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ABSTRACT 

TFie Raft River valley, near the boundary of the Snake 
River plain with the Basin and Range province, is a north-
trending late Cenozoic downwarp bounded by faults on the 
west, south, and east. Pleistocene alluvium and Miocene-
Pliocene tuffaceous sediments, conglomerate, and felsic 
volcanic rocks aggregate 2 km in thickness. Large gravity, 
magnetic, and total field resistivity highs probably indicate 
a buried igneous mass that is too old to serve as a heat 
source. Differing seismic velocities relate to known or 
inferred structures and to a suspected shallow zone of warm 
waler. Resistivity anomalies reflect differences of both 
composition and degree of alteration of Cenozoic rocks. 
Resistivity soundings show a 2 to 5 ohm-m unit with a 
thickness of I km beneath a large part of the valley, and 
the unit may indicate partly hot water and partly clayey 
sediments. Observed self-potential anomalies are believed 
lo indicate zones where warm water rises toward the surface. 

Boiling wells al Bridge, Idaho are near the intersection 
of north-northeast normal faults which have moved as 
recently as the late (?) Pleistocene, and an east-northeast 
structure, probably a right-lateral fault. Deep circulation 
of ground water in this region of relatively high heat flow 
and upwelling along faults is the probable cause of the 
thermal anomaly. 

INTRODUCTION 

A flow of about 2(X)0 l/min of water at bottomhole 
temperatures of I47°C has been produced from a 1526-m-
decp well completed inthe Raft River valley, southern Idaho, 
early in 1975. The well was drilled after an integrated 
geologic, geophysical, and hydrologic exploration program 
begun a year and a half earlier by the U.S. Geological 
Survey (USGS) in cooperation with the Energy Research 
and Development Administration (ERDA). Drilling of addi
tional wells is now (May 1975) in progress. 

The southern Raft River valley near Bridge, Idaho (Fig. 
I), was designated a Known Geothermal Resource Area 
(KGRA) in 1971 by the USGS (Godwin et al.. 1971) on 
the basis of two shallow wells—Bridge and Crank—that 
flow boiling water (Fig. 2). The boiling wells and geochemical 
thermometry suggesting temperatures of about I.50°C at 

depth had sparked ERDA's interest in the area as a potential 
site for an experimental binary-fluid geothermal power plant. 
The USGS studies were undertaken to provide a scientific 
framework for evaluation of the resource and to test the 
applicability of various geophysical and geologic techniques 
to the study of geothermal resources, and to aid in siting 
test wells. 

The Raft River valley is part of an area mapped geologically 
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Figure 1. Map of the Raft River valley region, Idaho and 
Utah, showing major faults (bar and ball on downthrown 
side; arrows indicate relative direction of movement) and 

anitclines (|im Sage Mountains only). 
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Figure 2. Geologic and gravitational features of the southern Raft River valley, teff, area map showing Bouguer gravity iS^I 
units in the area map and the cross section and a key tOw;.^^ 
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in reconnaissance by A. L. Anderson (1931). Ground-water 
studies by lhe USGS have been carried out over a period 
of four decades (Stearns, Crandall, and Steward, 19.̂ 8; Nacc 
el al.. 1961; Mundorff and Si.sco, 196.1; and al.so Walker 
el al.. 1970. in cooperation with the Idaho Department of 
Water Administration). Geochemistry of the water from the 
Bridge and Crank wells is described by Young and Mitchell 
(1973). 

SURFACE MANIFESTATIONS AND EXPLORATION 

The presence of a geothermal reservoir in the southern 
Raft River valley is evident in only a few places. There 
is a warm seep (38°C) near Intermediate depth well (Int) 
in The Narrows (Fig. 2), and altered alluvium around the 
Bridge well marks the site of a former hot spring. Total 
dissolved solids in water from the Bridge and Crank wells 
are 1720 and 3360 ppm, respectively; aquifer temperatures 
inferred from the silica and Na-K-Ca geothermometers 
(Young and Mitchell, 1973) are nearly the same as the 
maximum temperature (I47°C) measured in the first deep 
exploration well, RRGE I. There are no tufa or sinter 
mounds. Gray Tertiary tuffaceous sediments are altered to 
light green and locally weather to yellow; accumulations 
of chalcedony locally are present. Lava and flow breccia 
exposed in The Narrows are altered from black and brown 
to yellow alongfaults and fractures, but plagioclase feldspars 
remain fresh. The green and yellow colors probably indicate 
formation of montmorillonitic clays, proving definite but 
weak and nonpervasive hydrothermal alteration (C. R. 
Nichols, oral commun., 1974). 

The limits of the geothermal reservoir remain undefined. 
Warm water flows from several irrigation wells throughout 
the Raft River valley, and temperatures of 70°C were 
measured on the surface in water leaking from a completed 
but nonproductive oil test drilled near Malta (Fig. 1). Water 
temperatures of 60 and 38°C, respectively, were measured 
in wells northeast of Albion and near Almo (Fig. I); (Young 
and Mitchell, 1973). 

Initial shallow drilling was begun by the USGS coopera
tively with ERDA in 1974 to determine temperatures and 
flow in the shallow aquifer. A total of 32 auger holes were 
drilled to depths of about 30 m in and near the Raft River 
flood plain between Bridge and The Narrows. An offset 
to the Bridge well was drilled to a depth of 123 m. In 
1974 and early 1975, five core holes were drilled in coopera
tion with Idaho Department of Water Administration to 
intermediate depths of 76 to 434 m to test hydrological, 
geophysical, and geologic models; the deepest of these. No. 
3, encountered water at 90°C near the bottom. The first 
deep hole. Raft River Geothermal Exploration (RRGE) I, 
was drilled by a commercial contractor for ERDA, and 
was completed early in April 1975 to a depth of 1526 m. 
The Bridge fault zone was intersected between 1240 and 
1300 m, and yielded a flow of about 40 1/sec at subsurface 
temperatures of 140 to I47°C. Cuttings from oil tests near 
Malta, Naf, and Strevell (Fig. 1) also yielded valuable 
information on the geology of the basin. 

GEOLOGIC SETTING 

The lower Raft River valley in southern Idaho lies in 
a north-trending basin both warped and downfaulted in late 
Cenozoic time. The basin is in the northern part of the 

Basin and Range province near its boundary with the Snake .^ 
River plain. About 60 km long and 20 to 24 km wide, with -̂
an average surface elevation of 1400 m, the basin is filled^ 
with Cenozoic .sediments to an inferred depth of 1800 t o i 
2(XX) m. The Raft River flows northward through the basin, 
which opens onto the Snake River plain. North of the Raft *| 
River basin is the prominent Great Rift system of open-
fractures in very young basalt flows that extends northward ' 
.50 km to Craters of the Moon National Monument. The.l 

'n 

basin is flanked on the west, east, and south by mountain^ 
ranges made up of Tertiary, Paleozoic, and Precambrian! 
rocks, respectively. On the east are the Sublett Range (higher'*J 
elevations about 2000 m) and the Black Pine Mountains^ 
(2900 m) consisting mainly of faulted Pennsylvanian and^ 
Permian sedimentary rocks (R. L. Armstrong and J. F. Smith,! 
Jr., oral commun., 1974). On the west, the Cotterel andl] 
Jim Sage Mountains (2500 m), formerly grouped as lhei | 
Malta Range, are made up of Tertiary rhyolites and tuffa-;-| 
ceous sediments, which in the Jim Sage Mountains define' 
a broken antiform structure, as first noted by Martin Pruatt'l 
(oral commun., 1973). Directly to the west of the Cotterel-;-
and Jim Sage Mountains, and separated from them by a Ŝ 
narrow fault valley, lie the Albion Mountains (3000 m)^:^ 
Rising southward from the basin are the Raft River Moun
tains (3000 m), one of the few east-trending mountain ranges/; 
in the North American Cordillera. The Albion and Raftĵ  
River Mountains expose gneiss-dome complexes of Precam-| 
brian (2.4 billion years) adamellite (quartz monzonite) mzn-i 
tied by Precambrian and lower Paleozoic metasedimentary* 
rocks and by allochthonous upper Paleozoic sedimentary^ 
rocks (Felix, 19.56; Armstrong, 1968; Compton, 1972). Drill< 
data are demonstrating that the metamorphic complex di - | 
rectly underlies extensive parts of the Cenozoic fill of the^ 
Raft River basin. Borehole cuttings from the Malta and!̂  
Strevell oil tests indicate the presence of metamorphic units'^ 
resembling those in the Raft River Mountains, and, not 
thick succession of unmetamorphosed Paleozoic rocks that| 
would have been inferred from outcrops. 

Rock units and surficial deposits recognized in the south-;; 
ern Raff River basin and adjacent ranges are summarized.^ 
in Table I. Pre-Tertiary units are those described by Compto 
(1972); most of these units do not crop out in the mappedj 
area (Fig. 2). 

GEOPHYSICAL STUDIES 

Gravity Measurements 

Gravity stations were established at 330 points in 
area of Figure 2. The data were reduced to the complete 
Bouguer anomaly assuming a density of 2.45 g/cm^. The'j 
procedures used were designed to produce Bouguer anomaly;, 
values accurate to 0.2 mgal (milligal) except in areas of"i 
high local topographic relief where the uncertainty in the; 
terrain correction may be as large as 0.4 mgal. The gravity' 
map of the region (Mabey and Wilson, 1973) shows a series ; 
of lows along the entire course of the Raft River; the low:^ 
in fhe southern Raft River basin is one of these. Bouguer}^ 
anomalies rise toward highs over the Black Pine and Raft 
River Mountains and a high centered over the alluvium-;i 
south of Sheep Mountain in the eastern Jim Sage Mountains.-
The gravity low is produced mostly by the density contrast^ 
between the Cenozoic sedimentary and volcanic rocksij 
calculated from the data to be about 2 km thick, and 
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Table T. Rock units and surficial deposils of Ihe soulhern Rad River basin and adjaceni ranges. Letter symbols refer lo 
map units in Figure 2. 

Age D e s c r i p i i o n 

fjualernary 
Holocene and 

Plcislocene 

Pleislocene 
TiTliafy 

pliocene and 
Miocene (0 

Pliocene and 
Miocene 

Permian and 
Pennsylvanian 

Pennsylvanian and 
Mississippian 

Ordovician 

Cambrian (?) 

Precambrian (?) 

Precambrian 

Alluvial and eolian sill (Qs), Al luvium of major drain.igc (Qa) 
Fan al luvium: Coarse lo fine, moderalely well-soned suhangular gravel on ptcdmoni slopes. Young gravels (Qfy) deposited during 

lasl pluvial episode; middle gravels (Qfm) de|X>sile<l during lasl 2 or 3 pluvial episodes; old gravels (Qfo) older Ihan third oldesl 
pluvial episcKle; age of undivided gravels (Qf) was nol determined, 

• Raft Formalion: Sarwl, gravel, sill arid clay beneath Rafi River Valley (Fig. 21 

Volcanic domes (Td). Extrusive and shallow inlrusive glassy and l i lhoidal rhyolite domes coniaining plagioclase pherxx:rysls al and 
norlh of Sheep Mountain, al Round Mountain, and along soulh edge o l map area. Radiometric ages are: Sheep Mountain dome, 
7.8 £ I. l m.y. (zircon fission-track, C. W. Naeser, U.S.G.S.) and 8.42 ± 0.20 m.y. (K-Ar feldspar, ). D, Obradovich, U.S.G.S.); 
Round Mountain dome. 8.3 ± 1.7 m.y. (zircon lission-lrack, C. W. Naeser). 

Welded luff (Twt), Thin glassy rhyolite ash-flow luff on Cedar Knoll, and in A^^lia and Nal wells. Radiometric age. 7.0 = 2.0 m.y. 
(zircon lission-lrack, C. W. Naeser). Intercalated in upper member o l Salt Lake Formation. 

Salt Lake Formalion, Total thickness, aboul 1600 m. In weslern part o l basin, divided by volcanic member al )im Sage Mountain 
into upper and lower members, Tuffaceous sandstone, siltstone and conglomerate. In RRGE 1, the upper 670 m is light-green 
and gray tuffaceous sandstone and siltstone and coarse-grained sandstone and conglomerate; the lower 570 m is light-green txjdded 
luff, tuffaceous siltstone and sandstone, and tan calcareous siltstone and laminated shale. In Ihe Naf wel l , Ihe upper 1(X)0 m 
is dominantly gray and Ian tuffaceous sandstone and siltstone; the lower 260 m is mostly conglomerate and sandstone. 

Upper member (Tsu); Cray arwf light-green luff, tuffaceous sandstone and siltstone, and bull and gray conglomerate. 
Volcanic member al )im Sage Mountain: Consists o l rhyolite flows (Tsj), divided inlo upper (Tsju) and lower (Tsjl) units where 

separated by a vitrophyre breccia unil (Tsjb). Flows 1 lo 50 m ihick o l black glassy and red-brown porphyritic-aphanilic calc-alkali 
rhyolite coniaining phencKrysIS of oligoclase-andesine and pigeonite; upper unil has normal magnetic polarity; mosl flows in lower 
uni l are magnetically reversed. Vitrophyre breccia unil consists o l black glass clasis a lew centimeters lo 2 m in diameter in 
a yellow and orange matrix of hydrated glass; rare tongues o l glassy lava have reversed magnetic polarity; unit replaced laterally 
by bedded tuff in soulhern )im Sage Mountains. Radiometric dates on upper flow uni l : 9.2 - 0.5 m.y. (K-Ar whole rock, Armstrong, 
Leeman, and Malde, 1975); 9.4 ± 1.6 m.y. (zircon fission-irack, C. W/- Naeser), 

Lowef member (Tsl): Gray and whi le, thin-bedded lo massive, lu l l and tuffaceous sandstone, whi le lo light-green shale and siltstone, 
and sparse beds of fine-grained conglomerate. 

Oquirrh Formation: Oark-gray sandy limestone and calcareous sandstone 

"Manning Canyon (?) Shale: Dark-gray phyllite 
•Fish Haven (?) CJolomile: Gray and cream<olored metamorphosed dolomiie 
• Eureka (?) Quartzi le: White melaquartzite 
Pogonip (?) Group, Undivided: Tan-wealhering impure marble 
• Schist of Mahogany Peaks: Dark-brown biotile-muscoviie schist 
•Quartzi le of Clarks Basin: Quartzite w i lh ihin muscovile-biolite schist interbeds 
•Schist of Stevens Springs: Fine-grained muscovite-quartz schist and graphite phyllite 
•Quartzi le of Yost: Whi le, locally green, muscovilic and hemalitic quartzite 
•Schist of upper Narrows: Dark-brown bioiite quarlzofeldspathic schist and gneiss; occurs in RRGE 1 from 1390 to 1433 m 
•Elba Quartzi le: White to pale-tan muscovilic quartzile. Occurs in RRGE 1 at 1433 to 1518 m 
•Older schist: Brown mica schist 
•Adamell i te: Bodies of massive and gneissic porphyritic adamellite; in part intrusive into Precambrian (?) metamorphic rocks and 

in part older than ihose rocks. Forms gneiss domes in western Raft River Range and Albion Range. Occurs in RRGE 1 below 
1 5 1 8 m 

' Unit dcjes nol crop out in map area, but is present ih nearby area and /o r in subsurface. 

more dense pre-Cenozoic "basement" rocks. Relatively 
small variations in the gravity field superimposed on the 
large low may reflect mass anomalies within the Cenozoic 
rocks or within the basement rocks. 

Aeromagnetic Data 

An aeromagnetic survey of part of the area was flown 
with north-south flight lines 800 m apart and 1800 m above 
sea level. The magnetic data are shown as a residual map 
in Figure 3. On the east side of the Jim Sage Mountains 
the magnetic anomalies correlate with the mapped distribu
tion of volcanic rocks. Major highs and lows are associated 
with normally and reversely magnetized units. A general 
correlation between magnetic intensity and the gravity high 
south of Sheep Mountain suggests that the basement rock 
is slightly magnetic. The absence of large magnetic anomalies 
within the area of the major gravity low suggests that volcanic 
rock is not a major part of the basin fill. Two elongate 
magnetic highs south and east of Sheep Mountain may be 
produced either by volcanic rocks or by magnetic units 
within the basement rocks. 

Seismic Refraction Measurements 

Seismic refraction spreads were obtained in an area 
extending from the large gravity low in the central part 
of the Raft River valley (Fig. 4) southwestward into The 
Narrows and westward from the low, across alluvial fans 
east of the Jim Sage Mountains. All spreads were shot from 
both directions, but complete reverse basement coverage 
was obtained on only part of the spreads. 

Three major velocity units were mapped: 5.2 to 6.7 km/sec 
for the pre-Tertiary basement rocks, about 4 km/sec for 
Tertiary volcanic rocks, and less than 4 km/sec for Tertiary 
sedimentary rocks. 

Three areas of different seismic velocities that correlate 
well with geologic and topographic features were defined 
in the Cenozoic rocks. One area is confined largely to the 
central part of the valley, but it also extends lower parts 
of the alluvial fans. In most places the velocity sections 
are typical of those expected from a basin, containing a 
thick succession of poorly consolidated sediments. The 
second area is confined to the alluvial fans. Velocities in 
the range expected for lava flows (higher than those encoun
tered at comparable depth in the first area) occur at depths 
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Figure 3. Aeromagnetic map of thesouthern Raft River valley. 
Contour interval 100 gammas. 

less than 400 m. The third area is in and near The Narrows 
where high-velocity rocks (volcanics) are near the surface. 

A typical velocity regime for water-saturated unconsoli
dated or partly consolidated basin fill is a gradual velocity 
increase with depth from about 1.5 to 2.5 km/sec. Much 
of the valley area is underlain by rocks of these velocities; 
nowhere do interpreted velocities exceed 3.0 km/sec. From 

the Bridge fault to The Narrows in a strip about 1.5 km 
wide, layers with 2.5 km/sec velocities are within a few 
tens of meters below the surface, suggesting hydrothermal 
induration of the sediments. 

Basement velocities vary between approximately 5.2 and 
6.7 km/sec, probably indicating lithologic differences or 
local fracturing. 

Audiomagnetotelluric Soundings 

Sixty-eight audiomagnetotelluric (AMT) sounding stations 
were occupied in the southern Raft River valley. At each 
station two soundings were made, one for a north-south 
and the other for an east-west orientation of the telluric 
line. Scalar resistivities were calculated at each of 10 
frequencies in the range 8 to 18600 Hz to define the sounding 
curves, and maps were prepared for several of the frequen
cies to delineate areas of anomalous conductivity. The station 
spacing of 2 to 3 km defines only the gross conductivity 
variations in the area. 

Figure 5 shows two AMT apparent-resistivity maps made 
at 26 Hz for each orientation of the telluric line. Differences 
in the maps reflect the presence of lateral resistivity varia
fions near the sounding site. The range in apparent resistivity 
values is from about 2 to 200 ohm-m at 26 Hz. The skin 
depths (which are the approximate exploration depth) for 
these resistivities at 26 Hz are 140 to 1400 m. 

Examination of the rwo AMT maps shows that the most 
prominent resistivity h i ^ is just east of The Narrows. This 
correlates with a north-trending structural high seen on the 
gravity map and a correlative high in the total field data. 
The differences in apparent resistivity between the two 
orientations indicate that the edge of the body was close 
to the station, and together with the gravity anomaly imply 
a narrow body. Fair correlation is evident between the AMT 
high and the gravity high near Sheep Mountain. The largest 
AMT low, in the vicinity of the hot wells, is defined by 
the I4-ohm-m contour. 

VELOCITY 

< 2.S limAec 

I 2.5-3.0 kmAec 

[̂ ^ :̂f;'?-̂ j| 3.0-3.5 km/iec 

j i i igl 3>S-3.e ktnAec 

•:-:':-:':^ 4.2-4.6 i.m/ti«c 

': '}.'•'•'.] 5t2- 6.7 km/sec 

Figure 4. Seismic profiles of the southern Raft River valley. 
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Figure 5. Audiomagnetotelluric apparent-resistivity maps of the southern Raff River valley. Resistivity contours shown are 
a logarithmic interval in ohm-meters. 

D i rec t -Cur ren t Resistivity Survey 

A bipole-dipole total field resistivity survey consisting 
of 269 total field stations occupied about a current bipole 
3.22 km long. At each station the potential differences were 
recorded between three potential electrodes ( M , N, and 
N') placed at the corners of a triangle and the electric f ield 
components were calculated f rom the approximations. 

E = 
M N 

P = 
M N ' N N ' 

These three components were added vectorially, using polar 
plots, to obtain the direction and the magnitude of the total 
electric field E.J.. The lengths of the sides of the measured 
triangle ranged roughly f rom 30 to l(X) m. Electric currents 
in the range of 40 to 60 A were provided from a 40-kVA 
Iruck-mounted generator, and the differences in potential 
at the field stations were measured on potentiometric chart 
recorders. 

Figure 6 shows the normalized (or reduced) apparent-re
sistivity map which is obtained by calculating the ratio 
between the observed and theoretical apparent resistivities 
for horizontal layering beneath the center of the current 
bipole (Zohdy, 1973; Zohdy and Stanley, 1974). In general, 
areas outlined by values greater than unity indicate that 
Ihe section contains more resistive materials or that basement 
rocks are shallower than at a sounding made at the current 
bipole, or both. Conversely, areas outlined by contour values 
less than unity designate the opposite. It should be noted, 
however, that false lows and highs may be caused by the 

0 ^H-i* I I Q i t a l t r n o i f d c p o f i l t 

f r?? r i T t i l i o r r 'OCkl 

n n n n P r « - T i r l i o r , r ock i 

Figure 6. Normalized bipole-dipole resistivity map of the 
southern Raft River valley. Resistivity contours shown are a 

logarithmic interval in ohm-meters. 
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Figure 7. Resistivity profiles of the southern Raft River valley 

presence of steeply dipping faults separating media of large 
differences in resistivity. 

Seventy-nine symmetric Schlumberger soundings were 
made. The maximum electrode spacing (AB/2) for most 
soundings ranged from AB/2 = 914 m (3000 ft) to Ae/2 = 

ULIJ iirrw Jd 
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Figure 8. Self-potential map of part of the southern Raft River 
valley. 

3660 m (12000 ft). All the soundings were automatically 
processed and interpreted (Zohdy, 1974a, 1975; Zohdy,,,K^^jj 
Jackson, and Bisdorf, 1975) using a DEC-10 digital computer 
and a Hewlett Packard 7203A graphic plotter. Equivalent 
solutions to the automatically obtained ones were derived 
by adjusting the corresponding D. Z. (Dar Zarrouk) curves •• 
(Zohdy, 1974b). v.^! 

Figure 7 shows two resistivity sections based on somej 
of these soundings. The high-resistivity material (>803 
ohm-m) underlying most of the section is pre-Cenozoic; 
basement rock. Resistivities between 20 and 80 ohm-m 
probably reflect volcanic rock or coarse clastic sediments!̂ ^ 
Resistivities below 20 ohmm are probably finer-grained^ 
sediments. In the middle part of both sections is a low-re^ 
sistivity layer (3 to 8 ohmm) in the Salt Lake formatio^ 
with an average thickness of about 1 km. Drilling data'̂  
indicate that this layer is fine grained, consisting of silt] 
and clay, and is weakly hydrothermally altered. 'H 

Self-Potential Measurements 

A self-potential (SP) survey was made in the area bf̂  
known hot wells and warm seeps, from The Narrows to^ 
the vicinity of Bridge. The SP map (Fig. 8) was made with] 
an electrode spacing of 500 m and so does not define"; 
short-wavelength anomalies. No large-amplitude anomalies]̂  
were found; the maximum observed was about 60 mV, and 
anomalies are in part masked by topographic effects seen!-
as more negative potentials as one goes higher up thei 
pediment slopes. ' 't 

Two regions show positive SP anomalies in areas of known.; 
near-surface hot water. One is a narrow north-trending zone*; 
just east of The Narrows (A). The other (B) extends through 
the Bridge well and trends north-northeast; it is flanked| 
for about 2 km of its length by associated negative z o n ^ 
which presumably are due to the deeper negative sou 
pole. This anomaly correlates with the Bridge fault w l ^ 
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is assumed to be a major conduit for the near-surface hot 
wilier in the area. 

