subsidence is thatlthe effective:long-termAcompressibilities will be much
larger than theﬁinstantaneous,:elastic;valués;vleading to slower pressure
declines and larger subsidence potential.. The permeabilities of the
sandstones from the geopressured,horizonsrvaried-from Z:fovloo millidarcies"

(2x107"5 to 1x107"%?)..

In summary, the compressibilities of geothermal rocks are of the order of

6 1

1.5x10%psi™', which is about one-third the compressibility of water.
Non-elastic.and time-dependent deformation (creep):is a'rule than the.. =

exception. There is reason to believe that pressure solution and'’
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reprecipitation effects may be significant in controlling creep behavior of -

geothermal rocks. The intergranular permeabilities of these rocks are in 1 to
100 millidarcy range and are significantly modified by temperature changes and

porosity changes.  The effeét of témperature-on:absolutezpermeability of
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unconsolidated Ottawa silica:-sand was investigated by Sageev et al. (1980).
They found that up to 300°F, absolute permeability did not depend on -
temperature. -
DATA SYNTHESIS AND PREDICTION
The ultimate objective of geothermal Subsidence analysis is-to forsee the

pattern and magnitude of subsidence for a given production strategy and then

to modify production strategies suitably or prepare for alternate ameliorative

measures ‘to minimize adverse consequencies of subsidence. Predictive models
used for this purpose vary widely in sophistication. Most of these models
have been developed in the fields of petroleum reservoir engineering and
hydrogeology. The simplest of these models is motivated by a need for
engineering solutions in the absence of even a minimum amount of required
field data. - At the other extreme, highly sophisticated models have been
developed within the past decade based on detailed theoretical
considerations. Presumably, these models can make detailed predictions; but
their important data requirements far exceed our ability to coi]ect
appropriate field dafa.

As already discussed under Physical Basis, the task of prediction entails
two aspects: the deformation of the reservoir and the deformation of the
overburden. Predictive algorithms could therefore be developed either

separately for each aspect or a single generalized algorithm could be

developed to handle both in a single frame work. Some of the a1gorithms“that *

have appeared in the literature under each of these categories are briefly
discussed below. | :

Reservoir Deformation Models

The simplest reservoir deformation models involves the direct application

of Terzaghi's one dimensional consideration theory, neglecting the effects of

&
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thermal contraction.  The key assumption here is that the reservoir is
compressed vertica]]y'over a wide area so that lateral-strains are
negligible. Such an assumption is likely to be realistic in those situations
where a)lpore pressures decline over a large area in a well-field involving

several -production wells or b) when water drains vertically from a low

-permeability high storage aquitard to the aquifer characterized by high
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permeability and “low storage over a large . area. The assumption is likely to

be unrealistic where pressure drawdowns are highly Tocalized -and strong
spatfal gradients in:.pressure drawdown exist.  For ‘the one-dimensional
approximation, the vertical deformation of a prism.of the reservoir material

can be computed by =

6H = - cmHsp' R A o (22)
Qhere*sﬂ is the changein the ‘prism height, cm~1s‘the'un1axia1 .
compressibility, H is the prism height and &p is the-change in.pore-fluid -
pressure. The simplicity of the expreSsion’enableS“it to be used either for
computing the ultimate deformation where p is the ultimate pressure change or
for computing,in a more genéral:fashiOn, the time-dependent variation of &H in
a transient system. In situations where poreyhfesSureé may ‘rise and fall, one
could account1forfn6n4recoverab1e or non-elastic compaction by using either
the normal consolidation value or the rebound value for Ce - Helm (1975) -

used this model with success to simulate the observed subsidence history ‘near

Pixley in the central:-valley of California over a ll-year period. ‘His model

has subsequently been used by the U.S. Geological Survey to analyze land
subsidence due to groundwater withdrawal in other parts of the United States.

Helm's approach consisted in modeling only the aquitard material as a
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one-dimensional, doubly-draining column, subject to prescribed time-dependent
variétions of fluid potentials at the bbundaries.

- The one-dimensional approximation of deformation-has been used in a more
general context by other workers. Following Narasimhan (1975), Lippmann
et al. (1977) developed an algorithm in which the one-dimensional: deformation
approximation is used in conjunction with a general three-dimensional field of
non-isothermal fluid flow. For computing fluid pressure changes, this
algorithm accounts for the temperature dependencies of fluid density and
viscosity -and:allows for variations of permeability in space or due to stress
changes. To the extent that the assumptions are appropriate, this algorithm
has the advantage of avoiding the need to solve the force ba]ancé'eQuation.f

Many numerical models have been proposed in the literature to simulate

geothermal reservoirs, neglecting a detailed consideration of pore volume
change in response to fluid withdrawal. The primary goal of these models is
to follow the evolution in time of the fluid pressure and temperature fields
(or equivalently, fluid density and internal energy fields) over the
reservoir. Among these simulators one should include the following: the
two-dimensional, areal, finite element model of Mercer et al. (1975); the
three-dimensional finite difference model of Pritchett et al. (1975);. the
vertically integrated, two dimensional, finite difference model of Faust and
Mercer (1979); and the three-dimensional, integrated finite difference model
of Coats (1977) and Pruess and Schroeder (1977).