A large positive anomaly (C) found just south of the 
area of hot wells on the south side of the Raft River does 
not appear to correlate with other geophysical data. 
However, it is coincident with a depositional segment of 
an alluvial fan and is at the junction of lineaments seen 
on aerial photographs. The significance of this anomaly is 
not yet clear. 

Geophysica l Summary 

In summary, the gravity data show accurately the gross 
structure of the basin, and yield an approximate thickness 
of the Cenozoic basin f i l l . Magnetic anomalies are related 
primarily to the volcanic rocks and are useful in inferring 
their distribution and structure. The A M T survey provided 
a preliminary indication of the resistivity anomalies related 
10 lithology and structure. The seismic refraction and direct-
current resistivity surveys,provide information about the 
thickness and lithology of basin fi l l and the location of 
major faults. The significance of the self-potential survey 
results has not been determined, but anomalies may be 
related to near-surface circulation of hot water along faults. 

An evaluation of the geothermal resources of the southern 
Raft River valley and similar areas requires an understanding 
of the geology in three dimensions. This can be obtained 
only through knowledge of the regional geology and geo
physics, detailed geologic mapping in the immediate area 
of interest, intensive geophysical surveys, and test dri l l ing. 
We have not discovered any geophysical technique for the 
direct detection of thermal waters. 

STRUCTURE 

The geometry of the Raft River basin is well-defined by 
the gravity survey. Thicknesses of the Cenozoic basin f i l l 
predicted f rom gravity, resistivity, and seismic data are in 
close agreement and are confirmed by dril l ing at RRGE 
I, where Precambrian rocks were encountered at a depth 
of 1390 m. The concealed basement high east of Sheep 
Mountain (Mabey and Wilson, 1973) trends northwest across 
the northern Jim Sage Mountains and apparently is an 
extension of the Big Bertha gneiss dome of the Albion 
Mountains (Armstrong, 1968). Intermediate drill-hole No. 
5 encountered Precambrian (?) adamellite at 210 m, a depth 
predicted f rom the gravity study. 

The Cenozoic rocks, including Pleistocene fan gravels, 
are cut by numerous faults that in a general way parallel 
lhe east, west, and south basin margins (Fig. 1). The faults 
with greatest displacement, as determined from steep gravity 
gradients and steep gradients of normalized total-field resis
tivity are (1) the north-trending Bridge fault ; (2) a fault 
system along the west front of the Black Pine Mountains; 
"nd (3) a concealed east-west fault, the Naf fault, in the 
southern part of the basin at about the latitude of Round 
Mountain (Fig. I) . Generally, the faults show downward 
displacement toward the center of the basin; eastward dips 
in bedding of 15 to 30 degrees on the east flank of the 
Jim Sage Mountains anticline augment basinward strati
graphic throw on the faults. Faults are inferred to dip 60 
to 70 degrees based on measurement of fractures in the 
core f rom Intermediate dri l l hole No. 3, direct measurement 
of an exposed fault plane in the volcanic member of the 

Salt Uike formation al Jim Sage Mountain, gravity expres
sion, and the geometry of intersection of the Bridge fault 
in RRGE 1. 

Age of latest movement on the faults is inferred from 
study of loessal soils mantling the alluvial fans. The north-
trending faults near Bridge cut " o l de r " fan surfaces mantled 
by as much as 3 m of loess reflecting at least four deposition-
al-weathering episodes, indicating an age older than the 
fourth pluvial interval before the present. The same faults 
do not cut, and are covered by, fans of "m idd le " age, 
which are mantled by 0.6 to 1.5 m of loess deposited in 
two or three pluvial episodes. If the fourth-from-youngest 
pluvial is middle Pleistocene, then the most recent movement 
on the faults was several hundred thousand years before 
present. 

Known occurrences of thermal waters above 100°C in 
the southern Raft River basin are located near the intersec
tion of the north-trending normal faults with the Narrows 
structure (Fig. 1), a northeast-trending linear feature with 
regional geophysical expression, probably a basement shear, 
that passes just south of the Jim Sage Mountains. Nearly 
coincident with this structure is a concealed northeast to 
east-northeast fault through The Narrows that separates 
widely different structural styles in the Salt Lake formation, 
and is expressed by gravity and resistivity. The Bridge fault 
and other north-trending fault sets do not cross this structure. 

Thedri l l site for RRGE 1 was selected near the intersection 
of the Narrows structure with the Bridge fault, and the 
well was predicted to intersect the Bridge fault and produce 
hot water at or below 1400 m; actually, the fault zone and 
f low of water was encountered between 1240 and 1320 m. 
Seismic and resistivity studies predicted penetration of 
basement rocks in the well at a depth of about 1600 and 
1400 m respectively; actual depth to basement is 1390. m. 
The seismic study had showed low-velocity basement under 
the well site, due probably to fractured rock, and this proved 
to be so. 

GEOTHERMAL M O D E L 

Geochemical and other data suggest that the Raft River 
geothermal system is typical of low-temperature hot water 
systems as described by White, Muff ler , and Truesdell 
(1971). The system apparently is self-sealing. Masses of 
secondary silica and calcite do not occur at the surface, 
but a silica caprock was encountered at a depth of 1370 
to 1373 m in RRGE I ; many fractures in cores from the 
intermediate-depth wells are fi l led with chalcedony and 
calcite. The high chloride content of the waters (IOOO ppm 
and more) and aquifer temperatures lower than 150°C clearly 
indicate a hot-water rather than vapor-dominated system. 

The southern Raft River valley geothermal system is 
probably the result of deep circulation of meteoric water 
along major faults. The most recent igneous activity in the 
southern part of the basin apparently took place between 
7 and 10 million years ago, and any related intrusive masses 
are too old to be an important heat source. We propose 
a model in which meteoric water f rom the Albion, Goose 
Creek, and Raft River Mountains, which have relatively 
high precipitation of about 800 m / y r , collects in deep 
Cenozoic f i l l in the upper Raft River basin west of The 
Narrows and in the southernmost Raft River valley, perhaps 
with minor contributions f rom ranges east of the basin. 
Some of this water descends along faults to depths sufficient 
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lo heal it to I45°C. Heat-flow values of 2 lo 3 ncal/cmV-sec 
occur in the southern flank of the Snake River plain (Urban 
and Diment, 1975), which permits heating to 145°C at depths 
of 3 to 5 km. Heated water then migrates upward along 
The Narrows structure and north-trending faults, and is 
tapped by wells intersecting these structures. Faults are 
doubtless only parts of a conduit system that includes 
permeable aquifers in the Salt Lake formation, fractured 
zones in the Precambrian rocks, and perhaps, gently dipping 
thrust faults in Paleozoic and Precambrian rocks. 
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Geophysical Studies in Saraykoy-Kizildere Geothermal Field, 
Turkey 

A. K. TEZCAN 

Maden Tetkik ve Arama EnstitiJsiJ, Ankara, Turkey 

ABSTRACT 

This work presents the results of theresistivity and gravity 
studies and their evaluations, made prior to drillings in the 
Saraykoy-Kizildere geothermal field. The geothermal area 
is covered by Neogene formations overlying a metamorphic 
ba.sement. Possible reservoir rocks are the marbles in the 
metamorphic basement and middle Miocene limestones in 
the Neogene formations. The Bouguer gravity map revealed 
the topography of the metamorphic basement. The existing 
Kizildere thermal manifestations were found to be located 
on the south flank of a metamorphic uplift which was 
delineated by an east-west trending gravity high. 

The resistivity survey was carried out over an area 
covering this flank. Electrical soundings with a Wenner 
electrode array resulted in sounding graphs with two- or 
three-layer curves; the resistive bottom layer of these curves 
reflects the relief of the metamorphics. The low resistivity 
values in the resistivity maps of different electrode spacings 
were correlated with the hot water. Therefore, the low 
resistivities were due to the existence of hot water in the 
Neogene rocks. It was assumed that this was due to an 
underlying, geologically possible, main reservoir in the 
marbles, by a feeding and/or heating process. 

The drillings made in the low-resistivity area to fhe depth 
of the resistive bottom layer produced a steam-water mixture 
from the Neogene formations and, more powerfully, from 
the metamorphic marbles. 

INTRODUCTION 

Combined geophysical studies of hot-water areas, in order 
lo develop them as geothermal fields, started with the study 
of the small tzmir-Agamemnon thermal area in 1962. The 
positive results of the test drills made there have placed 
the geophysical studies in an important position in the 
exploration of geothermal fields in Turkey. Saraykoy-
Kizildere or Denizli-Kizildere geothermal field has been one 
of the largest of these fields (Fig. I). 

This article presents the results of geophysical, gravity, 
and, in a more detailed form, resistivity studies made in 
the Saraykoy-Kizildere field, prior to drilling. It discusses 
what had been expected of those studies and what sort 
of picture of the geothermal field had been inferred as the 
result. The results are quoted here, with some minor modifi
cations in their presentation, as they were submitted in the 
report prepared in 1%7, before the drillings were started. 

To complete the presentation and to allow the reader to 
make a comparison, the results of the subsequent test and 
development drillings are added at the end. 

GEOLOGY 

The Kizildere and Tekke Hamam areas are situated on 
a Neogene-filled basin surrounded by high topographic level 
metamorphics of the Menderes massif and, respectively, 
on the north and south of the east-west trending B. Menderes 
graben. The outcropping formations (Uysalli, 1%7) from 
young to old are (Fig. 2): (1) alluvium; (2) Pliocene-Pleisto
cene; (3) Pliocene (marls, sandstones); (4) upper Miocene 
(marls intercalated with sandy, clayey limestones); (5) middle 
Miocene (marly limestones and limestones); and (6) meta
morphics (schists, gneiss, marbles). 

Alluvium appears all along the B. Menderes River cutting 
east-west through the basin on the lowest topography. To 
the north and south from the river, as the topography gets 
higher, the older formations start to outcrop in sequence 
except the Pleistocenes which are distributed over the area 
as patches over all kinds of older formations. The outcrop-

Figure 1. Denizli-Saraykoy region, Turkey. 
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Figure 2. Detailed geology of Kizildere atid Tekke Hamam (Uysalli, 1967). 

ping metamorphic rocks constitute the highest topographical 
portion of the region (Fig. 3). 

The observed faults (Fig. 2) are mostly parallel to the 
east-west trending formation boundaries and topographic 
contours. Horsts (Uysalli, 1%7) might exist under the cover 
of Neogene formations. The hot-water and steam manifesta
tions are distributed all along the northern and southern 
parts of the B. Menderes River where the topography starts 
to rise. 

Possible reservoir rocks (Uysalli, 1967) are fractured 
marbles and middle Miocepe limestones. All the other 
Neogene formations have clayey constituents or are inter
bedded with clays and marls. Thus, they have the properties 
of caprocks. 

GEOPHYSICAL STUDIES AND OBJECTIVES 

The first geophysical survey was the gravity survey 
covering an area of 1500 km^, used to disclose the general 

character of the basin and the region. The instrument used ,^ 
was the Frost type of gravimeter. The area of the resistivity ^ 
survey was selected according to the results of the geology 
and the gravity studies. Its objectives were based on experi
ence at izmir-Agamemnon and local conditions. The area 
of study is covered by Neogene formations which have 
a predominantly marly and clayey constitution. The hot-
water samples taken from the springs had given low resistiv
ity values (Table 1). Therefore, the part of the Neogene 
formations containing this sort of water in its pores and/or 
the part heated by an underlying source would also have 
low resistivity values. 

Based on these observations and facts, the objectives 
of the survey were (I) to reveal and locate the distribution 
of low-resistivity mediums which would lead to the discovery 
of the reservoir; (2) to delineate the Neogene-covered 
metamorphic substratum quantitatively; and (3) to obtain 
other information where possible. The resistivity instrument 
used was a Gish-Rooney dc potentiometer. The survey was 
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Figure 3. Geology of Denizli-Saraykoy region and the areas of detailed geology and resistivity surveys. 

Table 1. Hot waters and formation resistivities. 

Formations 

Schists and Gneiss 
Marly Llinestones ( m d j ) 
Marls (n i j ) 

Waters 

Hot Waters of Kizildere (95-100(f) 
' Tekke Hamami 

" " •> Ortakg ( 4 5 C* ) 
Woter of 8. Menderes River 

Resistivities 
(Wim-mJ 

60-300 
80-2000 
15-20 

2-25 (of 50 C* 
U II II H 

6.0 » u 

10.0 » X 1 

carried out as electrical soundings with a Wenner array 
by using a maximum current-electrode separation of 30(X) 
m. The survey covered an area of approximately 40 km'. 

Results of the Grav i t y Survey 

The gravity observations were converted to Bouguer 
anomaly and second-derivative maps and sections. By 
comparing the Bouguer anomaly and its second-derivative 
maps with the known geology (Figs. 4 and 5), it is seen 
that the high-topographic-level formations, the metamor
phics, raise the Bouguer values considerably with respect 

Figure 4. Denizli-Saraykoy, Bouguer anomaly map. 
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Figure 5. Denizli-Saraykoy, the secorKi-derivative map. 

to the low-level Neogene formations. Therefore, the Bouguer 
values reflect the metamorphic topography under the Neo
gene cover. Any Bouguer anomaly variations in the area 
of Neogene cover can easily be attributed to the topographic 
variations of the underlying metamorphic substratum. Where 

thin middle Miocene limestones exist, some modifications 
were also expected. 

Two large, clearly identifiable highs are outstanding in 
the Bouguer and second-derivative maps (Figs. 4, 5)—one. 
is situated between Kizildere and Buldan with an east-west. 

Figure 6. Apparent resistivities, Wenner a = 70 m, Kizildere and Tekke Hamam. 
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irend; the other is south of Tekke Hamam. They were 
interpreted and selected as two important uplifts because 
all the major hot-water and steam manifestations are asso
ciated with them and are situated, respectively, on their 
south and north flanks. Tlie resistivity survey was made 
lo study tho.se flanks and their neighboring areas. 

Results of the Resistivity Survey 

The observations of the resistivity survey were plotted 
as apparent-resistivity maps of different electrode separa
tions, apparent-resistivity sections, and electrical-sounding 
graphs. The hot-water resistivities were measured and the 
formation resistivities were determined for the outcrops 
(Table I). The evaluations of the resistivity studies have 
been made in two stages: in the first, the resistivity maps 
and sections were studied; in the second, the electrical 
,sounding graphs were considered. 

Inspection of the maps (Figs. 6, 7,8, 9, 10) and the section 
(pig. 11 ).clearly shows that there aretwo large low-resistivity 
areas situated parallel to the extension of hot-water mani
festations of Kizildere and Tekke Hamam, on the northern 
and southern parts of the B. Menderes River. On the map 
of resistivity with a 70-m separation (Fig. 6), both the low-
resistivity areas and the area of hot-spring manifestations 
coincide with each other. The coincidence can be seen better 
on the section of Figure II. Many of the hot springs appear 
to be outcrops of the two large low-resistivity mediums 
in the Neogene formations. The contour patterns have also 
shown that they are connected at several depths. 

There is no low-resistivity water other than the hot waters. 

and no other low-resistivity constituents of the Neogene 
have been detected in the surveyed area. Under these 
condilions, the stated association of the low-resistivity 
mediums with the hot waters have led us to conclude that 
they have been created by the inclusion of hot waters into 
the Neogene formations. Therefore, the vertical and hori
zontal distributions of those mediums reflect the distribution 
of hot waters in the porous and fractured constituents of 
the Neogene formations. Since the area is in an active 
earthquake region, fracturing is quite possible, even in the 
clayey constituents near the active faults of the graben. 

When the field curves of electrical soundings (Figs. 12, 
13) have been inspected, there is no indication of the 
high-resistivity substratum of the metamorphics or the mid
dle Miocene limestones in the localities around the B. 
Menderes River. It has been understood that they are quite 
deep in the middle of the basin—more than \0Q0 m deep. 

Toward the Kizildere and Tekke Hamam uplifts, where 
the low-resistivity mediums start to appear, a resistive 
bottom layer also starts to show in the curves. This layer 
comes nearer to the surface as it comes nearer to the 
metamorphic and the limestone outcrops. Therefore, it has 
been correlated with them. Its depths have been determined 
and mapped (Fig. 12). (Figure 12 actually shows the bottom 
of the low-resistivity layers; the deeper layer has been 
interpreted this way since it conformably approaches the 
surface and outcrops as metamorphics or limestones.) 

All these findings have been combined to infer the nature 
and structure of the Kizildere geothermal field as described 
below. 
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Figure 7. Apparent resistivities, Wenner a = 150 m, Kizildere and Tekke Hamam. 
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Figure 8. Apparent resistivities, Wenner a = 300 m, Kizildere and Tekke Hamam. 
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Figure 9. Apparent resistivities, Wenner a = 500 m, Kizildere and Tekke Hamam. 
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Figure 10. Apparent resistivities, Wenner a = 900 m, Kizildere and Tekke Hamam. 

Resistivity Section,R-ofile RK 

SW 
Sectk)n(RK)of the Resistive Bottom Layer 

NE 

Tepoerephic Section 
-500 

• oK 

Figure 11. Resistivity section, profile 'RK,' Kizildere and Tekke Hamam. 
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Figure 12. Map of the resistive bottom layer, Kizildere and Tekke Hamam. 
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Nature and Structure of Kizildere Field 

The gravity and resistivity surveys have revealed the 
morphology of the metamorphic substratum; but the resis
tivity survey has determined it quantitatively as the resistive 
bottom layer. The upper surface of this layer, as explained 
above, divides the ground into two parts, one on top of 
the other. The constituents of the upper part are the Neogene 
formations, in which a hydrothermal distribution has taken 
place as revealed by the low-resistivity mediums. It occupies 
quite a large volume and produces all the hot springs of 
Kizildere and Tekke Hamam. The lower part corresponds 
to the resistive base of the Neogene formations and/or 
the metamorphics. 

It can be concluded that the nature and the origin of 
hot waters in the Neogene formations can only be produced 
by feeding and/or heating by the underlying geologically 
possible marble reservoir in the metamorphic layer. Since 
the permeabilities in the Neogene formations were not 
expected to be very high, the two large low-resistivity 
mediums detected in the Neogene formations should rest 
immediately over the supposed underlying main reservoir. 

Thus the Kizildere and Tekke Hamam fields must have 

hot water originating from, and conducted through, tha' 
permeable portions of the Menderes 'massif. The fracturesE 
in the two metamorphic uplifts defined by gravity surveys 
should control the transport of the hot water to the geother-.; 
mal fields to produce the hydrothermal distributions de-| 
scribed above. 

•m 
SUGGESTED SUBSEQUENT WORK 

Drillings were the principal suggested work for checking 
whether the low-resistivity mediums in the Neogene forma
tions and the underlying resistive bottom layer were reser
voirs. Some loeations were especially fixed at its elevated, 
parts to increase the chance of getting dry steam. This subject 
is dealt with in another article (Tezcan, 1975). For fixing 
the extent and the thermal nature of the fields, some 
geothermal work was aLso suggested. 

LATER WORK 

Later work, started in 1967, consisted of geothermal 
gradient measurements, and deep test and development 
drills. So far, 16 holes have been drilled, 15 at Kizildere 

••SI 
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Figure 13. Typical electrical sounding curves, Kizildere and Tekke Hamam. 

and 1 at Tekke Hamam. All of them, except one, produced 
steam-water mixtures from the rigid fractured components 
(including middle Miocene limestones) constituting the base 
i)f the Neogene formations and, more powerfully, from the 
underlying metamorphic marbles. 

In Kizildere, the Neogene reservoir has a temperature 
of 165 to I75°C; the lower, main reservoir in the marbles 
has a temperature of 195 to 205°C. Where the drilling has 
been done, the depth of the first reservoir is 300 to 800 
rn and of the second is 400 to 1100 m. 

The single deep drill hole in Tekke Hamam is 700 m 
In depth and produced steam-water mixtures from the 
metamorphic reservoir. Its temperature was 114°C. The 
Jcpth of the resistive bottom layer has been found to 
correspond to the resistive, rigid, fractured part of the 
Meogene formation (Ten Dam and Erentoz, 1970) immedi-
•iiely over the metamorphic layer and the metamorphic layer 
it.self where that Neogene layer does not exist. The resistive 
"bottom layer has proved to be the productive horizon in 
»-'ither case. 

The hot waters produced from the Neogene or the meta-
fiiorphic reservoirs have similar geochemical compositions 
'fXiminco and §amilgil, 1970). The observations made in 
'he holes in Kizildere have shown that for the whole field, 
'he hot waters have a common static level (Tezcan, 1975). 
Consequently, it can be concluded that all the reservoirs 
=»rc connected, and the fields are producing hot water 
'Originating in the metamorphic rocks of the Menderes massif. 

CONCLUSION 
The application of the resistivity survey to the exploration 

of the Kizildere and Tekke Hamam geothermal fields has 
made contributions in two respects. The first contribution 
was to fix low-resistivity mediums which are produced by 
the hot water forced into the pores of the Neogene formations 
by the underlying marble reservoir so that a kind of print 
has been produced. Thisgives the locations of the reservoirs. 
Secondly, it has helped to determine the depths of the 
hot-water-producing horizon, either as the base of the 
Neogene or the metamorphic formations. 

This manner of field use and evaluation can be applied 
to locate and to delineate geothermal reservoirs covered 
with caprocks of sedimentary or volcanic origin having 
similar characteristics. 
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ABSTRACT 

^Measurements in the Broadlands geothermal field indicate 
lhat, below the casing, at depths greater than 730 m the 
water is not boiling. It is inferred that the fall in temperature 
is caused by a lateral inflow of cold water. Because of 
this cold inflow it is possible to extract all of the useful 
heat (2.9 x 1 0 " J) stored in the rocks of the reservoir 
between depths of 6(X) and 2600 m. This heat, together 
with the heat in the water of the reservoir and the small 
amount of heat introduced from below, should give a 
minimum for the generation of electric power of 200 MW 
for 47 years. 

I N T R O D U C T I O N 

The Broadlands geothermal field in the central volcanic 
region of the North Island of New Zealand was initially 
delineated by an electrical resistivity survey in 1964. Since 
then the field has been extensively investigated using geo
logical, geochemical, and geophysical techniques. Twenty-
eight holes have been drilled to date ranging in depth from 
about 760 m to almost 24(X) m. At present the measured 
output of the field is about 120 MW of generated electricity. 
However the total useful power wil l depend upon the size 
of the f ield, the temperature, and the availability of water 
to enable the heat to be extracted from the ground. 

MEASUREMENTS 

Resistivity 

The horizontal dimensions of the field have been found 
.11 several depths by resistivity methods. These methods 
have been discussed in a number of papers, and Figure 
I is derived f rom Risk, Macdonald, and Dawson (1970, 
Fig. I I ) and Hatherton, Macdonald, and Thompson (1966, 
Fig. 6). The figure shows the position of the boundaries 
of the f ield, which appear from the resistivity measurements 
to be approximately vertical. The length of the bars delineat
ing the boundary indicates the resistivity gradient—the 
shorter the bars the steeper the gradient. This means that 
the distance between hot and cold ground should be propor
tional to the length of the bars. 

Grav i ty 

The relatively flat topography of the area and the finding 
of the greywacke basement in some dril l holes has enabled 

the gravity survey to be interpreted with confidence. The 
results in the form of a residual anomaly map are given 

^in Figure-2 which is taken from Macdonald and Hatherton 
(1%8). 