--Although these models do not in themselves handle matrix deformation, they
could be readily coupled with an algorithm designed to solve the
stress-strains equation. A good example of such a cbupling is the work -of

Garg et al. (1976) in which they coupled their finite difference heat-mass
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transfer model with 'a 'two-dimensional finite element model for static
stress-strain-analysis.

Of ‘the algorithms mentioned above, those of Mércer et al. (1975) and
Lippménhﬂet al.(1977) are for single-phase liquid-dominated systems and the
rest are for two phase, water-steam systems., " |

| Overburden Deformation Models

The goal of overburden deformation models is to ignore the presence of
fluid in the system and to solve ‘the stress equilibrium equation over the
system. The”solﬂ%ibh'1tse1f'mayibe”tarried out with analytical techniques or
through the use of more general numerical models. '

Among the”ahélyticél1té¢hniq0es; two deserve special mention. One of
these is the nucleus of strains method, variants of which have been developed
by Gambolati (1972), Geertsma (1973) and others. Essentially these models
involVe'the'superpOSition'of‘theffundamehta1 exact solution of a uniform

pressure drop within a spherical region in an isotropic, homogeneous,;e1astic

half space. “The superposition enables the handling of irreguiarly shaped

regions. The?second?ana1ytical‘appfbach'involﬁéé*thé use of the more recent
Boundary Integral-Equation Method approach. In this approach, the required
solution for the steady state problem is found by integrating the product of
the boundary values and thé normal derivative of the appropriate Green's
function over ‘the surface bounding the domain of interest, using numerical

techniques;,—is B

Since the mid-1960's numerical methods, notably the finite element method,

have been successfully used to solve the problem of static equilibrium in a
loaded linear elastic continuum (Desai and Abel, 1972). Non-linear material
properties can be included in such models by an iterative process using

effective elastic modules. Pritchett et al. (1975) adapted such a model to
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simulate reservoir deformation and overburden response in a geothermal.
reservoir. Although not developed specifically for geothermal réservoirs,
several two- and three-dimensional finite element deformations models are
known frqm the»soil mechanics and the rock mechanics literaturesé(e.g., Sinha,
1979). These could be easily applied to simulate overburden deformation in
geothermal systems, provided that sufficient data is available to characterize
the subsidence.

, ~ Coupled Reservoir-Qverburden Models »

VJThevmost ;ophisticateq of all the approaches to modeling is,- undoubtedly, -
the fully coupled approach in which the fluid flow equation, the energy
transport equation and the force-balance equation are all simultaneously -
solved over the entire region extending from the land surface down to the base
of the reservoir. Although no such model is available for geothermal systems
(nor isrone apparently warranted due to lack of data), algorithms db,exist‘for
isothermal systems in which the fluid flow equation and the force balance
equation are simultaneously solved. Perhaps the earliest such model is. that
of Sandhu and Wilson (1969), which considers an elastic, fluid-saturated
medium in the light of Biot's (1941, 1955) theory. A more recent example of a
fully coupled model is that of Lewis and Schrefler (1978).

Comparison of Geothermal Subsidence Models
Recently, Miller et al. (1980b) carried out an in-depth comparison of a
set of typical mo&els available for simulating geothermal subsidenée, Their
study included reservoir models, deformation models as well as coupled |
models. In addition, to comparing the conceptual contents of the models, they
also solved typical problems with different models.
One of their major conclusions is that the lack of suitable data precludes

the need forkhighly sophisticated, fully coupled models. Indeed, in many -
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cases full coupling fidy increase cost more than it does accuracy. Depending
on the stage of actiVity;’eXploratidn,7drilling,ftesting and development,
model ‘sophistication shoﬁld be commensurate with ‘quality of field data.
Currently available reservoir and deformation models are conceptually adequate
to handle field problems in relation to the inaccuracies introduced by lack of
data. Miller et al. (1980) found that there is a greater need to have the
algorithms in readily usable forms than to develop newer and more
sophisticated models.