The gravitational pattern is thought lo be causied by two 
effects (Hochstein and Hunt, 1971), the minor one being 
due to the Broadlands and Ohaki dacite and rhyolite, and 
the major one being caused by an increase in density of 
the rocks through alteration and deposition from ascending 
hot waters. The similarity to the resistivity pattern in Figure 
1 should be noted. 

D r i l l Hole Temperatures 

At present there are 27 dril l holes between 760 and 1200 
m and there is one hole 2368-m deep. 

The degree to which the temperature and pressure mea
sured in the hole is representative of the surrounding country 
is open to argument. However, provided that the measure
ments are made below the solid casing and that the hole 
has been standing closed for some time, the measured values 
are the best obtainable estimates for the surrounding ground. 

The boiling temperature at any depth wil l depend not 
only on the hydrostatic pressure but also on the partial 
pressure of any gas present. The main gas in the field is 
C O J , and Mahon and Ellis (1968) give a figure of 250 
millimoles C O j per !00-moles of waler for the deep waters 
of the Broadlands field. With this value, and an initial water 
temperature of 3I0°C, the partial pressure of the gas lowers 
the boiling point by 3°C at 300°C. When the temperature 
has been reduced to 260°C, the effect is 1°C. 

0 

Inspection of the temperature and pressure measurements 
shows that boiling in the bottom IOO m of the hole is possible 
in only two deep bores, No. 17, 1070 m, and No. 25, 1250 
m. There are two shallower holes. No. 8 and No. I I (770 
m and 760 m respectively) where boiling at the bottom is 
also possible. However the temperatures in all the bores, 
on the average, decrease with decrease in depth, but the 
rate of decrease is often irregular, and occasionally there 
is an increase in temperature with decrease in depth. 

I f the water does not boil, the drop in temperature with 
decrease in depth must be due to the sharing of the heat 
with colder water. Loss of heat solely by horizontal conduc
tion is ruled out because of the sharpness of the boundaries. 
Therefore by assuming an initial temperature for the deep 
water and taking the measured temperature at a given level, 
it is possible to calculate the amount of cold water that 
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has been added to the system up to that level. 
The highest temperature measured in the Broadlands field 

is about 307°C. so a temperature of 310°C has been assumed 
for the deep water. Any difference between the assumed 
and real temperature would add a constant to the value 
of the calculated ratio of hot to cold water. The enthalpy 
of the hot water is taken as 140 k j /kg . and the cold water 
entering the field is assumed to have a temperature of 21°C 
and an enthalpy of 100 kJ/kg. The minimum depth consid
ered is 730 m. as the solid casing in most of the holes 
does not extend beyond this depth. 

Using these assumptions, the amount of cold water that 
must be added to the system to reduce the temperature 
of each unit mass of deep water to that of the measured 
values at 1000 m and 730 m has been calculated. These 
values have been contoured and are shown in Figures 3 
and 4. Both figures show elongated northwest-southeast 
trending contours, the values for the 730 m depth. Figure 
4, being about double those of the 1000 m depth. Figure 
3. This indicates that most of the horizontal inflow of cold 
water occurs at depths of less than IOOO m. 

Natural Heat Flow -fm 
The estimation of the natural heat output from the| 

Broadlands field has proved a difficult task. Most authors^* 
suspect that there is a considerable discharge of hot water^:^ 
into the Waikato River, but as this river has a flow of" 
more than 57 m ' s" ' , even a large inflow of hot water'Sl?-. 
would lead to only a very small increase of temperature •;̂ ^ 
of the river. Estimates of the heat flow range from 73 MW 
by Dickinson (1968) to 188 MW (Dawson and Dickinson, ..;•, 
1970) and 204 MW (Mahon, personal commun.). These values -yj 
seem low when compared with Wairakei, 426 MW, and-_^-^ 
Waiotapu, 560 MW (Dawson and Dickinson, 1970). ' ,?!̂ > 

DISCUSSION 

Geophysical methods show that there is a column of hot-
water rising vertically, or nearly vertically, from some depth,^ 
in excess of 2.5 km. The surface output of heat appears;* 
to be lower than expected when compared with Wairakei^ 
(426 MW) and Waiotapu (560 MW). " i l 
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Figure 2. Residual gravity map of the Broadlands field after the removal of the effect of the greywacke basement. The 
contour values are 10 p.N-kg" ' (milligals). 

However the probable explanation is that the tongue of 
resistivities of less than 50 ohm-m shown in Figure 1, 
following along the course of the Waikato River both up-
:ind downstream, indicates a subsurface outflow of hot water 
from the field, which mixes with cold water in the general 
water table of the area. It is likely that relatively impermeable 
layers in the Huka Falls formation provide a leaky capping 
layer to the Broadlands field, as there is some surface activity 
within the field, but there is also artesian warm water that 
rises in a 150-m drill hole on the banks of the Waikato 
River 15 km downstream. 

Thus it appears that within about IOO m of the surface 
lhe hot water of the rising column strikes a rather impermea
ble layer which causes some of the hot water to flow 
horizontally below it, along the course of the Waikato River, 
where the hot water is mixed with the cold ground water 
of the area. 

Temperature and pressure measurements in drill holes 
show that in only 2 of the 26 deep holes is boiling in the 
bottom IOO m possible. This means that there is little 
possibility of the water boiling at greater depth. Becau.se 
the inflow of cold water decreases with increasing depth, 
the temperature of the water that reaches the surface is 
unlikely to exceed 320°C at depth. 

Within the field there is a complicated pattern of flows 
of hot and cold water, and in places there will be separate 
flows of hot and cold water. Throughout the field there 
will be conductive transfer of heat between the hot water, 
rock, and cold water, and in parts there will be mixing 
of the hot and cold water. Indications of separate flows 
are given where the temperature-depth curve gradient 
changes rapidly. Bore 6, Figure 5, is an extreme example 
of this. Examples of mixing of hot and colder water are 
given in Figures 6 and 7 for bores where the temperature 
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Figure 3. Map of the Broadlands field. The contours show the ratio of the rate of inflow of cold water to hot water f rom." ' ! 
great depth to a depth of 1000 m. 

shows regular change of gradient, and the temperature is 
well below the boiling point for the measured pressure. Bore 
23 also shows the effect of a larger flow of cold water 
between 600 and 420 m. 

Hence the simple model given by the geophysical methods 
has to be refined to include the detail from the bore 
measurements. The model now becomes a column of hot 
water with an initial temperature not much greater than 
320°C rising approximately vertically. As the column rises, 
cold water enters from the sides. Within the field there 
will be a complicated pattern of flows of hot and cold water, 
such that temperatures generally lie below the boiling point 
for the actual pressure. 

POWER POTENTIAL 

The energy available from the field can be divided into 
two types: the energy stored in the hot rock and water 

in the reservoir, and the energy of the hot water moving 
into the reservoir from the heating source. 

The stored energy can be estimated by measuring the 
volume and temperature of the reservoir. The estimate of 
heat added from the source is more difficult, but a minimum 
value can be obtained by estimating the natural heat loss 
from the reservoir. However, experience at Wairakei has 
shown that the amount of additional heat can be increased 
by exploitation of the field. 

Stored Energy 

The cross-sectional area of the Broadlands field according 
to resistivity measurements is 13 km^. As the average length 
of solid casing is about 600 m and the deepest hole is about , 
2400 m, the reservoir is taken to lie between 600 and 2600 
m. These values result in a volume of exploitable stored 
energy of 26 x 10' m ' . The temperature at 2600 m is ; 

• ^ -
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Figure 4. Map of Broadlands field. The contours show the ratio of the rate of inflow of cold water to hot water from 
a great depth to a depth of 730 m. 

estimated to be 310°C and a temperature of 232°C at 600 
m is the average of the measured temperatures in all bores, 
weighted by area. Porosity of 15% has been found by 
measurements of drill cores. 

Because of practical considerations, the minimum usable 
lemperature in the ground is taken to be 200°C, although 
the water that reaches the surface can be used down to 
46^ . 

With the above values the usable heat contained in the 
water of the system is 7.1 x 10" J. The heat in the rock 
can be extracted by the colder water coming into the field 
horizontally. Assuming a starting temperature of 2rC for 
the cold water, 2.9 x 10'* J of the heat of the rock can 
be used. This makes a total of 3.6 x 10'* J. 

At present it is reasonable to assume an efficiency of 
about 8% for conversion from, heat to electricity. This means 
that Broadlands has a potential output of electrical energy. 

derived from stored heat only, of 2.9 x 10" J or 9.2 x 10' 
MWyr. 

Input Heat 

Broadlands in its unexploited state appears to be a stable 
system, and hence the input of heat equals the output. It 
is likely that the natural heat output has been underestimated 
because there is an outflow of heat about IOO m below 
the surface, but it is not possible at present to forecast 
the increased input that should follow exploitation. 

However, if measurements of gravity and ground level 
arc made before exploitation, it is possible by repeating 
surveys over a period of years to calculate the net mass 
lost from the system (Hunt, 1970). If at the same times 
the position of the boundary is measured as suggested by 
Risk (in press) it should be possible to decide whether heat 
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Figure 5. Temperatures and pressures measured in bore 6. The boiling-point curve is calculated from the measured pressures 
and allows for a gas content of 250 millimoles C O j per 100 moles of water at an original temperature of 310°C. 
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Figure 6. Temperatures and pressures measured in bore 5, Broadlands. Boiling-point curve calculated as for Figure 5. 
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is being replenished by increased inflow from the source. 
The natural inflow using Dawson and Dickinson's value 

of l88MWto I2°C, is equivalent to about 13 MW of generated 
electricity. This is a very low figure but it should be 
emphasized that this value is likely to be greatly exceeded 
when the field is exploited. 

CONCLUSIONS 

The Broadlands geothermal field is of the hot-water type. 
It is unlikely that the water that reaches the surface has 
ever been hotter than 320°C. 

The drop in temperature with decreasing depth is caused 
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Figure 7. Temperatures and pressures measured in bore 23, Broadlands. Boiling-point curve calculated as for Figure 5. 

by a horizontal inflow of cold water and not by boiling. 
This implies that the boundaries of the field are permeable, 
and that it is possible to extract all the heat from the rocks 
by this inflow of cold water. 

The heat available from the reservoir is 3.6 x 10'* J and 
is equivalent to 9.2 X 10' M W y r of generated electricity. 
The measured natural heat output is only 188 MW relative 
to I2°C. Although at present it is not possible to predict 
the increase in input of heat which will result from exploita
tion, by analogy with Wairakei, fhe input should increase 
considerably. After the field has been exploited for several 
years, it will be possible to measure the increased input 
of heat. However, by using only the quantities of heat 
measured at present the most conservative estimate suggests 
that the Broadlands field should be capable of generating 
electricity at a rate of 200 MW for 47 years. 
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ABSTRACT 

El Talio geothermal field is located in the high Andes 
range at the northwest end of Antofagasia Province. (68°0I' 
latitude Soulh, 22°20' West Greenwich longitude). It is 
geologically set in volcanic rocks (ignimbrites and lavas) 
of the upper cenozoic overlying a basement of Cretaceous 
sediments, in a north-south graben originated in the receni 
Pliocene by expansion movements, which mainly accounts 
for the uplift of the Andes. Geoelectric studies have found 
a resistivity anomaly with values under lOohm • m in a surface 
of about 30 km', running along the main structure. This 
anomaly has been verified by means of 13 wells of depth 
between 600 and 1821 m. 

The principal producing aquifer has a temperaiure of 
265°C and is located at a depth between 800 and 900 m. 
From three wells now in production an amount of steam 
equivalent to 18 MW is being obtained. With future develop
ment programs the profitable capacity is expected to be 
raised to 50 MW. 

By means of a pilot desalination plant, the possibility 
of producing fresh water from gedthermal steam has been 
proven. 

FOREWORD 

El Tatio geothermal field is located at the northeastern 
end of Antofagasia Province, approximately IOO km east 
of the city of Calama and Chuquicamata copper mine, at 
22°20'S. and 68°0I 'W. at an elevation of 4300 m above 
sea level (Fig. I). (Note: All figures are in the preceding 
Spanish version.) 

Methodical exploration began at El Tatio early in 1968 
as a result of an agreement between the United Nations 
Development Program and the Government of Chile. Geo
logical, geophysical, and geochemical studies that include 
the drilling of six slim exploration wells with depths between 
600 and 750 m from 1969 to 1971 and seven production 
wells between 1973 and 1974 at depths that range from 
870 m to 1820 m have been undertaken during this period 
of time. 

Since September 1974 a pilot desalination plant granted 

by the United Kingdom has been in operation. The aim , ^ 
of this plant is to determine the possibility of producing vV^ 
fresh water from geothermal steam, as well as to s tudy:^^ 
the procedures of obtaining chemical elements or compounds ^S*''* 
of economical value from the brines proceeding from the -.' 
desalination process, and to carry oul tesls for a more suitable a^^ 
design of an industrial plant that would be added to the' 
future geothermal power plants installed in El Tatio. 

At present, results on the feasibility studies entrusted-"/^ff 
by the United Nations to an internaiional consulting agency, 
are being studied to decide on investments and development '^^^ 
programs for the near future. 

• .-N 

TECTONICS AND VOLCANISM IN NORTHERN CHILE? 

Like all the geothermal areas of northern Chile, El Tatioi| 
is located on the high ranges of the Andes Mountains, where'J 
a lively calc-alkaline volcanism occurred from the Miocene : 
to the Recent, in accordance with the ages determined-i 
through radiometric studies by Ruiz (1965). 

From the tectonic and stratigraphic point of view the | 
upper Cenozoic volcanic activity in northern Chile has two 
principal episodes: (I) A pre-Pliocene or Miocene volcanisni^ 
expressed by several units of rhyolitic to dacitic ignimbrites| 
and andesitic stratovolcanoes; and (2) A Plio-Quaternary^ 
volcanism that contains, in addition to a number of ignimbri-• 
tic layers, the andesitic stratovolcanoes and rhyolitic domes'-, 
which cover the highest Andean ranges (Lahsen, 1974a). 

These two volcanic episodes are included in the rhyolitic 
formation as well as in the overlying andesitic formation, 
of Zetl (1964), Siegers and Pichler (1969), and others. Even 
though these names suggest a unique chemical composition • 
for each unit, the rhyolitic and the andestic rocks coexist. 
with each other as it has been established above. -i 

The oldest volcanic episode began at least 18.7 millon^; 
years ago as has been shown by radiometric ages (Ruiz,..!, 
1965). The lavas and ignimbrites of this episode were folded •; 
in the upper Miocene, during the last compressive phase. 
of Ihe Andean tectonic cycle. The volcanic activity decreased | | 
or probably stopped during this compressive phase and.^ 
appeared again during the east-west expansion that followea;'1 
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and probably is still developing (Lahsen. 1974a). 
The Plio-Quaternary expansion, which had its principal 

intensity in the upper Pliocene, originated block movements 
through a system of nearly north-south faults that produced 
lhe most important morphoslructural features of the area; 
(1) the Chile-Peru irench; (2) the coastal ranges; (3) the 
central depression (valley); and (4) the Andean occidental 
ranges (Fig. I) . 

The Plio-Quaternary expansion has been in turn correlated 
with the present oceanic spreading activity that began 10 
m.y. ago (Charrier, 1973) and in which the main volcanic 
activity characteristic of the Andean mountain ridges devel
oped. 

It is possible thai the Plio-Quaternary volcanism of this 
Circum-Pacific margin has developed as a result of the 
subduction of the oceanic lithosphere (Nazca plate) along 
the zone of Benioff, which in this latitude has a slope between 
20° and 30°, and whose intermediate and deep seismic foci 
are located just beneath the highest Andean elevations. 

The earth's crust below the highest parts of the Andes 
has a thickness between 60 to 70 km (Dragnicevic. 1974). 
The thickness of the crust and the inclination of the Benioff 
plane would be the determinant agents of the nature and 
characteristics of Plio-Quaternary volcanism in northern 
Chile. 

G E O L O G Y OF EL T A T I O 

Mesozo ic Basement 

Jurassic and Cretaceous rocks outcrop toward the west 
of El Tatio, mainly on the occidental slope of the Tucle-Loma 
Lucero horst and in those places where the erosion of the 
overlying ignimbrites has exposed it.(Fig. 2). 

The oldest rocks of this basement correspond to a sequence 
of Middle Jurassic shallow marine sediments, called Lximas 
Negras formation (Lahsen, 1969, unpub. rept.). These strata 
are formed by sandstones and multicolor shales strongly 
silicified and pierced by andesitic and lamprofiric dikes. 
It is displayed in tight NW-SE folded structures, produced 
by the compressive movements imputed to the Nevadian 
orogenesis (Upper Jurassic). These sediments are overlayed 
uncomformably by the Agua Fresca formation of likely 
Upper Jurassic-Early Cretaceous age (Lahsen, 1969, unpub. 
rept.). This formation is composed mainly of strongly 
epidotized amphilbole andesites due to a regional metamor
phism and strong hydrothermal activity that have originated 
a number of copper mineralizations. Probably due to the 
inter-Senonian orogenic movements the Jurassic series are 
overlayed by Cretaceous deposits by means of a strong 
fold and erosion, unconformity. These deposits are repre
sented by the Quebrada de Justo formation, which is formed 
by a well-stratified sequence of sandstones and pink tuff
aceous limolites. with basal conglomerates that include a 
great number of fragments belonging to the underlying 
Jurassic rocks. According to its stratigraphic position and 
its tectonic characteristics, these sediments are imputable 
to the Upper Cretaceous; this formation has been affected 
by the diastrophic movements attributable to the Laramide 
orogenesis that originated the inverse faulting and the folds 
with N-S trends. 

Upper Cenozoic Volcanism 

Over this ba.sement of strongly faulted, folded, and eroded 
Mesozoic rocks, the deposition of a thick layer of volcanic 
material that ranges from the Miocene to the Pleistocene 
began. 

M iocene 

The oldesl upper Cenozoic rocks correspond lo the Rio 
Salado volcanic group; they crop up mainly in the Tucle-
Loma Lucero horst. This group includes two densely welded 
ignimbrite sheets, separated by a variable thickness of 
unwelded tuffs and pumice breccias. Locally, in the central 
part of the Serrania de Tude , the ignimbrites are covered 
by a dark andesite and pink tuffaceous breccias with big 
volcanic bombs. These andesites and volcanic agglomerates 
were probably erupted from a volcanic center located near 
the west ridge of the Tude horst (Lahsen, 1974b). 

The thickness of this formation varies from place to place 
according to the pre-existing landforms over which i l was 
deposited; accordingly, it presents in its base a changeable 
thickness of tuffaceous breccias, especially thick in those 
places which were depressions. This basal member has been 
called Pefialiri formation by Truj i l lo (1973, unpub. rept.) 
and constitutes an important permeable layer at the south
west end of the f ield. 

The Rio Salado volcanic group is covered by the Sifon 
ignimbrite, defined by Guest (1969), formed by strongly 
welded gray or light brown dacitic tuffs, coniaining crystals 
that are smaller in size and amount than the underlying 
ignimbrites. The thickness and distribution of Sifon ignim
brite is controlled by the topography of the Mesozoic rocks 
and it may reach to a slab of up to IOO m of thickness. 
It outcrops especially in the Serrania de Tude and in the 
Toconce-Caspana area about 10 km west of El Tatio. This 
unit could not be recognized underground and it probably 
was mistaken from the wells for the Salado ignimbrite. 

These two formations are assumed to correspond to the 
lower Miocene because they are older than the subvolcanic 
domes of Copacoya and Piedras Grandes. The latter has 
been dated at 7.35 m.y. by Rutland in 1965. They occur 
slightly folded, forming structures with North 20° to 30° 
trend; the compressive phase that originated these move
ments is considered to be of upper Miocene age; chat is 
to say, of the last compression of the Andean tectonic cycle. 

Toward the northwest the Sifon ignimbrite is spread over 
a series of tuffs and alluvial and pyroclastic sediments, 
called iheToconce formation (Lahsen, 1969). It is composed 
of a lower member of pumiceous tuffs and moderately 
welded rhyolitic breccias, with a maximum thickness of 
IOO m upstream in the Toconce River; an intermediate 
member thai' includes up to 50 m of well-stratified sands 
and gravels interbedded with pumice layers and thin dia
tomaceous strata, deposited only locally in the Aiquina-Cas-
pana area; and an upper member formed by approximately 
30 m of grayish to white, very badly welded tuffs, inconsis
tent in places. This formation could not be recognized 
through the drilled wells. 

The Miocene volcanism culminates with the placing of 
the dacitic subvolcanic domes of Piedras Grandes and 
Copacoya along a N-S fault system located in the west 
margin of the Tatio graben. It is probable that these domes 



are the lasl lesiiii nl an acid inaginalisin. lun ie j nunc \ iSL•ltll^ 
line lo doga.sificalioii. afler an e.vplosivc pha.sc ihal u'oiikl 
have originated some of the ignimbrile iii i i is of ihc area 
(Lahsen. IVdSI. unpub. repl. : 1974b). Accurding lo the age 
dcierminaliuii by ladioinelric nieihmls carried mil by KUII . I IKI 
and olhers in IVft.i. the age for lhe Piedras Grandes dome 
is 7,35 m.y.. which perniils an alir ihulion of an upper 
Miocene age lo i l . 

Pleistocene-Holocene 

This volcanic episode begins wiih lhe dcposilion of ihc 
Puripicar ignimbrite, a name given by Guest (1969) lo a 
series of welded light gray or pink dacilic tuffs wilh a high 
content of phenocrysts. among which big crysiiils of bioiile 
of up lo 3 mm and an aniairice-type pink quarlz are 
remarkable. A l the base of this unil a while pumiceous 
breccia of widely varying thicknesses commonly appears. 

The Puripicar ignimbrite is one of the most imporiani 
producing levels of El Tal io; its permeabilily is mainly due 
to the cooling cracks and fraciures of tectonic origin. In 
1965 Rutland and others assigned an age of 4.24 m.y. lo 
these rocks according to radiometric determinations. This 
allows us to locate it in the lower Pliocene. 

The Puripicar ignimbrite is overlayed by a number of 
pyroclastic sedimcnis. luf fs, and lavas named the Tude 
volcanic group. These materials have a good permeabilily 
and form one of the mosl superficial aquifers of the reservoir, 
especially the Tude dacites. 

Following, wc have the Talio ignimbrite (Healy, 1969: 
unpub. repl. ; Lah.sen, 1969. unpub. repl.) ihal corresponds 
lo the youngest sheet of ignimbrites of the area. It is 
composed of moderately welded tuffs, wi ih a low conlenl 
of crystals and fragments of rhyolitic pumice especially 
abundant and large in the upper layers of this uni l . The 
Talio ignimbrite is restricted only to the eastern pari of 
the Tucle-Loma Lucero uplifted block which blocked Ihe 
way of the flow toward the wesi. This siruclural range 
was originated by ihe E-W disiensional movements ini i iaUd 
in the Pliocene. 

The volcanic activity in this area ends wi lh Ihe El Tal io 
volcanic group, formed by a series of andesitic stratovolca
noes and rhyolitic domes, ihal top the Andes Mountains 
in this latitude. This volcanic system reaches a height of 
5()(K) m above sea level, and is located on Ihe eastern margin 
of El Tatio. iilong the N-S fraciures of the Plio-Quaiernary 
expansion phase. We are not sure if ihis line of volcanoes 
marks the eastern margin of the Tal io graben or if ii CKiend.s 
more toward the easi. 

STRUCTURE 

El Tal io geolhermal field is located in the sunken block 
(Tatio graben) orienicd appioximaiely N-S for abtnil 20 km. 
It is limiled lo Ihe wesi hy Ihe horst of .Serrania dc 
Tucle-Loma Lucero. Its dimension toward the east is un
known: however, it could be limited by the b;ind of volc;inoes 
of lhe El Talio volcanic group (Fig, 2) up lo where il reaches 
a medium width of about 7 km. The horst of Tude . as 
well as its lengthening toward lhe north through Loma 
Lucero, and Ihe graben Tal io have originated in the Plio-

(Jiiaiciiiai \ c Men--ion ii i; i! :illo\vcii lhe unuUitii ill--placcMieiils 
uf hliidvS along llic aliiiosi N-,S r.iiili ,s\,sieiii,s. 'These vcrlic.'ij 
block inovenicnis ilcvclo|ieil at llic same liinc as volc;iiiic 
acl iv i iy. u i ih principal emission ceniers located along these 
fr;icliire.s. 

The .si/.c of llie sellleiiieiil <il" llic Talio giahcii. coiisiilcring 
lhe lliickne.ss in mcleis of llic volcanic formalion of the 
upper Ceno/.oic ihal refilled il plus the diffeience in height 
of ll ic Serrania de 'I ' l idc compared wiih Ihe 'Talio valley, 
varies ;ipproximalcly liclwecn K(KI in in lhe area of Well 
No. I and 2()(H) m in the area of Well No. 9. 

Ouicriips of the Jiir;issic and Creiaceoiis ;iie found in 
the positive sirucdire of the .Serrania de Tude and Loma 
Lucero. In this way the permeable upper Cenozoic volcanic 
scries are in loiich wiih lhe argillaceous rocks of ihe 
Quebrada dc Jtisio formali im. consiitii i ing lhe west margin 
of fiiulis of the 'Tiiiio graben. a iiiiiural barrier lh;il lesiiains 
lhe iiiovements of ihe gcoiheririal fluids toward lhe west 
(l-ig. 3). 

,Mong lhe fault sysiem of the eastern border of the Tude 
hdrsi. lhe magm;i w;is periodiciiily channeled, allowing ihe 
shedding of vtilcanic maicrial of some of the iiniis described 
above. Among lhe unils with emission centers in this area 
are lhe upper levels of lhe Ttidc volcanic group and the 
subvolciinic domes of Copacoya and Piedras Cr;indes. 

The volcanic centers of El Tatio would have been chan
neled lhrough nearly N-S fraciures also belonging to Ihc 
disiensive sysiem of lhe Plio-Ou:iiernary. These are mainly 
in a N-S line toward the easi of El 'Talio graben. 

The N-S sysiem is associaied with secondary iranscurrcni 
NW-SE and NF.-SW fault systems, which were espcciiilly 
activeduring (he Pleislocene. In fact, only these two systems 
of fractures have affected Ihe Talio ignimbrite, deposited 
when the Tude horsi already formed an important positive 
block, blocking the ash flows toward the west. 

The NE-SW and NW-SE fault systems caused the sub
division of the main structures in two minor blocks. In 
this way the block of Loma Lucero has been displaced 
toward the west in relation with the .Serrania de Tude, 
as well as the soulhern portion of the Cop;icoya hil l . In 
its turn the Talio graben subdivided itself in different blocks, 
wi lh horizontal as well as vertical movement with respect 
to its N-S position, which makes the well site selection 
for production dril l bores very diff icult. 

The surface hydrolhermal activity of El Tatio is displayed 
essentially along NW-SE and NE-SW fraciures. Some of , 
these features can be inferred by the alignment of the thermal /̂  
manifestations. The movement of the thermal fluids is 
controlled by the N-S fracture sysiem and by the Pleistocene 
secondary systems. 

The lemperaiures recorded lhrough lhe wells have helped 
to dciermine the movement of the fluid at different depths. 
In f a d . the wells located in the weslern area of the field 
(Figs. 3 and 10) show a decie;isc of the lemperalure with 
depth: this would prove thiit the heal in this area is nol 
uniformly transmitted from below by conduction. This 
phenomenon is not found al ihe NE end of the f ield, where 
lhe highest lemperaiures have been recorded (Table I). 

This has been interpreted (Lahsen, 1971. unpub. rept.) 
as an area where ihermal fluids rise verticiilly through N-S 
fraciures or probiibly along Ihe inierseciion points wilh lhe 
Pleistocene fracture systeins from where they feed the 
permeable levels, and through which the fluids move hori
zontally toward the north and northwest. 

^ • v 
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Shal low Hydro therma l Act iv i ty 

'The ihermal activi ly al El 'Talio is scailered over an area 
of about 30 kn r , l l occurs preferably in the upper levels 
of lhe 'Tiilio graben, al aboul 4IIK) m above sea level. 

The area of the largest thermal activily concentration is 
found at the sources of Salado River which springs from 
i l . In this zone covering a surface of about 10 km- the 
ihermal activity includes gey.sers, fumaroles. boiling water 
and mud ponds, mud volcanoes, " so f f i on i , " steam soils, 
and olhers. 

From the waters discharged by these springs, great quanti
ties of salts arc precipitated, mainly composed of chlorides 
and silica lhat originate significant sinter cones and terraces 
formed around the geysers. These hot springs form small 
brooklets that flow through gorges, converging in the Salado 
River which drains El Tatio valley across a narrow gorge 
carved in the Serrania dc Tude. The waler discharged by 
lhe thermal manifestations varies between 250 and 500 I/sec 
according to seasonal changes. 

Other smaller localities with hydrolhermal activities are 
generally situated ai higher levels (4600 m above sea level) 
southeast of the main area (Fig. 3). 

In general, the temperature of these hot springs reaches 
86°C. which corresponds to the water boiling point for this 
altitude; higher temperatures have been found in some 
geysers and fumaroles. 

Heat Loss 

The total heat loss of El Tatio. determined by direel 
methods from the natural discharge, has been estimated 
as 26 X 10^ cal/.sec (Hochstein. 1971) and .50 x 10'' cal/sec 
('Trujillo. 1974). 

The difference observed in these values may be due to 
different criteria used for its estimation or by actual varia
tions produced by seasonal changes during rainfalls. 

Actually, precipitaiion as well as the superficial aquifers 
control the size of thermal manifestations such as steam 
.soils, geysers, hot springs, or fumaroles. 

By means of chemical techniques based on chloride 
content, Mahon (1970) estimates a heat loss between 40 
Io 60 X 10* cal/sec. In 1972 the same author in warmer 
periods wi ih little or no rainfall, found a heat loss between 
25 to 28 X 10" cal/sec (Table 2). 

According to the abovementioned data the mean heat 
loss for El Tatio could be considered to be about 35 to 
40 X 10'' cal/sec. Comparing this value with those corre
sponding to other parts of the world. El Tatio heat loss 
is higher than the Japanese thermal areas (from 2 to 20 x 10" 
cal /sec, according to Fukada ct al . . 1970) and lower than 
mosi of Ihe New Zealand hydrolhermal areas (from 20 to 
135 x 10" cal /sec; Dawson and Dickinson. 1970). 

In accordance with the heal loss determined for El Tatio 
:ind comparing it with other geothermal areas of the world, 
Truj i l lo (1974), has estimated a power of generation of aboul 
KKl MW as being developed in this geothermal f ield. 

GEOCHEMISTRY 

The geochemistry of El Tatio geolhermal field appears 
in detail in the paper by Cusicanqui et al. presented in 
'his Symposium. For that reason we wil l limit ourselves 
to only a brief review of the essential geochemical charac

teristics observed in Ihis field. 
The hoi water and sleam discharged by the thermal 

manifestations and the drilled wells correspond to an ap
proximately ncuinil solution (mean pH = 7.2) with the fol
lowing main components: NaCl, KCl . CaCU. 13 and SiO, 
(Table 1). It also presents .some concentrations of L i . Rb, 
and Cs. The principal dissolved gases are H,S and CO, 
(Ell is. 1969; Mahon, 1970; Table 2). 

The mean chloride content is about 7500 ppm; however, 
through sampling at different depths in the wells, levels 
wi lh more than 2000 ppm of C l " have been found (mainly 
Wells 2 and 9). 

The average SiOj content is 450 ppm in the wells, whereas 
in the hot springs it is about 210 ppm. 

The variations in content of the dissolved solids observed 
in the different hot springs and in the wells are indicative 
of a mixture of aquifers (Mahon, 1970) at different tempera
tures and with various salt contenis. According to this and 
considering the geological structure of lhe f ield. Lahsen 
(1971, unpub. rept.) determined the existence of ihermal 
water flows which, after a long and deep run, rise through 
fractures to the permeable levels of the f ield, from where 
they move toward the west and northwest, mingling in 
different proportions with the more superficial water f lows, 
and with waters recently infiltrated through the fractured 
modern volcanic rocks (Figs. 2 and 12). 

Before the wells were dri l led, the contents of SiO, and 
the N a / K ratio were used to determine a minimum under
ground temperaiure of about I90°C (Ell is, 1969). The signifi
cant temperatures recorded in the wells may also be consid
ered as indicative of such dilutions with colder superficial 
waters containing inferior quantities of dissolved, solids. 

The concentrations of deuterium and oxygen 18 measured 
in the different types of water of the area indicate their 
meteoric origin. 

GEOPHYSICS 

Geophysical explorations, based only on geoelectrical 
methods, have been used to determine the extension of 
geothermal reservoir in the subsurface. The low resistivity 
values of the rocks with hot salty water have been used 
to determine the limits of the field and to obtain a pattern 
of the movements of the geothermal fluids in El Tatio. 

With geoelectrical prospections a resistivity anomaly of 
about 30 k m ' with 10 ohm-m has been found in the Tatio 
graben, and within i t , a zone of 14 k m ' with 5 o h m m . 
Enclosed in the abovementioned region there are two little 
areas of 3 ohm-m, one toward the north of 3.5 km ' , and 
the other one in the central part of 2.5 km ' (Hochstein. 
1971). 

This anomalous zone exhibits a N-S elongation, compara
ble to the Tatio basin shape, presenting a widening toward 
the west in its central part, coinciding with the Rio Salado 
gorge. Likewi.se there are two continuations westward, one 
in the norihern part (N . 534 000) and the olher one in the 
soulh (N , 528 000), 

Three resistivity surveys have been done covering the 
major part of the geothermal f ie ld; for this purpose the 
Schlumberger array with A B / 2 = 250 500. and IOOO m was 
used with DC commuted every 10 seconds, in addition to 
resistivity soundings with Schlumberger arrays up to 1000 
m of penetration, and measurements with dipole method 
for depths over 2 km (Figs. 7, 8, and 9). The high contact 
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Table 1. Chemical composition of thermal springs and wells of El Tatio. 

Î lo 

l i n 

S|" 

S.nniplf 

k' 1 • 
• > 

A 
w r • 

1) 

10 
iiiK II 1.1 

157 
i r j 
Ji;fi 
.'-II 
. i . i i 

Date 

l.in, 7(1 
i DL-C, 71 
8 Sc-p, 71 

l.in, 74 
j . in, 7-4 
l.in, 7A 
Nov, (,y 
.Mov, 6'J 
.S'ov, f.<) 
.\'ov, ft'J 
.Mov, 69 
.S'ov, 69 

pH 
25°C 

7,22 
7„1H 
7,7.4 
7,15 
6,55 
7,05 
5.9 
6.35 
7,75 
7,0 
7,.18 
6,22 

li 

J,14 
43.0 
29.a 
45.0 
22.5 
43,4 
33.0 

— 
27^0 
47,0 
45.0 
46,0 

Na 

4.300 
5.070 
4,700 
4,(190 
8,952 
4,745 
3,360 
3.320 
2,780 
4,54(1 
4,320 
4,580 

COMPOSITION in ppm 
K 

440 
640 
282 
840 
467 
740 
170 
190 
241 
530 
525 
525 

Rb 

in.o 
8,3 
3.14 
0.6 
0.9 
8.3 

— 
— 
— 
— 
— 
— 

Cs 

16.5 
17,0 
17.9 
17,3 
3.8 

16.7 
10.3 
1 l . l 
9.9 

13.1 

— 
13.0 

Ca 

297 
276 
2,38 
211 

4,418 
277 
247 
256 
202 
162 
278 
269 

Mg 

1,24 
0.69 
1.50 
0,08 

68,0 
0.89 
0,3 

— 
— 
— 
— 
— 

Sr 

3,2 

— 
— 
— 
— 
— 
— 
— 
— 
— 
— 
— 

N H j 

1.2 
2,17 

_-
3,0 
1,2 
2,7 
1,8 

— 
1.8 
2,3 

— 
— 

Cl 

7,738 
9.037 
8.016 
8.870 

22.355 
8.705 
5.924 
5,660 
4,811 
8.233 
7.874 
8 0 3 7 

F 

2.75 
2.92 

— 
— 
— 
— 
— 
— 

2.4 

— 
2.9 

SO, 

38.0 
42.0 
70.0 
29.0 
29,0 
39.0 
67.0 
48.0 
39.0 
44.0 
26.0 
32.0 

B 

179.3 
195.0 
194.0 
203 

— 
— 

139 
130 
110 
186 
170 
182 

SIOj 

392 
450 
385 
750 

— 
— 
162 
151 
154 
260 
280 
221 

Molecular 
CO, 

1,4 
3,0 
3.5 
3.2 
8.5 
5.3 

— 
22 

1 
5 
1 

22 

H C O 3 

19.5 
65.0 
77.5 
39,0 
27.0 
40,0 
17,0 
37,0 
58.0 
29.0 
21,0 
30.0 

ratios 
H_,S 

1.0 

— 
— 
— 
— 
— 
0.2 
5.0 
7.0 
6.0 

11,0 
12.0 

Na/K 

16,6 
13,3 
28,3 

9.9 
31.9 
10.9 
34,0 
30.0 
19,5 
14,5 
14,0 
14,8 

Na/Li 

38,0 
35.5 
47.8 
32,8 

120.0 
3 3 0 
31.0 

— 
31.0 
29.0 
29.0 
30,0 

Cl/B a /so . 
13.3 
14,1 
12.6 
13.3 
36,5 
13,1 
13,0 
13.3 
13,3 
13.5 
14.1 
13.4 

560 
586 
310 
828 

2.088 
605 
240 
320 
330 
510 
820 
680 

C/Cs 

1.780 
1.960 
1,674 
1.924 

22.515 
1.948 
2.150 
1.910 
1.820 
2.350 

— 
2.310 

,-\n,ily;^Lfl by hi, Cusicanfjui and /o r A. M;ih6n, ' S.imp!ing pressure: 8,7 psig.—Nol analyzed. 

Table 2. Steam analysis of El Talio wells'* Table 3. Drilled production wells and their reached depths. 

Well 
No. 

1 
• 1 

4 
7 

I I I 

Dale 

19 I.m 70 
21 lul 71 
1 6 I X f 70 
21 Nnv 73 

7 l.in 74 

WHP 
psig 

208,0 
168,7 
87,7 

187.7 
38.7 

S.P 
i;>sig 

30,0 
l()4,7 
74,7 
88,7 
18,7 

Enlhalpy 
Btu/ l i ) 

408 
402 
366 
474 
463 

Gas in Sleam al 
sampling pressure 

mi l in io les/ too moles 
in ppm 

Co , H,S 

132.0 
400.0 
790.0 

79,4 
98.6 

0,03 
1,30 
0.42 
1.20 
1.21 

Cas in total 
discharge 

mil imoleS/100 
nioles in ppm 

C O , H,S 

23.4 
29,5 
77,6 
15.8 
27,7 

0.005 
0,096 
0,041 
0.238 
0.341 

% by 
weigh! 
of gas 

C O , 

0,32 
0.98 
1.93 
0.19 
0,24 

% in 
total 

sleam 
discliarge 

C O , 
C O , molai 

H,S 

0,057 
0.072 
0,16 
0.38 
0.068 

4.400 
308,0 

1.885 
66.5 
81.2 

Well 

7 
8 
9 

10 
11 
12 
I3A 

Spudded 

9. 1,73 
25. 5.73 
18. 8.73 
5.11.73 

26.12,73 
14, 2,74 
25. 5.74 

Finished 

3. 5.73 
1. 8.73 

15.10.73 
1.12.73 
2. 2.74 

25. 3.74 
7, 7,74 

Tola! 
depth 

mCHF 

873 
1.590 
1.821 
1,010 

900 
1,421 
1,000 

• An.iK/t . t ! by A. \V ihon . im i /o r H. Cusicnrtqui 
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resistivity, ihe high value of noise to signal ratio, and the 
low resistivities observed have made lhis survey very exigent 
from the inslriimenial point of view. 

The apparent resistivities Ihal correspond to AH/2 = 250, 
AB/2 = 500 and AB/2 = KXK), respectively, are shown in 
Figures 4, 5. and 6. By comparing these maps, the way 
that resistivity changes wilh dcplh may be ob.served (Hoch
stein. 1971). 

Resistivities between 800 ohnTiii and 30 o h m m have 
been detected in the different lithologic units existing in 
Ihc area, but out of the geothermal field they vary from 
30 o h m m in the Quebrada de Justo formation (Cretaceous) 
up to 800 ohm •m in the andesitics of the modern volcanoes. 
The ignimbrites present a mean resistivity of 400 o h m m 
(Marinovic and Fernandez, 1970, unpub. rept.). 

A B / 2 = 250 m. Three areas of low apparent resistivity 
were determined with this spacing; they concur with the 
zones of superficial hydrothermal activity. The major one 
is located in the central part of El Tatio together with two 
smaller ones found north and southeast respectively; 
separated by zones of high resistivity (Fig. 4). 

The zones of high resistivity near to areas of low resistivity 
can be explained by changes in the permeability of the 
rocks due to fractures. Likewise the areas of low resistivity, 
according lo this penetration, show the distribution of 
shallow hot aquifers. 

A B / 2 = 500 m. The isoresistivity map obtained with 
this survey (Fig. 5) has in general AB/2 = 250 m. However, 
Ihe zones of low resistivity have spread and the north and 
central areas of anomaly join. The zones of high resistivity 
that previously divided the field have decreased in surface 
and in values. 

A B / 2 = 1000 m. The zones of smaller than 3 o h m m 
iippear in two well-defined places, at the central and northern 
pans of the field (Fig. 6). 

The anomaly opens toward the west in the area where 
the Salado River cuts the Tude horst. This may indicate 
that the river was excavated along relatively deep NE-SW 
fraciures that let the hot fluids pass beyond the limit 
permitted by the Tude horst in the rest of the field. Another 
opening shown by the anomaly of low resistivity is toward 
the southeast. It corresponds to the place where the hot 
fluids ascend through fractures and are transmitted horizon
tally toward the northeast. 

In the southwest part of the anomaly at AB/2 = IOOO 
111 the discontinuities found in AB/2 = 250 and 500 m do 
not persist. This may be interpreted as caused by the 
c.visience of salty levels at depths of more than 500 m which 
disguise small chiinges in teinperature of the fluids. This 
h:i,s been evident in well No. 9 where Cl" contents up to 
22 (100 ppm were measured. The existence of this salty level 
suggests a trapping of the fluids in this locality due to vertical 
block niovements. 

Schlumberger Soundings 

Sonie of the eleclrical soundings done with Schlumberger 
i'Tiiys up 10 AB/2 = 1000 m each 250 m are presented 
Ul Figuies 7, 8, and 9, which correspond to the zone where 
'he production wells are located. In them a clear arrangement 
"f the Lsoresistivity lines may be appreciated, with values 

normally growing toward the east in the deeper zones, 
besides a zone of very low resistivity (1.5 ohmm) in the 
upper pans of lhe profiles, corresponding to the permeable 
layer of the Tude dacites, and including a high waler content 
at the mean temperature of I60°C. 

DRILLED WELLS 

Between 1969 and 1971 six exploratory wells 4 inches 
diameter were drilled ala mean depth of 600 m. They crossed 
a permeable zone, determined by the loss of circulation 
during the drilling; by lhe injection of cold water and its 
following temperature rise with the well closed and through 
temperature and pressure profiles during the discharge (Figs. 
10 and 11). 

The principal permeable layers were found at a depth 
between 225 and 650 m, preferably in the Puripicar ignim
brite, in a smaller proportion in the Tude volcanic group, 
and only occasionally in the Rio Salado ignimbrites. 

The discharge of these wells corresponds to a mixture 
of steam and water with a dryness that varies between 
8 and 21%. The temperatures measured in Wells I, 2, and 
4 (Fig. 6), located in the west and northwestern portion 
of the field, show maximum temperatures of 212 to 230°C 
decreasing toward the bottom. On the other hand, in Wells 
3 and 6, located in the southeastern part of the field, this 
inversion in temperature does not exist. In all the wells 
the maximum temperaiure coincides with the Puripicar 
ignimbrite, except in Well 6 where it was not reached. In 
Well 3 a maximum temperature of 254°C was reached but 
it did not cut permeables zones of importance. This is 
common in permeabilities produced by tectonic fracturing 
or by cooling of volcanic rocks showing great variabilities 
from one place to another. 

The seven production wells drilled were located in the 
SE part of the field (Fig. 6) where it is supposed that the 
fluids rise and move horizontally toward the northeast (Fig. 
12). The dates and depths reached by these wells appear 
in Table 3. 

All these wells flowed with air lift after a certain period 
of heating, discharging a mixture of water and steam. Bores 
8 and 9 were blocked due to the collapsing of their walls, 
preceded by the expulsion of a large quantity of rocks. 

The determination of the characteristics of the fluid 
discharged by Wells 7, 10, and 11 was done by means of 
a 42 inch cyclone separator and also based on the measure
ments of lip pressures. The results of these measurements 
are displayed in Table 4, where a great proportion of the 
water content of the mixture may be observed. The useful 
potential calculated for these bores corresponds to 75% of 
the total measured capacity. 

Table 4. Well Fluids: Capacity and characteristics. 

Dry-
T-C WHP * Mass Water Steani ness Power M W 

Well W H t ata (kg/hr) (kg/hr) (kg/hr) (%) Tola) Usable 

7 
10 
11 

174,5 
169,6 

169,6 

9.0 
8.0 
8.0 

276.000 

131.790 

264,370 

227,700 
107,541 

215,726 

48,300 

24,249 
48,644 

17,5 
18,4 

18,4 

9.10 
4.14 

8.87 

22,11 

6,37 

3.32 

6.21 

15,90 

• Well head pressure, tWell head. 
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Tible 5 I'miK-Ml'le levels crossed in the 8 inch diameter wells. 

Well 

7 
8 
y 

10 
11 

Depth 

170/245 
InifK-rmeable 

141/1 HO 
150/190 
150/190 

Formalion 

• Tude* 

Tude • 
Tude • 
Tude • 

• f t ; 

l l > ( l 

16(1 

11,11 

l ' . i > 

Dcplh 

' l ) iO/530 
'1.5(1/,500 
5,';()/(>00 
•;5()/f.(K) 
500 /550 

Formation 

Puripicar 
Puripicar + 
Puripicar + 
Puripicar t 
Puripicar 

rc 
228 
225 
2'24 
230 
228 

Depth 

745 /890 
950 /970 

1150/1580 
700 /800 
7(X)/800 

Formalion 

Penaliri • 
Peiial ir i t 
Peiial ir i t 
Pefialiri 
Penaliri 
.S.il.irlo • 

T'C 

26( 1 
21 I 
2(1(1 
2.r, 
2- in 

t l o w (Xirme^ibilily. *h igh pernitMbiliiy. 

With the.se bores three permeable level.s IKIVC been detect
ed; the upper one located in the Tude d.iciics ;ii depths 
that vary between 150 to 2.̂ 0 m. ihe . " i ' l ' ' ! ' ' ""^ ' '^^•'^''^^" 
450 and 6(K) m located in ihe l>iiripic:ir ,Kiiii.il>'''ie. and Ihe 
lower one al Ihc ba.se of the Rio Salado volcanic group 
from which well production is obi:iiiie<l ( Lili ' i^ -^)- ^'"'-^ 
the upper levels are cased out. 