‘Some Simulation Results
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In their model calculation studies Miller et al. (1980b) applied models of

varying sophistication to simulate the observed subsidence at The Geysers in
California and at Wairakei in New Zealand. | '

For The Geyser simulatfon, they assumed the following parameters: «,
coefficient. of 1inear thermal expansion = 10~>ft/°C; K, bulk modulus of the
reservoir rock = 1.44x10™Spsf and a temperature versus pressure relation,

'4Ap where T is in degrees C and p is in psf. At the outset,

aT =9.31 x 10
they found that the thermal contraction at the Geysers may be over four times

as large as contraction due to decréasing pore pressure. A comparative study

of the :Boundary Integral Element Method, the Nucleus of Strains Method, and

simple, back-of-the envelope type of‘calculatiqns,’indiCated that a good ‘match

with field observation could be obtained with any of the methods using

appropriate assumption. = However, if one wantéd to-increase model certainty, a

major pfogram of field investigations would be essential,

The Miller et al. simulation of Wairakei subsidence was restricted purely
to- deformation:modeling; fluid flow was not considered. The required |
pressure-change profiles were obtained from Pritchett et al. (1978). The

methods used for simulation :included one-dimensional hand calculations,
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two-dimensional finite element calculations and three-dimensional nucleus of
strain calculations. Although the simulations yielded overall similarities
with several simulations, they could not match the pronounced localization of
the subsidence bowl at Wairakei. Miller et al. concluded that Wairakei
subsidence’was;dominated‘by inhomogeneity of pressure drops, strong
variabilities in the thickness of beds or pronounced variations in material
compressibility and that data was grossly inadequate to model these phenomena
accurately.

It is pertinent here to cite two recent attempts at simulating Wairakei
subsidgnce. Pritchett et al. (1980) have recently carried out detailed one
and two-dimensional simulations of the Wairakei geothermal field, using a -
two-phase non-isothermal numerical model. In their approach, the authors
start with the premise that 90 percent of the total reservoir compaction
occurs within the permeable Waiora formation. In addition, they also assumed
that a) the Waiora formation thickens towards the region of maximum subsidence
and b) the late-time subsidence of the Waiora's is about 15 times larger than
that at early times, apparently due to preconsolidation effects. Based on
their simulations they conclude that the subsidence bowl lies close to the
margin of the geothermal field and that local phenomena such as a seismic
slippage along preexisting faults control the offset location of the
subsidence bowl from the main production area. Based on available data and
parametric studies, Pritchett et al. (1980) feel that pore collapse cannot
adequately explain the peculiarities of Wairakei subsidence.

Narasimhan and Goyal (1979) carried out a preliminary three dimensional
analysis of a Wairakei-type idealized system to investigate whether the offset
of the subsidence bowl and the plastic deformation noticed in Wairakei could

be explained in terms of a leaky-aquifer-type situation with the Huka Falls
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mudstone acting as an-aquitard. By assuming variable aquitard thickness and
suitable preconsolidation stresses, they were able to show that the observed
patterns could indeed be simulated in space and time. As pointed out by
Pritchett et al., the compressibility values used by Narasimhan and Goyal were
effectively 6 to 12 times higher than what had been measured on a few core
samples from Wairakei. Although Narasimhan and Goyal did not carry out a
detailed analysis of the field data, their resuits did indicate that pore
collapse, in the context of heterogeneities and variation of material
compressibility doe$~h§véfa‘reasdﬁéb1e Chance'df_expla{ning’a major portion of
Wairakei subsidence. As pointed out by Pritchett et al. (1980), very little

subsurface data is available from the area of ‘the subsidence bowl to resolve

this question satisfactorily.

"< CONCLUDING REMARKS

That deformations of the land ‘surface (vertical displacements, horizontal
displacements, differential §ubsidehce)rm£y accompany geothermal fluid -
pfoduction'under favorable hyChoéebIOgicEI and ‘exploitation conditions is very
well documénted. ~Such deformations are induced by volume changes in the
geothermal reservoir caused by depletion of fluid stbhage‘aS‘welT'aé thermal
contraction. Conceptual models do éxiét‘étvfhe‘present time to explain the
phenomena ‘that ‘are “involved in the subsidence mechanisms. Compared to our
ability to collect field d&ta~to'chéfécterize7thé subsidence history as well
as the geologic system itself with adequate resolution, our conceptual models -
are exceedingly sbphisticated;‘-Even with thé'preéent‘tédﬁﬁological;"
revolution, the cost of collecting imput data to 'do justice to the resolution
of sophisticated mathematical models appears to be excessive. It is also

doubtful whether certain kinds of data such as the depth-wise change of
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stresses and horizontal displacements within the geologic system will ever
become available in sufficient detail in the near future.