The permeability of ihe strata cut by HK' horcs is ol 
the secondary type, originated by tectonic fraciiirmg or by 
the rapid cooling of volcanic rocks. In the case of the 1 ucie 
volcanic group the possibility exists ihm sonie levds formed 
by volcanic sands and gravel have a reliuively high primary 
permeability. It is important to i.oie ihe yood permeability 
encountered in the contaci between the ignimhrites ol the 
Rio Salado volcanic group and ihe bivccms of Ihe lower 
member (Pefialiri formacion). 

The fact that most of Ihe zones of hinli |HTi„c-;.bil,ty are 
found in the Puripicar ignimbrite ami nol m lhe Rio i,alado 
ignimbrite is somewhat strange since lhe hmcr is tmich more 
fractured according to Ihe surface sliulics. A possible expla
nation of this phenomenon could be lhe r:.ei thai the Kio 
Salado ignimbrile. due to the block lecionics. may have 
been put in contact with imperme:.ble locks ol the Quebrada 
de JU.SIO formalion, blocking the hovi/onU.I fK'w of the fluids. 
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Following arc Ihe captions for the illustrations referred 
to in this paper. The illustrations may be found in the Spanish 
version which immediately precedes this English translation. 

Figure 1. Principal morphoslructural features of norihern 
Chile, with Ihe location of Quaternary volcanism and hydro-
thermal areas. 

Figure 2. Geologic map of El Tntio. 1. Thermal manifesln-
llons; 2. Deposils (a) aluvial, (b) moronic; 3. Sediments; 4. 
El Tatio volcanic group—upper Pleistocene-Holocene—(a) 
andesiles, (b) rhyoliles; 5. Talio Ignimbrile (lower Pleislocene); 
6. Tude Volcanic Croup—(upper Pliocene)—(a) dacilic sIrnl.T 
volcanoes, (b) dacilic lavas and andesitic domes, (c) pyroclas
tics and luffs; 7. Puripicar Ignimbrite (lower Pliocene); 8. 
Copacoya (upper Miocene) subvolcanic domes; 9. Toconce 
formation (upper Miocene); 10. Si/on ignimbrite (middle 
Miocene); 11. Rio Salado volcanic group (lower Miocene); 
12. Quebrada de |usto Formalion (Upper Cretaceous); 13. 
Aqua Verde Formation (Upper Jurassic); 14. Lomas Negras 
Formalion (Middle Iurassic). 

Figure 3, Tectonic Scheme of El Talio nnd iis hydrolhermal 
acliviiy. 

Figure 4. Resistivity of El Tatio, AB/2 = 250 m. 

Figure 5. ResLslivity of El Talio, AB /2 = 500 m. 

Figure 6. Resisliviiy of El Talio, AB /2 = IOOO m. 

Figure 7. E-W Profile (528 750 N) resisliviiy soundings 
Schlumberger .irr.iy up lo AI3/2 = IOOO m. 
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Figure H. E-W Profile (528 .500 N) resisliviiy soundings 
Schlumberger array lo to A B / 2 = 1000 m. 

Fij^ure 9. E-W Profiles (528 250 N) resisliviiy soundings 
Schlumberger array up lo AB /2 = IOOO m. 

Figure 10. NW-SE geological cross section through wells 1. 
4, 9. and 7, 

Figure t 1, Temperaiure profile and permeable zones (hrou 
wells I , 4, 9, and 7. 

Figure 12, E-W schematic profile of El Tatio, (a) Ccolof 
(b) Moveinent of the geolhermal fluids in the sysiem. 
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Geophysical Exploration of the Kawah Kamojang Geothermal 
Field, West Java 

MANFRED PAUL HOCHSTEIN 
Geology Departmeht, UnrJersity of'AuGkiand, Private Baĝ  Auckland, Ne'w Zealand 

ABSTRACT 

~TTie~Ka>vah'Karriojang field in.Weft Java^li'eSatari altitude' 
of about 1500 ni on top, of an eJojigated volcanic massif 
and stands about SOO to 900 m ab.ove the plains of the 
Gariit Valley and the Bandung^ Plateau. A tic-resistivity 
leconnaissance survey showed the existence of a coherent 
low-resistivity strueture whi(;h endoses-on its eastern margin 
a iiatiira! dischafge are'a where acidic sulfate waters' are 
alsci being discharged. Since no trace of chloride waters 
as found iri springs-on the flanks of the rhassifi it .vyas 
iniferred thatthe Kawah Karrio Jang field is a vapor-dominated 
system and that the low-resistivity structure repre.sents a 
cgnderisate>layer enriched with sulfate waters. Tlie thickness 
of the. condensatig' layer was determined" by dc-resistivity 
soundings, and the true resistivity of :tKe layer was found 
to be between 2 to 5 ohni-'m. The condensa'te layer is 
underlain at a-depth of about 2(K) to S.CW m by a coherent 
layer with intermediate resistivities; greater than 10 ohm-m 
which was interpreted to be the top ofa , deeper reservoir 
containing some vapor. The field covers an area of about 
14 km^. 

To oibtain some independent: information about thC'lateral 
extent bf the. field, a number of shallow holes (20 to 50-rn 
deep) were drilled and temperature gradient measufem'ehts, 
were, taken. However, no reliable information could be 
obtained since most measurements were disturbed by near-
surface ground-water movement. 

Two exploratory deep holes were'drilled recently in the 
field outlined by the resistiyity rneasurements. The results 
of downhole measurements confirm the geoishysical model. 

INTRODUCTION 

Gebphys ica!, -gebl ogical, and geochemical investigations 
of the Kawah Kamojang area in West Java were made-
hetvyeen 1972 and 1973, The'studies were paft'bf a bilateral 
aid project (Colombo Plari.prbject) beweeji the governments 
of Indonesia and New Zealand, In addition: to Kawah 
Kamojang, other geotfiernial fields in west J[ava and Bali 
were also investigated. In this paper only the results qf 
ihe geophysical exploration of the Kawah Kamojang, area 
are presented, but reference to some results of the other 
studies will be maije. 

The aim of the project was originally tb assess the 
feasibility of producing electric power from 'suitable; geo
thermal fields in west Java; and Bali. The project was 

extended atitheend of 1973 to include drilling of explbratory 
- holies-in.some_prospects, drillirtg-ofproduclion'wells, and~ 

the construction of a pilot power plant of originally 5 MW 
capacity (now enlarged :jo 30 MW) in one field. 

The Kawah K'anibjang geothermal field lies on •top of 
a broad, east-west trending vblcanic massif which is part 
of' a lorig volcanic chain in SVest Java. Giinuhg Guntur, 
an active volcano about 7 krn to' the east of the center 
of the field lies: at the east; end of the chain. The terrn 
geothermal field v/iU be used in this',paper to clescribe the 
upper part of a reservoir with thermal fluids as it is outlined 
by gebphysiciai measurements. The shape of the massif along 
a north-south seetibn is shown in Figure 1; the crest (altitude 
about 1500 m) stands abbut 600 tb> 900 m above the plains 
of the Garui Valiey ih the south-and the Bandung Plateau 
in the north, and controls the hydrological setting of the 
field. 

Small active thermal areas occur near the northeast margin 
of"the field at an elevation of about 1650 m (Fig, 2). The 
surface mahifesTations have been described by Stehn (1929) 
and Neumann von Padang (1951). The inost^activc-discharge 
features, which,include fumaroles, steamitig ground, turbid 
hot lakes; and mud pools, liie at the locality Kawah Kamb-
jang, which has lent its name for all active areas ifi the 
northeast part of the field. The only other thermal discharge, 
in the area occurs in a valley on the south flank, 2.5 km 
south of the Ka'w'ah Kamojang thermal area. 

A general geological description of the whole.area has 
been given by Taverne (1926) who interpreted a shallow 
depression as a relict of a, caldera or set of calderas. The 
near-surface; rocks consist of a series of pyroclastics which 
are intensely weathered. Outcrops outside.the field indicate 
a sequence of andesites", andesitic tuffs, and breccias lying 
beneath the weathered pyroclastics' (J. Healy, personal 
cqiiimun.), Most of the area is cbveTed by dense jungle: 

The existence,of a steam reservoir at shallow depths in 
the northeast part of the field ;was proved by drilling (max*, 
depth l>28.m) in the Kawah: Kamojarig ttiermalareaas early 
as 1926 (Stehn, 1929). One wdl (Well 3 in Fig. 3) is still 
:discharging superheated steam from a depth of probably 
less than-50 m. 

GEOPHYSICAL MEASUREMENTS 

Chemical analyses of thermal waters from the Kawah 
Kamojang- thermal area arid frorh hot springs 2.5 km to 

1G49 
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Figure L S,ections of'apparent resistivity plotted versus depth (depth arbitrarily chpsen as A6/4) along two profiles crossing-
the Kawah Kamojang field in a north-south direction {top) and an east-west direction (bottom); for the position of the field 

stations see Figure 2. 

the,south w'ere available at the beginningof the gebphysical 
survey.'TTie.results showed that''these waters contain practi
cally no chlorine but a large amount of sulfates (Kawah 
Kamojang) and some bicarljonates (southern springs). The 
pH values of the suIfatferrich'waters are.low (2 to 4) and 
ipresiimably are brought about by the oxidization HjS rising 
from deeper parts of the field. Hence, it was.postulated 
that the Kawah Kamojang field is a vapor-dominated system 
as defined by White, Muffler, and Truesdell (I.97T), at least 
down to thê  level of the southern springs", that iŝ  down 
to 1350 m. 

Not much had .been publisKed about the geophysical 
-exploration of vapor-dominated sy.stems when we started 
With our rhcasiiremerits in October 1972, In Italy, for 
example, resistivity measurements had been unsuccessful 
in butiining; the reservoir of such systems located in sedi
mentary-rocks, except for the mapping of .the highrresistivity 
basement structure beneath sonie of these fields (-Alfano, 
1961). More successful were measurements of the tempera
ture gradient th'shallow-hbles,(Calamai.et al.,-1970), 'which 
defined the approximate size bf some fields. In 1972 we 

did noi .know -whether geophysical methods were suitable 
for the. exploration of vapor-dominated systems located in 
ybuhg volcanics although we had heard that rocks with 
low resistivities occur in the direct vicjnity of such systems 
in the. Uriited States and probably also in Kenya. On the 
other hand, we had experieh'ce with the exploration of 
hot-water systems in 'young volcanics in New Zealand and 
also.South America by dc-resistivity methods (Banwell and 
Macdonald, 1965; Hatherton, Macdonald, and Thompson, 
l%6; Risk, Macdonald,. and Dawson, 1970; Healy and 
Hochstein, 1973). Hence, for the»exploratioti bf gebthermal 
prospects in west Java we chose dc-resistivity and thermal-
gradient methods. 

To find out whether a significant resistivity.anomaly occurs 
at Kawah Kamojangand whether such an anomaly is typi(;a| 
for simi lar systems, recbnnaissanceresistivity traverses were, 
made nbl only acros.s* the; Kawah Kamojang area but also 
bver the nearby Kawah Manyk thermal area using liriear 
arrays (48 /2 = 500 m). the center of the Kawah Manuk: 
field. (Darajat field) lies about lO! km southwest of, that of'; 
the Kamojang field. The surface manifestations and the-

m 
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Figure 2. Map of the Kawah Kambjang region showing locatipn of resistivity traverses, resistivity sounding profiles atid 

temperature gradisnt"ho|es. 

chemistry of the discharged fluids, at Kawah Manuk are 
simil'ar to those at Kamojang, that is, Kawah Manuk is 
probably also a vap'or-dorniriated •systehi. The resistivity 
traverses showed that in both areas low apparent resistivities, 
typically between5?and 10bjim-m, oiicuraround the thermal 
areas whereas.furtheraway, values;between-5Pto3(X) ohm• m 
were found. 

Shallow holes (up to 50 m deep) were then drilled inside 
tind outside the low-resistivity area, Downhole measure-
inerits-showed that teriiper'atures in holes inside the low-re
sistivity area were significantly higher than those in holes 
outside which implies that 'he low resistiyities:are,.cbnnected 
with a thermal reservoir,. Resistiyity sections were then 
determined by resistiyity soundings with/spacings up to 
AS/2. = 1000 m. The lateral extent of the low-resistivity 
rbcKs at greater depths was mapped by linear arrays with 
spacirig,sof AB/2 = lOOOm. Later studies also included an 

assessment of the' total natural heat discharge. At the end 
of 1973 we;were in a position to predict that the resistivity 
structure at Kawah Kamojang ts connected with the reservoir 
bf'avapbrrdbminat'ed system and thatth&resistivity strueture 
provides a drilling target for exploratory holes. Drillirl'g df 
explbratbry holes, down to about 600-m depth at Kawah 
Kambjang was started in the later part bf 1?74. Results 
bf the, geophysical measurements are discussed in detail 
in the following paragraphs. 

RESISTIVITY MEASUREMENTS 

All measurements' were made using" a smal! portable 
resistivity device consisting of a dc-power unit (0.5 kW) 
and a high input impedance voltrtieter (Hewlett-Packard 
model 420) for monitoring of the drop voltage. Reproducibi
lity tests showed that the error was usually less than 5%. 
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Figure 3, Map pf the Kawah Kambjang geotherrnal field showing extent of the field as outlined by the' area with low 
apparent resistivities,, the positibp of linearnents and faults, and the location of deep exploratory holes. 
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SyS'̂ tematic errors, however,loccurred.during the'wet season 
because of Ifeakajgis from the power unit .and cable drums. 
Erroneous readings" showed tip with high drop vojtages, 
norisymrrietrical with respect to the center of the potential, 
electrodes. Suspect.readings were always're pea ted. Precau
tions were also taken to, place the, pbtential electrodes in 
;smooth terrain, thus avoiding distortion pf the equipotential 
lines'. The resistivity was measured âl about 140 stations 
covering an area of almost 100 km ̂ ; in-add ition, resistivity 
soundings were made.at six stations. 

Resistivity Traverses 

Results of the reconnaissance traverses with a Schlum
berger -array of AB/2-= 5{X) m are shown in Figure 2. It 
can be.seen that a coherent<area with apparent resistivities, 

of less than 10 ohm ^ m occurs: between the thermal areas 
andthe:Danau Pangkalan depressipn,,Lobes in the resistivity 
contours point tb a structure which trends about north-
northeast, bisecting the thermal areas and a less well-defined 
fisature w'ith :an east-southeast ti^end. These directions are 
similar to those of ill-defiried linearnents and inferred fatilts 
(J. Healy, personal commun.) shown, for'exampie, in Figure 

.i. 
The low. resistivities over the depression led us initially 

-io believe that the resistivity pattern was confined to the 
postulated caldera structure (Taverne, 1926), but subsequent 
measuremerits usingarrays'with a spacing of AB/2 — 1000 m 
showed that at gi'eat'er depths resistivities extend further 
to the north. The-areabver which values less than 10 ohm-m 
were observed covers ahoiit 14 km^ arid is outlined by a 
dashed double line in Figure.2. 

t 

1 X 
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Results of resistivity traverses along a north-south and 
an cast-west profile (B and A lines in Fig. 2) are shown 
in forrn of pscudb-re'sistivity sections in Fig. 1; the profiles 
intersect at the approximate center of the resistivity struc
ture. The observed resistiyity values were plotted al-depths 
equal to half of the -nomirial depth penetration (that is-, at 
250 m for an array with AB/2 - 500:m). If interbedded 
high-resistivity layers are. absent, which is true, for most 
[if the field, this presentation givesa pattern which is sirnilar 
lo thiit'of a true resistivity section. Figure I shows that 
thelbw-resistivity structure underlyingtheKavi'ah Kambjang 
arcia has alensoldal shape with steeper boundaries in the 
east-west sectipn than in the north-south section. 

Resistivity Soundings 

To obtain information about the changes of true resistiv
ities with depth inside the low-resistivity structure and to 
find'out whetherthisstruHure-iscoririecte"a"w,ith7ffie thermal 
.siructui^e of .the field, several resistivity soundings were 
made also using Schlumberger arrays with spacings up to 
,40/2 = 10(X) m. The soundings were taken along profiles 
shown in Figure 2. The profiles were all pbsitibned inside 
iheresistivitylowas outlined by the AB/2 = 500-m traverses 
to avoid any adverse boundary effect_s; with the exception 
of sounding X'K-6. The observed- resistivities are shown 
by sequence of dots and circles in Figure'4, 

For the interpretation of the soundings it was assumed 
that the resistivity ;striicture inside the low-resistivity area 
away from the boundaries, can be approximated by a ,se-
qiience of nearby horizontal layers, an assumption which 
is,justified on the evidence,Qfthe^sectipns shown in Figure 
I. The auxiliaryppint,method (Ebert, 1943; Zohdy, 1965) 
andstandard three-layer curves (Rijks waters taal, 1969) were 
used to obtain approximate solutions which were then refined 
by computing a 'set of theoretical sbiinding curves using 
a program sirnilar tp that describ'ed by Argelb (1%7): until 
a .good fit twtween observed and Cbmpiited data was: ob
tained. In'Cpmputing the best fit curves, which are shown, 
as solid lines in F[igure;. 4, we overcame the problem of 
equivalent strata by assuming that the resistivities of the 
dee'per layers were .similar arid that si mple?-models which 
give a good fit-are' preferable tOi mbdels which require a 

more detailed structure. No attempt was made to reconcile 
ariy resistivity interface at shal low depths with the shallov/ 
water table observed in the ternpCrature holes, since such 
modification does-not affect our findings about the deeper 
resistivity structure and also since recent drilling has shown 
that in some* parts of the field the shallow water table is 
perched. 

Resistivity Section Inside the Low-Resistivity Area 

The various, resistivity layers of-ihe bestfit models shown 
as sections in the bottom half of Figure 4 were then correlated 
wiih rock types, abundance bf conductive, rninerals, and 
nature of thermal fluids. The dry surface layer consisting 
bf partly weathered ash. arid lapilli (200 to 2000 ohm'm) 
is underlain by similar water-saturated material (aboul tOO 
ohm'm). In the Pangkalan: depression the.upper 20 m in 
hole XK-2 (Fig. 5) were found to consist, of wet clays and 
^eathefetlnJyfoclaftiSs-which have~a- resistivity of about 
10 to 20 ohm-m as.verified by laboratory m'easureriients 
of the resi-sttvity of cores froiri the bottom of ihe hole. 
Hence, similar rtia't'erial likely occurs down to, 110 m at 
.'sounding XK-2 and probably b'etween;30 and 250 m at XK-1. 

The center of sounding-XK-j was over steaming grpund 
with grpund temperatures of 90 to 95°C at 0.7 m depth 
and was about 50 m west of the old well mentioned in 
the introduction which produces dry steam (T = I40°C) frorii 
a" depth of presumably: less than 50 m. The sui-face layer 
at XKr5 corisists of hot but still moist therinal clays (kaolinite) 
and weathered ash. Thesurface resistivity layer of 8 ohm • m 
•at XK-5 was therefore correlateiJ^with hot, but still hydrated, 
thermal clays and weathered ash. Similar resistivities were 
•observed in the labpratory in samples.from this layer when 
heated up to 75°G. From old drill logs it can be inferred 
thatthe same material also occurs down to depths of about 
60 m. The, resistivity (25 ohrii'rii) of: the underlyirig layer 
between 8 td 24 m depth is likely caused by partly or 
cbmpletelydehydratedclays, the dehydration being brought 
about by vapor. Similar resistivity values (25 to 40 ohm • m) 
were.also found at similar depths at the nearby Kawah 
Manuk field over steaming ground near discharge features 
i s s u ing s u per h ea ted s tea m. 

The low-resistivity layer {2 tb 4pHm-rri) was interpreted 
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the observed (Well 6) or inferred (Well 7) temperature gradient in the upper 200 m of nearby deep exploratory holes. 

as a layer made up of volcanics and pyroclastics which 
contains hydrated alteration minerals and which is saturated 
with diluted sulfate waters. The concentration of these 
waters near the discharge area is presumably less than 
0.5 X 10' ppm. Some evidence for this interpretation comes 
from measurements in hole XK-3 which just penetrated 
the low-resistivity layer (4 ohm-m) at a depth of about 
50 m (Fig. 6). It was found that the pore fluids of the 
low-resistivity rocks at the bottom of this hole consisted 
of very diluted warm sulfate waters (pH = 6). Mineralogical 
studies of cores from the bottom showed that alteration 

minerals started to occur (P. Browne, personal commun.). 
Hence, the low resistivity of 4 ohm-m at the bottom of 
this hole is primarily related to the presence of hydrated 
alteration minerals rather than to diluted sulfate waters. 
The same explanation also holds if the sulfate waters attain 
concentrations of about 0.5 x IO' ppm (pH = 3.3), assuming 
that the pore fluids are made up by a dissociated HjSO* 
solution of similar concentration. In this case the resistivity 
of the pore fluids in the temperature range of IOO to 200°C 
is >20 ohmm. Treating the rock matrix as an insulator 
and making allowance for the porosity (formation-factor) 
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(Keller and Frischknecht, 1%6) of the rocks, it can be shown 
that solutions > 10* ppm are required to obtain resistivities 
of less than 5 ohm-m for these rocks. 

A unifying explanation for the low-resistivity layer can 
be given if one assumes that the conductivity brought about 
hy hydrated alteration minerals is the dominant conductance 
mechanism in the low-resistivity layer. Any changes in 
concentration of the sulfate waters with depth would there
fore not alter significantly the conductivity of this layer 
;is long as the bulk percentage of the alteration minerals—or 
better, the exchange capacity of these minerals per unit 
volume—remains constant with depth. 

The low-resistivity layer in turn is underlain at XK-5, 
also at XK-3 and XK-4, by a layer with intermediate 
resistivities of 10 to 15 o h m m at a depth of about 180 
m. In the western half of the field the low-resistivity layer 
occurs down to depths of 400 to 600 m where it is also 
underlain by a substratum with intermediate resistivities 
greater than 10 ohm-m and which is_weM documented, for 
e.<ample, by the increase in apparent resistivity at spacings 
greater than 500 m in sounding XK-2 (Fig. 4). Since it is 
unlikely that the bulk percentage of alteration minerals 
decreases significantly beneath an active discharge area, 
it was inferred that the intermediate resistivities at the bottom 
of the low-resistivity layer are caused by a partial or complete 
dehydration of the alteration minerals due to a partial or 
complete replacement of the pore fluids by vapor, as is 
the case in layer 2 at XK-5. If one accepts this explanation 
for intermediate resistivities at a depth of about 180 m at 
XK-3, XK-4, and XK-5, it follows that the same explanation 
is also applicable for the intermediate resistivities of the 
substratum at 400 to 600 m depth at XK-1, XK-2, and XK-6. 
Resistivity soundings over the nearby Kawah Manuk field 
produced similar results and lend support for the model, 
which has far-reaching implications. 

For hydrological stability it is, for example, necessary 
that the vapor pressure at the txjttom of the low-resistivity 
layer is such that it can support the hydrostatic column 
above. Since condensation of vapor will take place continu
ously at the bottom of the low-resistivity layer unless the 
lemperature is near saturation temperature, a large upflow 
of vapor is required to maintain the position of the deepest 
interface. On the other hand, any inflow of colder water 
would result, especially near the boundaries of the field, 
in deep descending tongues of condensates. The bottom 
part of the low-resistivity layer is therefore likely made 
up by a layer filled with condensates; and to emphasize 
the likely origin of the low-resistivity layer, it is called from 
now on the condensate layer. 

There were several uncertainties in the geophysical model 
of the field. For example, we had no clear idea about the 
degree of condensation in the substratum nor the amount 
of vapor present in the pores. No satisfactory explanation 
could be given for the changes in thickness of the low-re
sistivity layer beneath the vapor-filled layer with a resistivity 
of 10 to 15 o h m m at XK-3 and XK-4. We were also aware 
that the position of the top of the condensate layer near 
the boundaries of the field is unstable without any impedance 
in the layer which would restrict outflow. 

Despite these uncertainties, at the end of 1973 we postu
lated a geophysical model which combined all the facts 
and inferences discussed so far and which was similar to 
that shown in Figure 6. The important features of the model 
are: 

1. The low apparent resistivities as shown in Figures 1, 
2, and 4 delineate the lateral extent of the condensate layer. 
2. The condensate layer has a thickness of 500 ±150 m 
in the center of the field and decreases in thickness to 
150 to 180 m in the vicinity of the area with surface 
manifestations. 
3. The condensate layer is underlain by a layer or substra
tum which contains vapor. 
4. The lateral extent of hot rocks at depth is approximately 
given by the extent of the condensate layer. 

The condensate layer of the Kawah Kamojang field is 
unusually thick compared with a thickness of about IOO 
m reported for other vapor-dominated systems such as The 
Geysers (McNitt, 1%3) and the mud volcano field in Yellow
stone Park (2^hdy, Anderson, and Muffler, 1973). The 
results of geophysical studies bf the mud volcano field were 
published after our studies at Kawah Kamojang were fin
ished. Since the resistiyity structure ^ the mud volcano 
field was found to be similar to that of the Kamojang field 
we became confident that our model of the gross structure 
of the Kamojang field was essentially correct. 

TEMPERATURE MEASUREMENTS AND HEAT LOSS 

Before the geophysical model of the field was tested by 
deep drilling, a series of shallow holes (up to 50 m depth) 
were drilled. The aim of this program was to find out whether 
the low-resistivity layer, further away from the area with 
surface manifestations, also contains hot water. Although 
the alteration minerals in the low-resistivity layer were 
thought to be responsible for the conductance of this layer, 
these minerals could still have been produced during an 
earlier thermal history of the field. 

The shallow holes were made by hand at sites shown 
in Figure 2. Downhole temperatures were measured after 
a standing time of at least one month using a thermocouple. 
Several runs were made over a period of one year, and 
the observed stable temperatures are shown in Figure 5. 
Itcan be seen that in holes which lie outside the low-resistiv
ity area temperatures are constant with depth and are near 
the mean annual temperature, whereas temperatures increase 
gradually with depth in holes which lie inside the low 
resistivity area (Fig. 6). Heat transfer in the latter ones, 
however, is not by conduction as indicated by the sudden 
increase in temperature at the bottom of holes at Danau 
Pangkalan and at XK-3. As mentioned in the previous 
section, the hole XK-3 reached the top of the low-resistivity 
layer which explains also the increase in temperature at 
the bottom of this hole. A similar rise in temperature at 
the bottom of the Danau Pangkalan hole cannot be correlated 
with the low-resistivity layer which lies at much greater 
depth. The absence of any significant rise in temperature 
at the same level in the nearby hole XK-1 and the increase 
in temperature in hole XK-2, however, indicate that thermal 
waters are rising to the surface beneath the depression. 
Since the likely source of these waters is the low-resistivity 
layer, the results give some support for the assumption 
that thermal waters occur throughout the. low-resistivity 
layer. 

An assessment of the total heat discharged at the surface 
of the thermal areas was included in the geophysical explo
ration of the Kamojang field. The methods used for mea
surement of the output of the various discharge features 
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were similar lo those described by Dawson (1964) except 
for the measurement of the mass flow of fumaroles for 
which a pressure transducer was used. The total heat 
discharge rale of the Kawah Kamojang ihermal area was 
found to be about 9 x 10' J/sec (90 MW) of which nearly 
50% is due to evaporative losses of hot lakes and pools 
in the soulh area (area o in Fig. 3). The heat transfer rate 
through the whole system is probably significantly greater 
if condensation at the bottom and outf low at the top of 
the condensaten layer takes place. 

TEST BY DEEP DRILL ING 

The geophysical model of the field developed earlier has 
been tested by several exploratory wells down to depths 
of about 600 m; these wells were encased down to about 
300 m depth. The first hole. Well 6, was sited in the center 
of the field as outlined by the condensate layer (Fig. 3); 
the hole reached a depth of 612 m. Downhole measurements 
showed that the top of the condensate layer occurs at a 
depth' of about 150 m as given by the level of fluids in 
the well at zero wellhead pressure; the temperature at this 
depth is about 100°C. Temperatures were found to increase 
linearly to about 215°C at 400 m depth where a significant 
change in gradient occurs; the temperature at the bottom 
of the hole (580 m) is 239°C. Pressures were hydrostatic 
throughout, given by the mean density of the hot water 
column (K. Holyoake, personal commun.). Mineralogical 
studies of cuttings (P. R. L. Browne, personal commun.) 
showed that below 160 m depth rocks are thermally altered 
and contain thermal clays (illites, for example). Although 
certain sections were less altered, on the whole, the degree 
of alteration does not change significantly below 160 m 
depth. The sulfate concentration of fluids in the well de
creases with depth (0.2 x 10' ppm at the bottom) as shown 
by downhole sampling prior to discharging of the well (W. 
A. J. Mahon, personal commun.). Since discharging, the 
well has continued to produce dry steam probably from 
a depth of about 410 m. 

The above-listed results from Well 6 confirm important 
features predicted by the geophysical model, namely the 
existence of a thick conductive layer fi l led with hot water, 
the condensate layer, and the position of the upper boundary 
of this layer. The lower boundary is dif fuse; however, the 
approximate temperatures and pressures at the bottom of 
the inferred condensate layer are similar to those observed 
at the bottom of the hole. Taking for example an average 
thickness of 400 m for this layer at Well 6 (as indicated 
by the average thickness of the low resistivity layer at XK-1 
and XK-2) , the hydrostatic pressure at the bottom of this 
layer would be about 36 bar neglecting the influence of 
noncondensable gases. For the boundary lo be stable, the 
temperature of the vapor must be near saturation temperature 
which for a pressure of 36 bar is 245°C, similar to the 
observed temperature of 239°C at 580 m depth. Some 
indication for the diffuse nature of the lower boundary of 
the condensate layer is given by the observation that all 
temperatures between 400 and 580 m depth are near the 
saturation temperature of vapor, and it is possible that some 
vapor occurs at these depths. Such a diffu.se, presumably 
over 200-m-thick, boundary zone, however, could not be 
predicted from our sounding data. 

The second hole. Well 7, was drilled in the vicinity of 
the thermal area a (Fig. 3) and lies halfway between 

soundings XK-5 and XK-3 (XK-4). The overall confirmation 
of the geophysical model of the field by the results of Well 
6 led us to predict certain characteristics of Well 7 using 
dala shown in Figure 6. Since the average thickness of 
the condensate layer at Well 7 is about 160 m and the 
inferred hydrostatic pressure of the hot water column at 
the bottom of this layer is about 15 bar (which points to 
a vapor saturation temperature of about 200°C) it was 
predicted that the temperature at about 200 m depth would 
be slightly below 200°C. Assuming that vapor is the dominant 
phase in the substratum with intermediate resistivities, it 
was postulated that temperatures would change only gradu
ally with depth below 200 m and that pressures would be 
nonhydrostatic; hence any production from below 200 m 
depth should be in the form of dry steam. 

Since zero wellhead pressure could not be attained, no 
representative temperatures could be measured in the upper 
half of the wel l , neither could the depth to the top of the 
condensate layer be determined. Incomplete temperature 
runs, however, showed that the temperature at 200 m depth 
is arieasT I8"0°C ancTlhat temperatures increase only slightly 
from 215°C at 300 m depth to about 224°C at 520 m depth. 
Pressure runs were also incomplete. Initially the pressure 
gradient in the bottom part of the hole was significantly 
smaller than the hydrostatic gradient; pressures also de
creased significantly with time but stabilized later, reaching 
a hydrostatic gradient (K. E. Seal, personal commun.). The 
alteration of rocks between 50 to 250 m is apparently similar 
to that in Well 6 although lower-temperature alteration 
minerals tend to occur below 250 m (P. R. L. Browne, 
personal commun.). On opening, the well discharged wet 
steam which presumably comes from a zone where large 
circulation losses had occurred during drill ing and into which 
aboul 2 X 10' m ' of cold water had been pumped. 

These results imply that vapor is not dominant in the 
two-phase mixture beneath the condensate layer and one 
has to assume that large fingers or columns of condensate 
are penetrating into the substratum as, for example, shown 
in Figure 6. Such a configuration of descending columns 
of condensate would also explain the resistivity structure 
below the condensate layer at soundings XK-3 and XK-4 , 
assuming that the sounding profile XK-3 runs over an 
inferred column of condensate which is absent beneath . 
sounding profile XK-4 (Fig. 6). The boundary zone at the 
bottom of the condensate layer beneath Well 7 is therefore 
probably 250 m thick. 

The success of Wells 6 and 7 affected the siting of the 
next exploratory holes, which originally were sited in a 
small area to the north of Well 7 using the conventional 
approach that exploratory holes in a geothermal field also 
have to prove the production of thermal fluids. Such holes 
are usually drilled in zones of inferred permeability, that 
is, near faults in the vicinity of surface discharge areas. 
At Kawah Kamojang, Well 8 and Well 9, however, were 
sited to prove the extent of the reservoir as predicted by 
the geophysical model (Fig. 3). Recent incomplete measure
ments in Well 8 indicate that although hot rocks occur at 
the bottom, temperatures are significantly lower (about 
I80°C) than those at the bottom of Well 6 (K. E. Seal, 
personal commun.); this might indicate that the condensate 
layer is significantly thicker towards the margin of the f ield. 

Keeping in mind that the geophysical model only outlines 
the gross structure of the field and that the validity of any 
model has to be assessed by the predictions, it can be 
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concluded that the geophysical model of the Kawah Kamo
jang field is essentially correct. The model can also be used 
10 estimate the magnitude of the stored heat and the power 
potential of the reservoir. 

POWER POTENTIAL OF THE FIELD 

Since the reservoir of the field is outlined by the geophysi
cal model and since some information about the temperaiure 
and the nature of fluids is available, an estimate of the 
power potential can be given. Such an estimate is of some 
use for the planning of the likely scale of the various phases 
of exploitation and is at this stage more useful than an 
assessment based on the output of numerous production 
wells. For the assessment it was assumed that the total 
power potential of the field is given by the energy of: (1) 
fluids continuously transferred through the system; (2) fluids 
stored in the condensate layer; (3) fluids in the reservoir 
beneath the condensate layer down to the likely depth of 
production wells; and (4) hot rocks, assuming that some 
induced recharge might occur (see Fig. 7). 

The minimum energy continuously transferred through 
lhe system is about 10" J/sec, that is, about IOO MW, 
as given by the natural heal discharge rate. Assuming that 
under ideal conditions fluids transporting this heat can be 
tapped and that the heal can be transported in the form 
of steam of about 150°C to a powerhouse at an inlet pressure 
of about 3 bar, that is, that the plant efficiency would be 
about 25%, the power potential of the f ield, if exploited 
as a renewable resource, would be about 25 MW. 

The enthalpy of the fluids in the condensate layer is about 
0,6 X 1 0 " J, assuming an average thickness of about 0.5 
km and an average porosity of about 15% for this layer. 
Production of fluids from beneath the condensate layer wil l 
induce a downward movement of the condensates, that is, 
the condensates wil l presumably act as a buffering recharge. 
Using a plant life of 50 years (1.6 x 10' sec) and assuming 

that about half of the fluids can be extracted, one can infer 
a potential of about 50 MW for this layer. 

Any estimate of the total enthalpy of fluids stored in 
the reservoir below the condensate layer is uncertain at 
this stage since we have no information about the average 
ratio of the two-phase mixture of fluids in this important 
part of the f ield. If one assumes that there is a 1:1 mixture 
of vapor and water, one obtains a total enthalpy of about 
1.2 X 1 0 " J for these fluids. The power potential of the 
reservoir between 0.5 to 1.5 km depth would therefore be 
about 200 M W , although in the worst case, namely if all 
voids below the condensate layer are filled with vapor, this 
figure would drop to about 20 MW. 

Hot rocks of the deeper reservoir have a total enthalpy 
of about 6 X 1 0 " J. However, extraction of this energy 

, wil l be possible only if colder fluids enter this part of the 
reservoir. Any estimate of the amount of energy which 
can be extracted is unrealistic at this stage, since no 
information about recharge and efficiency of total heat 
transfer from rocks to fluids is available. 

The figures cited here also allow an estimate of the total 
energy stored in the reservoir which is of the order of 10'"* 
J down to a depth of 1.5 km. From the ratio of total energy 
stored and present rate of energy transfer one obtains a 
minimum static lifetime of the field of about 10" sec (3000 
years) which would be required to transport all the heat 
into the reservoir, assuming that the input rate is similar 
to that of the present discharge rate. Although the input 
rate might have been significantly greater, our estimate 
shows that the Kawah Kamojang field is an old system. 

SUMMARY 

Geophysical studies presented in this paper together with 
some results from other disciplines have been used to show 
that the Kawah Kamojang geothermal field is a vapor-
dominated system which is capped by a 200 to 500-m-thick. 
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:condensate' layer. The condensate layer shows'up with true 
resi.sliyities pf 2, to 5 ohm m which are. likely brpught,about 
by hydrated conductiye alteration niinerals. The lower 
boundary of the layer is diffuse, and it is likely that large 
tongiies pf cpndensates descend into the deeper reservbir 
which contains a two-phase mixture of fluids and where 
some dehydration of .alteration minerals probably takes place 
as refl'ected by the higher resistivities of 10 to 15 o h m m . 
The temperature at the bottom of the condensate layer is 
near the saturatipn temperature bf vapor which indicates 
quasi-stable conditions. Measuremenis in recently drilled 
exploratory holes showed that the gross structure of the 
field as surnmarized holds here. Since the/gepphysica! mpde) 
gives an outline of the reservoir of the field,,a rough estimate 
of the stored energy and the power potential of the field 
can be giveri. It was found that the power potentialis about 
too to 250 MW. Since'thermai fields with a similar structure 
have been found elsewhere in West Java, it is likely that 

—vapor-dominated •systems^iri. ypung-y,o1canic_rocks-a^^fan^ 
more common than believed so far. 
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ABSTRACT 

The Momotombo geothermal field in Nicaragua was 
investigated in three exploration stages, using 
a number of geophysical techniques. Stage 1 of 
the investigations by Texas Instruments, Inc., 
(1970) located and delineated a potential geo
thermal field, with the dipole mapping surveys 
and electromagnetic soundings being most effec
tive. Stage 2 of the investigations, performed in 
1973 by the United Nations Development Program 
(UNDP), outlined the resistivity anomalies in the 
area west of the previously selected field; 
Schlumberger VES soundings and constant depth 
profiling (SCOP) proved most useful. During 
Stage 3 of the investigations, Electroconsult 
(ELC) performed 20 additional Schlumberger VES 
soundings as part of the 1975 plant feasibility 
studies. Results of th6se geophysical techniques 
are summarized and their effectiveness briefly 
discussed. 

STAGE 1 

Eight Schlumberger soundings were performed in the 
southern slopes of the Momotombo volcano. The re
sulting curves were interpreted in terms of a 
sequence of horizontal layers, but, as Banwell 
(1971) points out, this has very little resem
blance to the true underground distribution of 
resistivity in the area. There is little evidence 
of correlation between pseudo-layering found in 
neighboring soundings and little similarity between 
the results of soundings taken at nearly the same 
poiffts.. Low resistivities (< 1 ohm-m) were found 
near tiie hydrothermally altered areas and the 
maximum depths interpreted from the soundings 
range between 300 m and 400 m. This depth is 
insufficient to reach the low resistivity forma
tion which lies at 1400 m to 1700 m, as indicated 
by the electromagnetic soundings. The result of 
the two dipole mapping surveys is shown in Figure 
1. Even though this method was used in Broadlands, 
New Zealand, to outline the boundaries of the 
field, the limited coverage at Momotombo did not 
produce a satisfactory boundary mapping of the 
area. Signal levels were not high enough to 
permit accurate detection beyond 4 km from the 
source dipole which crossed a pair of vertical 
faults affecting the apparent resistivity pattern 
(Banwell, 1971). 

The results of the three electromagnetic soundings 
are in general agreement. A hot water reservoir, 
now designated as the 'deep reservoir', was indi
cated and lying at depths of 1400 m to 1700 m. 
Keller (1971) classifies this technique as supe
rior to the resistivity soundings because of the 
insensitivity to problems caused by resistant 
surface rocks. A brief audio-magnetic-telluric 
(AMT) survey showed a rough correlation between 
the high temperature areas and low resistivity. 
The local variation in structure, however, as 
noted by Banwell (1971), could readily mask any 
relationship or-explain disagreements. The limi
tation of the maximum penetration depth of 400 m 
does not enable this sounding to check the pres
ence of the suspected reservoir. Data from a 
reconnaissance gravity-magnetic survey consisting 
of 23 stations have no.direct bearing on the geo
thermal conditions in the area. 

STAGE 2 

Most of the geophysical survey was done using 
Schlumberger constant depth profiling (SCDP) with 
a Lee partition added to detect any lateral in
homogeneities and to check the validity of the 
results. The measurements were useful in detec
ting zones of low resistivity to be later inves
tigated with VES soundings. Little contrast was 
detected in the entire region, with Zones C, D, 
and E in Figure 2 showing the lowest resistivity. 

Schlumberger VES soundings provided subsurface 
information such as thickness of certain conduc
tive layers and variation in resistivity between 
adjacent formations. Results of these soundings 
are shown In Figure 2. Some irregular results 
were caused by the limitation on the applicability 
of the VES method in volcanic regions such as 
Momotombo, where the layers are irregular and the 
measured sounding curve cannot be matched to any 
theoretical model. 

The roving dipole method was not extensively used 
since it showed little depth control and some of 
the results remained unclear. The placement of 
the current electrodes near Lake Managua caused 
some of the current to flow through the lake 
rather than being uniformly distributed through 
the ground; this caused lower resistivities to 
be recorded (Carriere, et al., 1974). 
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Fig, 1 ResuTts of dipole mapping survey (Texas Instruments, 1971). Two regions of low resistivity were 
deteeted: one pa/allel to the lakeshore, and the other lying about 1.5 (im up the volcanic slope, 
parallel to the first. No indication of closure of the low resistivity contours was obtained. 

"M 

One frequency domain sounding arid a dipole-dipo'le 
survey were perfoione.d on a test basis j and no con
clusive results were obtained. 

Self-potential measurement data gave information 
about the near sul"face hydrotheritial system, but 
the'atjorialies are sijiall and c.an be easily confused 
with other ef fects. Studies by Corwin and Hoover 
(1979) indicate no consistent pattern to the ano
malies caused in 13'dif ferent geothermal areas 
and a number of factors which affect data qiialitys 
There is" some indication that such ineasureinents, 
however, may be used to locate fau l ts . 

STAGE 3 

Twenty Schlumberger soundings were performed with 
electrode separations of 2 km to 3 kin; larger sepa
rations gave inaccurate res,uHs due to the high 
resistivi'ty of surface layers. Contact resistance 
was high, requiring eight pptential electrodes for 
all readings greater than AB/2 = 300 m arid" using up 
to 500 1 of water-for the current electrodes (Elec-
troconsu.lt, 1977). The progress was eventually 
slow and costly. Results are shown in the cross 
section of Figure 3. 

A gravity survey consisting of 200 stations was 
performed over an area of approximately -300 sg.km. 
fhe usual problems of aci:ess and topography affec
ted the distribution of the stations and conse
quently limited the interpretatipn accuracy. A 
new corrected version of the Bouguer anomaly niap is 
presented in Figure 4. 

~l\'tt\y i 

Legend \ 

' . ^ ^ ^ - • l o c i t l t P i i r r i ' D i r K t l O n o n ^ f l r t l M l i t W i i d l - f l I 

' f ^© n* Honte=Gal*i 

Fig. 2 Results of VES soundings (UNDP, 1974). A 
sounding in Zone C was interpreted as a; 
2-layer curve with'the second layer having 
an estimated resistivity of less than '5 
ohm-m, Zone 0 soundings point to a low 
I-esistivity zone existing at shallow 
depths (> 70 m) to the east. Results of 
soundings in Zone E are irregular due to 
the expansion oT the array into soils ,on 
one side and voleanics on the other 
{Carriere, et al.,, 1974), 
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Cro$»-Saction A-A-

Fig. 3 Three formations were encountered which exhibited d i f fe i^ent" res is t iv i t ies. The zone in the cen
t ra l portion shows res is t i v i t i es less "than 5 ohm-m (Electroconsylt, 1977),. 

Botiguer Gravity 

Lcii« Monagiq 

Fig. 4 Correct version of the Bouguer anomaly map for the v i c i n i t y of the Momotombo volcario. 
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MOMOTOMBO FIELD MODELS AT SIX STAGES IN TIME -M 
Ulrich J. Cordon 

International Engineering Company, Inc. (lECO) 
San Francisco, California 94105 

ABSTRACT 

Conceptual models of the Momotombo Field were 
developed after each exploration stage through 
a detailed study of all technical data gene
rated. These, in turn, single out methods that 
were most effective in outlining the field 
structure when compared to a final model. 

As additional geologic,, geochemical and 
geophysical data become available, the earth 
system model is refined, obtaining a better 
understanding of subsurface conditions and 
increasing the probability of drilling a suc
cessful well. At Momotombo only Stage 4 model 
was developed after investigations. 

Fig. 1 Stage 1 Model. The objective of these 
investigations was to delimit.the field by 
geological and geophysical methods. Geologic 
field mapping and photogeologic interpretation 
aided in delineating-lineaments and faults. 
Temperature-gradient holes confinned the 
presence of high temperatures (> 90°C) at depth; 
one 1995-foot borehole confirmed the existence 
of a steam-water mixture at a depth of 780 feet. 
Cuttings enabled a limited description of sub
surface rocks. Electromagnetic soundings indi
cated a hot water reservoir about 1500 m deep 
over an electrical basement detected approxi
mately at 2000 m. (Model developed from Texas 
Instruments, 1971.) 
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F ig . 2 Stage 2 Model. This model was devised from geo log i ca l , geochemical, and few geophysical 
measurements. The most s i g n i f i c a n t c o n t r i b u t i o n was provided by geochemical data that sug
gested an upflow of thermal waters o r i g i n a t i n g in a deep, high-temperature reservo i r . F lu ids 
r i se to shal low, permeable layers where they f low downslope toward the lake. I t was suggested 
that d r i l l i n g anywhere w i t h i n the area of s u r f a c e ' a c t i v i t y would encounter thennal f l u i d s a t 
shallow depth and deeper d r i l l i n g might encounter the rese rvo i r . (Model developed from 
United Nations Development Prograra Reports, 1973). 