Undgr the circumstances, the best course of action appears to be to
establish -an adequate surface and subsurface, deformation monitoring system,
so that meagurements are made continuously as the system evolves in time from
the exploration through the exploitation phase. There is a need'io develop
improved, economic measuring devices to measure deformations, especially as a
function of depth. Without this valuable data, most of our sophisticated
mathematical models will be practically useless, since they can never be
validated in a credible fashion.

Mathematical, predictive models have an important role to play. During
the early stages of development, when data is scarce, simple models can be
used to predict a range of consequences and help decide whether a particular
field could be developed in environmentally and economically acceptable
fashion. Models should grow with a field as the field evolves in time and
more and more data are accumulated. The status of modeling at present is such
that even with adequate data-base, only short-term predictions (over a period
of a few years) can be attempted.
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Table 1
Mechanical Properties of Reservoir Rocks from the East Mesa Geothermal Reservoir, California (from Schatz, 1982),
{Note: In all the tests external stresses were maintained constant and pore pressure discussed by ap). )
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‘ . Table 2
Mechanical Properties of Rocks from the Cerro Prieto Geotherma

(Note: In all the tests external stresses were mai

1 Reservoir, Mexico (from Schatz, 1982).

ntained constant and pore pressure discussed by ap).
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Figure 1.
Figure 2.
Figure 3.
Figure 4.
Figure 5.

Figure 6.

Figure 7.
Figure 8.

Figure 9.

Figure 10.
Figure 11.
Figure 12.
Figure 13.

Figure 14.

Location of the Wairakei geothermal field (from Mercer et al.,
1975).

Vertical displacements due to geothermal fluid withdrawal at
Wairakei, New Zealand, 1964-1975 (from Stillwell et al., 1975).
Horizontal displacements due to geothermal fluid withdrawal at

Wairakei, New Zealand, 1964—1§75 (after Stillwell et al., 1975).

Relation between reservoir pressure drop and subsidence at

Wairakei, New Zealand (ffom Pritchett et al., 1976).

Locations of wells and résistivity boundary,at the'géothermal field
at Broadlands, New Zealand; | | '

Subsidehce at the Broadlands geothermal field between May 1968 and
March 1974. Contour values are in mm. (from Ministry of Works and
Development, 1977).

Relation between reservoir pressure drop and subsidence at
Broadlands, New Zealand, 1969-1973.

Observed horizontal displacements at the Broadiands geothermal
field, New Zealand, 1968-1974 (from Stilwell et al., 1975).
Location of the Cerro Prieto geothermal field, Mexico.

Location of major faults and wells, Cerro Prieto geothermal field,
Mexico (from Lippmann and Manon, 1980).

The Geysers geothermal field, Lake County, California.

Vertical displacement field, 1973 to 1977, The Geysers,
California. Circles denote areas 6f steam broduction supporting
the power plant at the center (from Grimsrud et al., 1978).
Vertical diéplacements along section A-A’, the'Geyser‘area,
California relative to 1973 (from Lofgren, 1978).

Profiles of reservoir pressure drop and subsidence along section

AA* of Figure 12, The Geyser area, California'(from Lofgren, 1978).



Figure 15. Location map of the Larderello geothermal field, Italy (from
' Atkinson et al., 1977). N B
Figﬁré 16. Geologic map and cross section of the Larderello geothermal field
* (from ENEL, 1976).
Figure 17. Production history 9f\we]],85 and the Fabianf well, Larderello,
| Italy (from ENEL, 1576).
Figﬁre 18..Spatia1 pressure distribution, Serrazano area, Larderello, Italy
during 1970. Contour values are in kg/cm2 (from Celati et al.,
1976). | | -
Figure 19. Location and depth ofﬁoccurrence of the geopressured zone in the
: northern Gulf of Mekféblﬁa$5h (ffbm Wallace, i979). |
Figﬁre 20. Chocolate Bayou:loéation‘map‘(from Grimsrud et al., 1978).
Fngre 21. History of fluid productidn and injectiqn, Chocolate Bayou Area,
: Texas (from Grimsrud et al.,\1978);ﬁv o
Figﬁre 22;“Subsu}fdce7f101d‘presSure gradient§ from Qel]s in the Austin Bayou
' area,fsikm SW of thocolate Bayou area (fromeeboutjét a1., 1978).
Figdre 23; Véfficai;displacements individual bench marks in the Chocolate

Bayou area (from Grimsrud et al., 1978).
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Figure 1. Location of the Wairakei geothermal field (from Mercer et al.,
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