STAGE 2 MODEL 

Lake 

Managua 

Legend 
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DEEP RESERVOIR 

Fig. 3 Einarsson Model. S. Einarsson, senior technical adviser to the United Nations, devised 
this model based on the analyses of temperature distribution in drillholes. This illustra
tion depicts the first inferred heat source and recharge of the system. The NE trending 
fault governs the upflow feeding of the shallow reservoir and acts as the NW field boundary. 
The convective system controls the maximum transport of fluids and, subsequently, the steam 
production potential; this limited system narrows the field to approximately 2 sq. km. 
(Model developed from Einarsson, 1977). 
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Fig. 4 Electroconsult Model. Stage 3 isotope analyses suggested the existence of two reservoirs and 
a convective cell developing within permeable formations. Hydrothermally altered pyroclastics 
act as a cap rock for the system. Recharge of the deep reservoir occurs from an area about 
10 km south; fluids move northwesterly, following a channel formed by the Nicaraguan Depres
sion and are eventually heated by the shallow magmatic chamber of Momotombo Volcano. Some 
cold water inflow from the east partially feeds the shallow reservoir. (Electroconsult, 1977.) 
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Fig. 5 Stage 4 Model. Stage 4 investigations included analyses of temperature measurements and 
geological observations from th i r ty- three wells. The f i r s t stratigraphic column was presented. 
The two wedge-shaped, faul t - f racture systems are surface expressions of deep-seated faul ts 
serving as conduits for f l u i d f low, and their intersection serves as the major zone of upflow. 
Fluids migrate to the east within a tephra cone composed of units I d , Ie , and I I . (Model 
developed from California Energy Company, Inc. Reports. 1979.) 
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Fi'g. 5 lECO Model. This model was developed frcm analyses o f subsurface temperature d i ' s t r i bu t i on 
and from previous f ind ings by ya'rio.u.s, compan-ies. A brp.ad, nor t l i eas te r l y t rending f a u l t -
f rac tu re zone resembling a graben s t ruc tu re cor i t ro ls f l u i d f l ow. Probable recharge of the 
deep reservo i r occurs f fbm' the south. Thermal f l u i d s r i s e to the surface w i t h i n fhe f rae tu re 
zone and move eastward in tKe prot iuct ive horizon u n t i l encpuntering col.d water in.f lgw, which 
bounds the eastern and probably northeastern por t ion of the hydrothermal systera. The deep 
reservo i r ex'tends to the west w i th increasing depth, but has an abrupt temperature drop near 
the eastern margin of the - f racture zone due .to cold water i n f l o w . The shallow reservo i r is 
cont t 'o l led ,by f r ac tu re pemieab i l i t y w i t h i n the .200 m to 500 ra. depth range. 
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Investigacipnes Recientes en el Campo Geotermico de 

Ahuachapan 

ALBERTO VIDES 

ConSullora Tecnica S.A., A lameda Roosevell 2940, San/Salvador, El Salvador 

RESUMEN 

Nuevos esuidios geologicos. getrfi^iccis y geoquimicos,^ 
indican que el area geolermica de AhuachapSTFChTpttaplT-El 
Salitre es una sola, exisiiendo ademas la posibilidad que 
esia area esie comunicada con el campo de Los Toles-
Guayapa-EI Durazncho. 

Sc ha coniinuado con las [areas de perforacion realizan-
dose nuevos pozos exploratorios, de gradicnic lermico y 
de produccion. Ademas se ban retrabajado los pozos Ah-5 
y Ah-7 incrementandose su produccion. 

Sc analiza las diversas altcrnaiivas para elimlnar las aguas 
de desperdicio. Debido a que la consiruccion de una canaleta 
de descarga al mar csta airasando el desarrollo del campo. 
se han reiniciado las pruebas de reinyeccion. Se prcscnta 
un programa de reinyeccion que podria soluclonar a un 
cosio reducido el problema de la eliminacion de las aguas 
de desperdicio. 

I N T R O D U C C I O N 

El proyecto geotermico de El Salvador principio hace 
aproximadamente diez afios. a finales de 1965. con la ayiida 
de las Naciones Unidas. ayuda que se prolongo hasta junio 
de 1971. habiendo quedado como asesor de la Comision 
Ejeculiva Hidroelccirica del Rio Lempa, el senor Sveinn 
Einarsson, hasta el 31 de marzo de 1972. 

En noviembre de 1971 se f i rmo un contralo con la firma 
italiana ELC Electroconsult S.p.A.. para la consiruccion' 
de la primera unidad geotermica de 30 MW de capacidad. 
Se contaba para e.se enlonces con cuatro pozos produciores. 
denominados Ah-1 . Ah-5, Ah-6 y Ah-7, los cuales producian 
un f lu jo de agua salina con temperatura de 232°C cn cl 
rcservorio. La produccion total de esos pozos mcdida 
a di.ferentes presiones era del orden de lOSO lon/hora 
(2 381 0(X) Ib /h r ) , produccion que separada a 6 ata podria 
dar Unas 162 lon/hora de vapor, o sea una produccion 
esiimada de 20 6(X) kW. 

Para confirmar los esuidios rcalizados previamenic, se 
midieron cuatro perfilcs de sondcos clectricos con confi-
giiracion Schlumberger dc 4 km dc scparacion cnire clectro-
dos y una serie dc punlos de gravimeiria, cstudios que 
confirniaron las conclusioncs de Naciones Unidas-CEL. 

Dcspues se firmo con la misina compania italiana una 
adiciiin al contralo. para realizar los esuidios geotermicos 
en el area nortc-noroesie de Ahuachapan, que cubrian los 
siguicnies aspectos: ( I ) seis perfiles de resistividad eleclrica 

coivjwindeos dc 4 a 5 km de scparacion enire elcctrodos: 
nconf i rmacion de la geologia de la zona de los resultados 

obtenidos por meiodos fotogcologicos: (3) esiudios gravimc-
iricos y magneiomctricos; (4) el inventario de los puntos 
de agua: (5) aniilisis de aguas y gases de los manantiales; 
y (6) la perforacion de 18 a 20 pozos de gradiente, todo 
ello sobre una superficie de 700 km^. Todos estos irabajos 
serian hcchos por ingenieros salvadorcfios, siguiendo las 
instrucciones y bajo la direccion de los ingenieros italianos, 
quienes harian tambien la interpreiacion de los resultados. 

Posieriormenie fueron ampliados estos esiudios, para ver 
si era posible la reinyeccion, ya que el costo de la canaleta 
dc las aguas de desperdicio hacia el mar es miiy superior 
al estimado, debido a la topografia y clases de terrenes 
enconirados y al incremento mundial de los precios. 

El primer contralo que se f i rmo, bajo la asesoria dc ELC 
Electroconsult, fuc para la perforacion de pozos profundos, 
con la firma francesa Foramines, S.A. El objeto del contralo 
seria afianzar la potencia de 30 MW de la primera unidad 
de media presion y la perforacion de los pozos de la segunda 
unidad de media presion y como resultado de estas dos 
unidades. la tercera unidad de baja presion, lambien de 
30 MW para alcanzar 90 MW, que es el lotal del proyecto 
del campo geotermico de Ahuachapan. 

G E O L O G I A 

Debido a la exisiencia de un mapa fotogeologico bastante 
bueno. se decidio que se debia I'micamente comprobar el 
contacto Terciario-Cuaternario con los perfiles que se mucs-
iran en la Figura I, la cual es una reduccion del mapa 
original. Sc adjunian seis perfilcs (Figs. 2 a 7) dc los 18 
que se rcalizaron mosirando las fallas principales y algtinas 
secundarias del area. Estas fallas principales forman pane 
de la falla regional dc El Salvador. 

En la Figura 8 a 10 se hacen las comparacioncs de los 
pozos perforados en el area dc Ahuachapan-Chipilapa. por 
medio de perfiles litologicos esquematicos, y se mira que 
hay correspondencia en toda el area, por la naturaleza de 
las rocas. scgiin comunicacion del gcologo Mario Jimenez. 

GEOFISICA 

En los meses previos a la contralacion de ELC. se hicieron 
unos esuidios de resistividad eleclrica en la zona conocida 
por Los Toles. donde existen fumarolas y naciniientos de 

1835 
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Figura 1. Mapa del area de Ahuachapan, indicando ubicacion de perfiles geologicos y sondeos geoelectricos. 

agua caliente. los resultados de estos esiudios son mosirados 
en la Figura 11. los esiudios se descontinuaron. pues el 
personal paso a realizar los sondeos de comprobacion en 
las lincas 1, 2, 3 y 4 que aparecen en la Figura 12. 

Como se puede apreciar en la Figura 11, la composicion 
quimica de las fuentes de agua de Los Toles, Guayapa 
y El Durazneno son muy similares entre si y correspondcn 
al analisis lipico del agua del reservorio dc los pozos 
profundos, segun comunicacion del Dr. Gustavo Cuellar. 

La resistividad eleclrica aparente y la similitud en la 
composicion quimica, hacen pensar en una posible concxion 
entre ambos campos, no por la parte del graben formado 
entre las Cordilleras de la era Terciaria y de la era Cualcrnaria, 
sino que por la falla regional de El Salvador, sobre la 
Cordillera mas reciente y que es conocida como la falla 
de Humboldt. Hasta la fecha no se han hecho mediciones 
geoelectricas para confirmar esta ascveracion, pero es de 
suponer que los sondeos de la segunda elapa de geoelecirica 
estaran encaminados a ese f in . 

Los esiudios geoelectricos son ademas muy inieresanies 
en la zona de Chipilapa, ya que muestran con las lineas 

de los sondeos 11, 12, 13, 14, 15 y 16. ademas de los antes 
citados, que hay una conexion directa entre el area geotermi
ca de Chipilapa y la de Ahuachapan, sin haberse podido 
establecer hasta la fecha un limite hacia el sur del campo 
Ahuachapan-Chipilapa. Quedando sobre este rumbo la falla 
de Humboldt. Ver Figura 12. 

Los estudios gravimelricos muestran ademas que existen 
zonas de anomalias Bouguer positivas allernadas con zonas 
de anomalias negativas, lo que podria explicstr que no se 
hayanencontrado resistividades eleciricas bajasend graben. 
por no coincidir las lineas de sondeo con las fallas posibles. 
como la encontrada en el area Los Toles-EI Duraznefio en 
las mediciones anteriores. Ai in cuando esto se puede in
terpretar como la exisiencia de un dique que no permite 
el f lu jo de agua subterranea caliente hacia la frontera de 
Guatemala, segun comunicacion del Ing. Luciano Baldo de 
ELC Electroconsult. Ver la Figura 13, hecho con densidad 
lerrestre tan baja como 2.00. 

Los esiudios magneiomctricos, como en cstudios previos. 
parecen ser un rcflejo de las curvas isomeiricas, lo que 
posiblemente se debe al hecho de que existen coladas de 
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Figura 2. Perfil geologico No. 4, Ahuachapan. 

lava muy proximas a la superficie del terreno, las que influyen 
grandemente en las mediciones de magnetomelria de un 
aparato de componente vertical solamente. La gravedad 
especifica y la composicion quimica de las rocas que afloran 
a la superficie o que estan de 10 a 200 m de profundidad, 
es easi la misma. La Figura 14 muestra las curvas isomagne-
lometricas. 

G E O Q U I M I C A 

Segun comunicacion del Dr. Gustavo Cuellar. las conclu
sioncs a las que se ha llegado por medio del mueslreo y 
analisis geoquimicode los puntos de agua caliente y fumaro
las, son las siguientes: 

1. El quimismo de las aguas y gases de Chipilapa, El Salitre 
y de la zona Los Toles-Guayapa-Duraznerio, demuestra que 
lo mas seguro es que provengan de una fuente comiin; sin 
embargo, en la zona lillimamente mencionada existe un 
marcado incremento en sulfates, lo que puede ser debido 
a reacciones secundarias en esa zona. 
2. No se ha finalizado el muestreo y analisis quimicos 
de los puntos de agua. 

GEOTERMIA 

Para los esiudios del gradiente geotermico se programaron 
14 pozos de diametro N X , con profundidades entre 60 y 
150 m. y dependiendo del resultado de estos, se perforaria 
de cuatro a seis pozos integrativos, con profundidades hasta 

de 300 ni. dc estos ultimos solo se perforo un pozo y de 
ios 14 primeros sc profundi'zo uno de ellos. En lodas estas 
perforaciones se encontro gradiente normal, la Tabia 1 
muestra los resultados de los pozos y sus profundidades 
y la Figura 15 la ubicacion de las perforaciones y las isotcrmas 
correspondientes. 

POZOS PROFUNDOS 

En las perforaciones profundas se pueden distinguir tres 
etapas, por asi decirlo: (1) las perforaciones localizadas por 
tecnicos de U N y C E L ; (2) las perforaciones para delimitar 
el campo; y (3) las perforaciones para la produccion de 
la segunda unidad, localizadas por el suscrito. En la TabIa 
2 se dan los resultados de acuerdo a la clasificacion anterior 
y a la secuencia cronologica en que fueron perforados. 

Los pozos Ah -1 , Ah-5, Ah-6, Ah-7, Ah-9 y Ah-10 se 
incluyen en la Tabla 2 a pesar de haber sido perforados 
en campahas de perforacion previas a las invesligaciones 
recientes, pues algunos de estos pozos seran usados para 
la generacion de la primera unidad, juntamente con el pozo 
Ah-4. A los pozos Ah-5 y Ah-7 se les extrajo el liner y 
ambos aumentaron la produccion, el Ah-5 en un 5% y el 
Ah-7, el cual fue ademas profundizado, aumento su capaci
dad en un 70% (de 174 a 295 ton/hr ) . 

En la Figura 16 aparece la ubicacion de los pozos del 
area de Ahuachapan y se puede notar claramente que las 
isolermas definen el campo en los hordes none y oeste, 
y no asi hacia el sur y hacia el este, aun cuando no se 
ha obienido produccion en algunos pozos y que la produccion 
es irregular en oiros, no se ha podido delimitar el campo 
y la falla de produccion se debe a problemas de otra indole. 

Segun mi opinion, la temperatura del reservorio nos indica 
la presion a que debian fluir estos pozos, si el nivel 
hidrosiatico esluviera a la boca del pozo, pero siendo que 
el nivel esta a unos 200 m debajo de la superficie y que 
la presencia de gases en el campo es minima y por lo lanto 
no disminuye el peso de la columna, al tener que levantar 
una columna de agua mayor (entre 50 y 80 m), se pierde 
la presion que normalmente se tiene para la produccion 
y esta no se realiza o es irregular. 

La terminacion mecanica de los pozos se habia aumenlado 
de 9-5/8 pulg. a 13-3/8 pulg. o.d., en la tuberia de pro
duccion, como se muestra en la Figura 17, lo cual tenia 

Tabla 1. Temperaturas medidas en los pozos de gradiente 
geotermico. 

Pozos de 
gradiente 

A 
B 
C 
0 
E 
F 
C 
H 
1 

O 
P 
L 
M 
N 
R 

Profundidad 
(melros) 

288.00 
101.30 
102.00 
102.50 
101.17 
101.88 
94.36 

100.86 
100.83 
102.00 
101.57 
100.57 
100.80 
100.49 
202.27 

Temperatura 

rc) 
En calentamlento 

25.7 
26.3 
28.5 
25.4 
25.3 
26.5 
26.2 
29.6 
26.8 
31.4 
28.5 
27.2 
28.7 
29.2 
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Figura 3. Perfil gcxjiogico No. 5, Ahuachapan. 

por objeto el aumenlo de la produccion por pozo a un costo 
un poco mayor. Debido a la cscasez de maieriales, especial-
menie tuberias de revestiniienlo, se ha vuello a reducir el 
diametro de las perforaciones. 

PROBLEMA CON LAS AGUAS DE DESPERDICIO 

El campo de Ahuachapan esta siiuado en el graben con 
la Cordillera cualernaria entre el campo en si y el mar. 
La linica comunicacion directa entre el campo y el mar, 
por la que se podria evacuar las aguas a un costo moderado. 

seria por medio del Rio Paz, pero este rio cs fronterizoj 
entre Guatemala y El Salvador y por los problemas quej 
la contaminacion de las aguas podria originar, ademas dej 
los problemas ecologicos, se decidio hacer las pruebas de| 
reinyeccion en el po'zo Ah-5, inyectandole primcro el aguaj 
del pozo Ah-1 y luego las del pozo Ah-1 sumadas a lasj 
del pozo Ah-6, con flujos dc 91 l /seg y de 164 l /seg enj 
un periodo de aproximadamente un afio. Estas experiencia^ 
estan explicadas en otro trabajo presentado por Einarsso'^ 
et al. en este Simposio. 

La dcsventaja de este metodo segtin se suponia es qu3 
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Figura 4. Perfil geologico No, 11, Ahuachapan, 

Tabla 2, Caracterisiicas de los pozos perforados en las tres etapas del programa de perforacion. 

Pozo 
No. 

1 
5 
6 
7 
9 
10 

4 
8 
I I 
12 
3 
2 
13 
14 
16 
IS 

20 
21 
22 
23 
24 
25 

Elcvacion 
m.s.n.m. 

802.79 
789.45 
782.97 
804.79 
871.33 
723.78 

812.23 
810.99 
759.30 
758.80 
855.50 
808,00 
659,60 
821.77 
868,76 
772.68 

792,00 
795.00 
842.00 
818,50 
803,10 

26" 

* 
_ 
— 
— 
— 
— 
— 

110 
no 
100 
100 
105 
96 
98 
97 

101 
90 

86 
96 

— 

20" 
O D 

_ 
— 

— 
— 
— 
56 

107 
96 
96 
80 
94 
97 
96 

too 
98 

84 
94 

— 

Profundidades en metros abajo del cabczai 

17 -1 /2 " 

* 
37 

104.6 
95,3 

103.6 
94,6 

102,1 

485 
467 
464 
500 
475 
700 
490 
500 
510 
505 

453 
487 

93 

13 -3 /8 " 
O O 

24,38 
98,2 
90,7 
96.7 
90.8 
96,4 

481 
464 
462 
496 
472 
686 
480 
348 
506 
495 

448 
472 

90 
Plalafofnia en consiruccion 

— — 
Plalaforma en consiruccion 

98 95 

12-1 /2" 

* 

491 
468,8 
455,2 
484,3 
488,1 
492,9 

640 
988 
943 
600 
802 
9(X) 
831 
570 
700 
704 

600 
669 
510 

9 -5 /8 " 
OD 

486 
456.9 
454,3 
483.4 
484,5 
485.6 

723 

— 
696 

— 
812 
465 
698 

— 

— 
509 

En (lerloracion 

8 - 1 / 2 " 

* 
1205 
951,6 
591,2 
950 

1424 
1525 

— 
— 

1003 
737 

— 
— 

800 

— 
— 

— 
659.5 

7" 

_ 
— 
— 
— 

1424 
1524 

— 

— 
— 
— 
— 
698 

— 
— 

— 
— 

<i> Tuljeria 
produccion 

(pulg.) 

8 
7 

10 
7 
7 

— 
12 
8 

— 
— 

7 

— 
b 

— 
7 

— 
8 

10 

Presion 
produccion 
( k g / c m ' g) 

10.2 
7.1 
7.0 
5.2 

— 
— 
6.2 

Varia 

— 
_ 

Varia 

— 
Varia 

— 
Varia 

— 
En proccso 
En procoso 
En proceso 

Temp. 

ro 
232 
230 
232 
232 
237 
145 

234 
232 
185 
135 
235 
232 
232 
230 
232 
no? 

232 
232 
232? 

Produccion 
lon /hora 

338 
208 
360 
295 

Irregular 
N.-ida' 

475 
Irregulart 
Impermeable 
Impermeable 
Irregular 
Nadat 
Irregular 
N.idaS 
Irregular 
Colapsado 

En proceso 
En proceso 
En proceso 

'Fue perlorado para reinyeccion y no tiene permeabi I idad, 
tLa presion en el cabezal sube hasta 14 k g / c m ' . En la primera aljeriura sc colapsr') y fue inlervenido, 
t N o fluye probablemenle a la prolundidad dc la luberia de reveslimienlo. Sera usado para rcinytH:ci6n, 
§No ha sido eslimuiado convenienlemenle aun, Esia baslanle lejos de la Ccniral, 
Los pozos Ah-3, Ah - I3 y A h - t 6 lienen temperatura y iwrmeabil idad, pero lluyen irregularmenle debido a su elevacion, 
Los pozos Ah-20, Ah-2I y Ah-22 estan en proceso de medicion los dos primeros y de calenlamicnio el tercero. 
El Pozo Ah-24 esta siendo perlorado. 
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Figura 16. Temperaturas del reservorio geotermico y ubicacion de pozos, Ahuachapan. 
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Figura 17. Terminacion mecanica de los pozos de Ahuachapan (ver Tabla 2). 

311.3Q0 

511. 000 

SI0.900 

5.10 OOO 

5 0 » . 9 0 0 

0 1 3 
• roMt mK iuo t 
o nsoj muKi 0 j ^ ^ ^ 

— m o u FAiit i i imocioi i s s e s s a s s s e s s ^ s J 
m a i l TtMA •nrreccice n r a n ES C A L A 

Figura 18. LJbicacion de los pozos a ser utilizados en las experiencias de reinyeccion. 



hiibiii que ihy'ectar el agua a temperaturas del iirden dc 
los 150°C, por motiyos de la depositacidn de silit'c y por 
consigutcnte, hia, se p.odia pensar en la tcrccra unidad de 
baja presion, lo cual signifiearia una perdida del .M)% de 
ta capacidad. 

Segtin comunicacion del Dr, Rijsscll James'.jsus experien
cias le. han. demostrado que es posible, conseguir ia no 
dcpositaGion de sil ice eh tuberias, si el agii a geolermica no 
entfa cn eontacto con el aire, aun a temperaturas tan baja.s 
como 40°C, Estas experiencias seran presentadas posible
mente en otro trabajo de este Simposio, 

dtra importante comunicacion del Dr. James "esque.s'egi'in 
los'cientificps del Departmetit of Scieniific and Industrial 
Research of New Zealand (DSIR) el frehie'quimico debi.do 
a la reinyeccion lle'garfa primero que, el fretitc frfo, a los 
pozos en produccion.Es dcciV, que habria primero un cambio 
cn el quimismb de las aguas, antes de que se. tiegara a 
deteetar un^cambio en.la temperatura d.c las mismas, 

Losc.ostosde la canaleta a) mar, queparecia ser la solueion 
a I problema, se han incremeniadp enormemente y ademas 
cs un irabajo de ingenieria bastante complicadbi lo eual 
esta airasando todo el proyectbi Por estos mblivos se ha 
dispuesto regresar a haicer una prueba de. reinyeccion en 
el pozo Ahr2, con las aguas de desperdicio, de (os pozps 
Ah-4 y Ah-5 y aplicandb las leprias del Dr. James,.siempre 
se podria tener la tercera unidad de 30 MW de baja presion'. 

En el caso de Ahuachapan, debido-al incremento de caudal 
del Rio Paz, durante ia estacion Iliiviosa, se-podria alternar 
reinyeccion con eyacuacion de las aguas por medio del rfo, 
es decir, sets meses de reinyeccion y seis meses :de flujo 

•al Rio Paz, que, por su caudal rio se veria afeGtado por 
el efluente de las: aguas geote'rmicas. 

La experiencia, de reinyeccion set̂ a realizada por etapas^, 
de modo que sifuese posible; inyectare] aguaVppr gravedad, 
como se hizo previamente, los beneficips de la experiencia 
serian mayores, de otra manera, habi'ia que instalar bombas 
para realizar la reinyeccion. Las etapas de la experiencia 
serian lassiguientes: 

1. Prueba de reinyeccion por gravedad, las alturas de. los 
pozos en me^tros sobre el nivel del mar .son las siguientes: 
Ah-2,808.00; Ah-4v 812.23; y Ah-5,789.45. En la experiencia 
anterior las.elevacion'es fueron: Ah-5, 789.45; Ah-i, 8()2.7?; 
y Ah-6, 782,97. Ver Figura 1.8 y Tabla 3. 
2. Si esta prueba no diese resultado se.utilizarian las dos 
bombas de turbina impulsadas por'vapor, que fueron traidas 
a Ei Salvador por UN para la primera experiencia,. y las 
cuales lio bubo necesidad de utilizar, y asi realizar la 
reinyeccion. 
3. Al entrar en funcipnamiento la tercera unidad de baja 
presion, .se tiene previsto separar las aguas residuales dc 
todos los pozos cerca'de la central geotermica a 1.5 ata, 
para econoniizar tuberias de gran diametro. En este caso 
se, deberan usar las bombas para Jlevar cl .agua dcsde la 

Tabla 3. Uljicacion y elcvacion de los pozos c; ii Ah tiachapa n. ' S 

Po"zo latilLid Longiuid Elev, 

1 
2 
3 
4 
5 
6 
7 
8 
9 
lb 
n 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

2.5 
Ceiitral 

310740.58 
31I22B.8I, 
310713.15 
350835.13 
311081.09 
310784;22 
311334210 
310251.43 
30'J411 .<J3 

312447,81 
3tI6I9;32' 
31149,3.50 
310428:^6 
31,0934,58 
310847.34 
30994:5:09 

310360 
310625,25 
311100 
31,0921.64 

310600.15 
31'0G3'2;21 
31,0545,45 
310616:04 
310887,24 
310969 90 

"412228.10 
412885^54 
412325,84 
412470.45 
4)2367.,66 
411936.01 
411863,14 
,411475:71 
41tS78;57 
41201.4.72 
412319.08 
411 7f>8,13 
412479:68 
413706.56 
411260.82 
412106.16 
4122(X) 
411520.15 
411980 
412087.46 
412067.04 
412668.65 
412194.76 
411852.48 
412808.68 
41162879 

802.79 
80"8.()0 
855.50 
8i2.23 
789.45 
782.97 
804.73 
810,39 
871.33 
723,70 
759.30 
758.80 
859.'6b 
821.7? 
772.68 
869:76 

792.00 
735-.00 
842,ob 
818:50 
803:10 

768:50 

central hasta el pozo Ah-2 y otro u otros que se destinen „/^ 
a tal efecto. ^., 

CONCLUSrONES 

El area Ahuachapan-Chtpilapa-El Salitre e.s una sola ,..f̂ ^ 
como sehabia supuesto ariteribrmente, y las aguas que fluyen' .̂ '̂ '' 
por los pozos perforados en,el area tiene una fuente de - J ^ 
calpr lejana que debe hallarse ubicada en la cordiilera'"i%|"' 
cuaternaria. Esta aseveracioo estacpnfirmada por los pe i f i -^ 
iesde resistividad eleclrica aparente y por el quimismo de*' 
las aguas- y gases el cual indica el origen comun de Ias^| 
mismas. Existe en proceso de estudio un muestreo is6t6pico|^ 
el cual podria hacer mas valedera la afii-macion o negarla 

Existe^ ademas ia duda razonable de uria comuniijacion; 
por medio de ia, misma falla regional entre el campoi 
AhuaehapanrChipilapa-El Salitre con el campo geotermico'j 
Los Toles-Guayapa-El Diiraznefip. Esta duda podria ser;^ 
eliminada: con estudios geoelectricos a lo largo y a travesj 
de la Cordillera cuaternaria y ademas por los esiudios W 
isotopicos en proceso. -'^ 

El pro'grama de reinyeceibn tal como lo he p!anteado,g| 
en' este, trabajo se. podria realizar a un costo reducido y^ | 
cn mi opinipn seria ia solueion al problema dc las aguas -^ 
de; desperdicip, Esle programa lo expuse previamenfe a la ^s 
CEL y ereo que a estas horas estaran ya haciendO los ^ 
preparatives necesarios para realizaflii. 
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ABSTRACT 

Based on a reinterpretation of the previously acquired 
data relative to the old Travale f ield, a program was set 
up in 1969 for extending geothermal exploration to the 
surrounding area. This program consists of a series of 
geological and geophysical surveys and a number of deep 
wells. 

In 1971, the Travale 22 well was drilled 2 km northeast 
of the previously drilled area, providing a production of 
314 t / h of steam, with a delivery pressure of 8.07 ata, 
a temperature of 185°C, and a gas-steam ratio in gas 
percentage of 9 by weight. The shut-in pressure was 60 
ata. Since July 1973 this well has been supplying a 15-MW 
exhausting-to-atmosphere power plant (specific consump
tion 12 kg /kWh) . 

Subsequently, the R l , R2, and R4 wells were drilled in 
an area within I km from Travale 22. Below the cap rock, 
R l and R2 encountered temperatures of 250 to 270°C in 
very low permeability rocks. R4 has produced 108 t / h of 
gas-steam mixture, with a delivery pressure of 3.02 ata, 
a temperature of 15rC and a gas-steam ralio in gas percent
age of 64 by weight. The shut-in pressure was 62 ata. 

A step-fault structure with a total throw of aboul 700 
m separates Travale 22 and R4 reservoirs, thereby justifying 
the considerable differences in the characteristics of the 
fluids produced by these two wells. 

I N T R O D U C T I O N 

The area of Travale-Radicondoli is one of the areas where 
geothermal exploration has been most concentrated over 
the past f ive years. This area is located 10 to 15 km 
east-southeast of Larderello, in the southwestern part of 
Tuscany (Fig. 1). As regards this area, the National Electric 
Energy Agency (ENEL) and the National Research Council 
(CNR), through its International Institute for Geothermal 

Research, set up a joint research group, aimed at studying 
the behavior of the wells in the old Travale field and at 
establishing how and to what extent geothermal exploration 
may be developed in the surrounding region. 

The geological and geophysical situation of the old Travale 
f ield, as well as production and hydrogeological dynamics 
of the wells until 1969, were summarized and discussed 
by Cataldi e ta l . (1970). 

After 1969, based on the general revision of all data 
collected until that date for the old production area, a 
research program was set up to cover, by means of up-to-date 
geological and geophysical prospecting, a larger area than 
the one previously investigated. This research program, 
carried out mainly during the 1969 to 1970 period, led to 
the discovery of a new area located several kilometers 
northeast of the old f ield. 

The first exploratory well drilled in this area (T22) pro
duced 314 t / h of steam, with a delivery pressure of 8.07-
ata, a wellhead temperature of 185°C and a gas-steam ratio 
of 9% by weight. The shut-in pressure was 60 ata. Since 
July 1973 this well has been feeding a 15-MW exhausting-to-
atmosphere power plant, with a specific f luid consumption 
of 12 k g / k W h . The well has been kept producing at a constant 
f low rate of 180 t / h ; its delivery pressure was 42 ata in 
July 1973 and diminished to 25 ata in March 1975 with 
a rapid drop in the initial production phase. 

During the past three years, the exploration of the new 
Travale-Radicondoli area has continued with the dril l ing of 
f ive other wells ( R l , R2, R3, R4, and C l ) . R3 was nol 
completed for technical reasons and C l , which replaces 
R3, is in progress. Though the Rl and R2 wells encountered 
temperatures of 250 to 270°C in very low permeability 
formations below the cap rock, they proved to be nonpro
ductive. R l , however, initially delivered a modest amount 
of f lu id. The fluid produced by R4 (108 t / h . with a delivery 
pressure of 3.02 ata, a wellhead temperature of I51°C, a 
gas-steam ratio of 64% by weight, and a shut-in pressure 

1571 
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Figure 1, Map showing location of the Travale-Radicondoli geothermal area and general geology of southwestern Tuscany. M 

of 62 ata) indicates that this well is fed by a geological 
layer which, through a step fault having a total throw of 
about 700 m, is separated f rom the layer feeding T22. 

While exploration is continuing, this paper provides up-to-
date information on the geology, geophysics, and dri l l ing 
carried out in the Travale-Radicondoli eu-ea during the past 
f ive years. 

GEOLOGICAL OUTL INE 

The area of Travale-Radicondoli is part of a geological 
region (southern Tuscany, Fig. 1) where, even in the past, 
numerous geological studies were conducted. More recently, 
detailed geological surveys were performed in areas where 
geothermal fields have been exploited for a long time, such 
as Larderello (Mazzanti, 1966; Lazzarotto, 1967), or where 



•exploitation is, starting, such as Travale-Radicondoli ( l^ iz-
zarottd and Mazzanti, l974). 

Strat igraphy 

From the top down; the .stratigraphic sequence can be 
schematized: as follows (Figs, I and 2); 

1. Recent alluvial, coastal deposits,.-and iraveriines. 
2. Magmatic racks, having ari age between 2.3 and 5.7 
m.y. They include intrusive rocks (granites of S, Vincenzo 
and Gavorrano), subvolcanic rocks (selagites Pf Ofcialicp), 
and effusive rocks (rhyodacitcsrof S. Viricenieo and rhyolites 
of Roccastrada): 

Figure 2. Ceolbgieai map of the Travale-RadiGondoli geothermal area'(partly dravvn from Lazzarotto and Mazzanti, 1974). 
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3. Marine, lagoonal, and lacustrine deposits of Quaternary, 
Pliocene, and Miocene age. Transgressive clays, sands, 
conglomerates, and organogenic limeslones, overlie the 
oldesl complexes. They represent the f i l l ing of the sedi
mentation basins (graben), initially lacustrine, then lagoonal, 
and finally marine, which formed starting during the late 
Miocene and continued until the Pliocene. In the post-Plio
cene period, the region underwent intense upheaval move
ments, except at the Tyrrhenian coast belt, where marine 
sedimentation continued until the Calabrian. 

4. Flysch-facies formations (Eocene to Upper Jurassic), 
predominantly made up of shales, marls, sandstones, and 
ophiolites. These formations tectonically rest on any of the 
fol lowing complexes. 
5. Upper terrigenous complex (lower Miocene to Upper 
Cretaceous), including, in the upper part, a predominantly 
arenaceous formation ("macigno") and, in the lower part, 
variegated shales ("scagl ia"). 

6. Carbonate complex (Jurassic to Upper Triassic), includ
ing radiolarites, Posidonia-bearing marls, cherty limestones, 
ammonite-bearing nodular limestones, massive limestones, 
black stratified limestones, cavernous limestones and brec
cias, alternations of anhydrites and magnesian limestones 
(evaporilic formations). 

7. Basal terrigenous complex (regional basement of the 
Upper Triassic to Palaeozoic), consisting mainly of phyllites, 
quartzites, sandstones, and quartzose conglomerates. I l 
prevalently outcrops in the M. Pisano-Jano-Monticiano-
Roccastrada ridge (Fig. 1) and is known in the area only 
through drill ing (Fig. 3). It has an upper transgressive part 
(Upper Triassic) and a lower part (Carboniferous and pre-
Carboniferous) which was involved in the Hercynian 
orogeny. 

Tectonics 

The structures of the Tuscan region are ascribable to 
a lectogenetic compressive phase followed by a disiensive 
one (Giannini, Lazzarotto, and Signorini, 1971). The former 
developed mainly f rom the upper Oligocene to the upper 
Miocene and caused the partial overthrusting, beyond the 
Jano-Monticiano-Roccastrada ridge, of the upper terrigenous 

and carbonate complexes, as well as the arrival of flysch-
facies formalions from the Tyrrhenian area. 

The disiensive phase is characterized by direel faulting 
and horst-graben combinations which involve all previous 
structures. This phase may be related to the spreading which 
occurred in correspondence to the Tyrrhenian Sea, which 
is interpreted as a basin tardily formed behind the compres
sive margin of the Apennines (Elter et al . , 1975). 

This disiensive phase started in the late Miocene with 
the formation of subsident sedimentation basins, initially 
lacustrine, then lagoonal, and finally marine, where subsi-:^ 
dence continued throughout the Pliocene. At Ihe end of 
this period, the upheaval in the region began and attained.; 
its maximum in the area of Larderello-Travale. 

Additionally, starting from the lale Miocene, a prevalently 
acid magmatism developed in the region, which originated 
the inlrusive, subvolcanic, and volcanic manifestations pre
viously described (Barberi, Innocenti, and Ricci, 1971). 

The Travale-Radicondoli area is located in correspondence 
to the southernmost part of the Era graben, some 20 km 
north of the Roccastrada volcanic outcrop. 

Hydrogeologica l Complexes 

In the Travale-Radicondoli area, the various outcropping 
or buried terrains can be grouped as fol lows, according . j | 
to their permeability and geometric position: 

1. Upper complex, including Pliocene and Miocene marine,;^ 
lagoonal, and lacustrine deposits, flysch-facies formations, 
and, locally, the "macigno" and "scagl ia" formations. It | 
is impermeable on the whole and represents the cap-rock 
of the geothermal reservoir. 
2. Lower complex, including Mesozoic carbonate forma-'. | 
tions, and, locally, the terrains of the regional basement,.^ 
(phyllites, quartzites, and intercalations of saccharoidaK; 
limestones and anhydrites). This complex, permeable by J 
fracturation, represents the potential reservoir of geothermal'^ 
fluids. However, where this complex outcrops, it constitutes^ 
an absorption area, controlling hydrostatic pressure in thei? 
confined aquifer. 
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Figure 3. Ceological and gravimetrical cross section of the Travale-Radicondoli geothermal area (for explanation of symbols, 
see Figure 2). 



GEOPHYSICAL SURVEYS 

Geophysical prospecting has been carried out in the 
Travale-Radicondoli area since 1969, and the main results 
achieved can be summarized as fol lows. 

Grav i ty Prospecting 

The regional gravity survey of the whole area of Larderel
lo, conducted in 1963, also marginally covered the geothermal 
area of Travale with a density of aboul 1.5 measuring points 
per square kilometer. The extension of geothermal research 

northeast of the old f ield, started in 1969, required more 
detailed gravity prospecting, capable of providing sufficient
ly detailed information as lo the local structural situation. 
A new gravity survey was thus performed only for the 
area northeast of the old field of Travale, over a surface 
of about 70 km^. with 210 measuring stations. 

The Bouguer anomaly map (worked out with a constant 
density of 2.25) exhibits a significant negative anomaly 
corresponding to the graben located northeast of the old 
Travale field (Fig. 4). This graben appears as the dominating 
feature of the whole area, has a northwest-southeast trend. 

Figure 4. Map showing Bouguer anomaly and sketch of geological structure of the Travale-Radicondoli geothermal area 
(for explanation of other symbols, see Figure 5). 
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is de Iiin ited by faults with a considerable throw and is 
indented by transversal fatilts. 

Inside the graben, small positive features of gravity appear, 
which can be referred to the presence of superficial or 
shallow masses (essentially conglomerates), having a density 
higher than that used for preparing the Bouguer'map. 

Finally^, the maps, of regional and residual anomalies (not-s 
presented here) allow us to recognize a subcircular feature,^ 
at the. soulhwesiern margin of the area involved, in corre-•^ 
spondence to Castelletoto, where some gas manifestations,^ 
exist (COJ prevalently and H^S), 
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Figure, 5. Map showing-resistive substratum-and sketch of geological structure of the Travale-Radicondoli geothermal area ' i 



Geoelect r ica l Prospecting 

The area was geoeleStriealiy i>rospected (quadripole 
Schlumberger configuration) in order to establish ibe-attitudc 
of the top of the geological formations making up the 
potentia! geothermal reservoir. 

The geoelectrical method was applied because of the 
limited depth of the potential reservoir (especially near the 
uplifted step bf the gi'aben) and of the lithologic nature 
of the formations iri the area. Indeed, j ithplogic differences 
between cap rock and potential reservoir entail strong 
resistivity cpntrasts (most; frequent values': 5 to 40 ohni-ni 
in the cap rock, arid more than' 1(H) ohm-m in the underlying 
rocks). 

The results of geoelectrical prospecting, which includes 
170 vertical electric sbuhdings (VES) scattered on profiles 
with an A f l bf 2000 tb '80()0 m, are shown in Figure 5. 
This shows an altitude of the resistant substratum in sub
stantial agi'eement with the structural frame obtained by 
surface geology and gravity prospecting. 

The depth of the resistive, substratum {which generally 
corresponds to the reservoir formations) vyas given wifh 
good approximation by the geoelectrical survey, especially 

at the uplifted margin "of the graben. Nevertheless^ the 
resistant substralunVdo.es not always correspond to the top 
of the reservbir rocks, owing to the presence of resistive 
layers in the basal part of the cap rock. 

A t the margin of the graben,, the presence, of step faults 
with a considerable throw determines lateral effects which 
geoelcctrjcally result in an att'enuation o f the differences 
relative to dislocation of the various blocks. Toward the 
central part of the graben, f inally, depth does not allow 
us tb obtain, with the geoelectrical method, ebrrect quantita
tive indications about the thickness of the conductiy& cover, 

Thermal Gradient and Heat Flow 

Surveys for deterrni ning geothermal gradientand heat f low 
iri the Travale-Radicondoli area concerned a surface of about 
70 km^, "where 27 measurement holes lA^erc dril led. The 
depth of such holes varies from about '25~to. 200 m, with 
a general average:around 75 m. 

In most cases, terrains where platinum' resistance ihermo-
probes were located (and from which cores were extracted 
for laboratory measurements of thermal conductivity with 
the Maxell-Von, Herzen needle probe), include Neogenic 
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claysa'hd shales of flysch-facies formations;. In a few cases, 
the terrains involved were ^pf the sandy-clayey or marly 
type, Ariyway, measures were always taken in impervibiis 
terrains and observations were prolonged for a period 
sufficient to attain thermal equilibrium iri ih'e. hole, :The 
results obtained are partly shown in Figures 6 and 7 for 
gebthermal gradient and heat f low, respectively. 

First df al l , an optimum correspondence is noted in the 
attitude of isogradierit and isoflow curves. This is in accord 
with the fact that thethermal conduciivity measured, though 
ranging between the extremes of 3 and 5 ><: 10"^ 
ca!/°C;-Gm-sec approximately, has over:8()% bf the values 
comprised in the interval 3.3 to 4,2 x I 0~ ' Gal/°C'Cm-sec. 

The comparative examination pf these two figures eyi-
dencfes an area pf regibrial thermal anomaly, which covers 
a surface of roughly 20 k m ^ Inside, it, a Ipcal anomaly 
stands out, which is del imitedby the | ,5°C/10 m isogradient 
and S fiLcal/ern^-sec isoflow curves. Even tf this local 
anomaly is:npt well-defined in the southwestern part (where 
permeable formations outcrop), it encloses both-the old fieild 
of Travale, with the nearby thermal springs bf Galleraie, 
and the hew exploratipn area around the T22 well, over 
a total surfai:e not exceeding 7 to 8 km^. 

Additionally, outsiBe the local 'anomaly area", the f low 
map exhibits a rapid 'drop of values, while* inside the 
•3-|j.cal/crn^-sec and 1.5-°G/l.0-m curves for f low and 
gradient, respectively, the; local anomaly appears separated 
in two main branches. The first branch has a north-south 
trend, and the second one, a northeast-southwest Irend 
The second branch shows, for both gradient and, espiseiaily, 
floWi a substantial thermal continuity between the new 
exploration area arid the old f ield. 

We. should recall that deep welis drilled in the'new area 
(T22, Rl,, R2, R3, R4, and C l ) substantially confirmed the 
values of temperature at the bottom of the cap rock foreseen 
on the basis pt the geothermal gradient map. 

Magnetote l lur ic Prospecting 

With a view to' locating high-permeability areas of the 
potential reservbir, the, magnetotelluric method with five 
cbmpptients and exponential solutions (Muse, 1973) was 
used in experiments; Field work was performed in 1973 ^ j 
with 84 measuring stations over about 50 km? (Fig, 8). The a 
results of the prospecting are reported by Celati et''a!. {1973) 
As: these authors emphasizisd, the significant elements 
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derived from this survey are the following. Firsi of all, 
lhe conductance anomalies h;ive a prevalent northeast-
southwest trend, contrasting with the main northwest-
southeast trend evidenced by the elongation of the carbonaie 
outcrop and of the graben. Secondly, the significant contrast 
in the values of longitudinal conductance measured at the 
different stations, often very close to one another, results 
in narrow and elongated conductive areas separating resistant 
areas. Thirdly, it should be emphasized that at some measur
ing points electric conductance is extremely high. 

The paper by Celati etal. (1973) attempts a first interpreta
tion of prospecting results in the light of the data acquired 
from drilling (old field, T22, Rl). Subsequently, three other 
wells were drilled (R2, R3, R4) and a fourth well is being 
drilled (Cl). The R2 well, situated on a conductance low, 
encountered rocks of very low permeabilily in the potential 
reservoir. The R4 well located instead on a conductance 
high, encountered highly permeable fractured rocks in the 
reservoir. This would seem to confirm the hypothesis that 
resistant areas correspond, in first approximation, to low-
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Table 2. Production characteristiGs of wells T-22 and R4. 

Characteristic 

Three monihs afler completion 
Date ol compietion 
Total f low rate (t /h) 
Ctefi-t^ry pressure (atal 
Temperature CC) 
Cas/steam (weight:%) 
Shut-in pressure (ata) 

IVtarch 1975 
Total flow rate (t /h) 
Delivery pressure (aia) 
Temperature (°CJ 
Gas/steam (weight %) 
Shut-in pressure (ata) 

T22 

1/1972 
314 

8.07 
185 

9 
60 

176 
•25 

239 
10.3 

on stream 

R4 

8 /1974 
108 

3.02 
I S I 
6"4 
62 

91 
S.90 

166 
66 

open' tor 
measurement 

I 

deepier rpcks,.nbt explored by dril l ing. This information 
is expected frorn a study under way which resorts to -^ 
bidimensional models. 

SUMMARY OF DRILLING AND CONCLUSIONS 

permeability rocks', and conductive areas tphighly permeable 
rbcks. • 

The R3 and C l wells, drilled in correspondence to one 
of the points where conductance proved to be extremely 
high (seegrid areas in Figure 8), fatled-to clarify the physiiEal, 
meaning of such points. The well G l , indeed^ even though 
it is not yet completed, has found high permeability layers 
at "the top o f the potential reservoir. 

One o f the.next targets is to:establish whether conductance 
values'obtained wi th magnetotelluric prpspecting are con
trolled by relativeiy shallow rocks (1000 to 2000 m) or by 

The main technica! details and production characteristics 
of the new, wells drilled from 1971 to 1975 in the Travale-
Radicondoli area arereported in Tables! and 2, respectively. 

As shown in Table: I , exploration .started with the dril l ing 
of well T22, located in eprrespondence to the area with 
the highestgeothernial gradient and heat f low, at the uplifted 
margin of the graben. The extremely favorable result of 
this well led to concentrating exploralion in the surrounding 
area to speed up its development for production bf electric 
power. 

Only two out of the f ive wells completed found high-per
meability layers at the res'ervbir top and proved to be 

Table I. Technical details of new wells. N = Neogenic deposits; F = flysch-facies fbrmations; M = sandstones ("macigno"} 
and shales ("scaglia"); E = evaporitii:: formalion: anhydrites, and so forth; B = phyllites, quartzites, and so fprth. 

Well 
Elevation 
a.S-f. (m) 

Terrains 
crossed 

initial and 
final depth 

Product ion 
casing 

depth diameter 
(m) (in.) 

Circulation Max, 
loss temp, in 

depth quantity reservoir 
(rn) (mVh) CO Result 

T22 

R 1 

R2 

R3 

R4 

G 1 

380 

418 

370 

'420 

3.40 

425 

0-640 (F) 
640-691 (E) 

•0-1,5 (N) 
15.r-890 (F) 

890-11 30 (M) 
11 313-1280(E) 
1280-1 SO) (B) 

0-430 (N) 
430-1430 (F) 

V430-1460{M) 
1460-1550(5 
1550-1841 (B) 

b-720 (F) 
720-TdliS(E} 

0-820 (N): 
820-136S [H 

1365-1371 (E( 
,0-20 (N)' 

2(i-693 (F) 
693-1305 (E) 
•13051-1830 (B) 

636 

1147 

1480 

719 

1350 

698 

13-3/8 

9-5/8 

9-5/8 

13-3/a 

9-5/8 

13-3/8 

642 > 5 0 

150G 

799 

1365 

702 

3 

>40 

>50 

264* 

252 

269 

220t 

19711 

>230 

productive 

t 

on prod uct ive ' m 

productive 

t 

*,Siiut-in temperature value -ivith 56,6 ata, tThis well iriitially produced:interirtilterilly 3 gas-steam mixture along with debris; t_Nonst3bili?«i value; Extrapolated 
value is aboul ISGXl; STechnical difficulties pievenied.corrpletiort.of this well; ||Shlji-in teniperature with 59-ala; #ln proga"S5; 18,10 m bn i ^ i l , 30, 1975. 
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prod net ive (T22 iind R4), The sLxth well (Gl) is being dril led, 
Tlio three other wells: though penetrating the re.servoir for 
Siinic hundreds o f meters, encountered ih.stead rocks of 
very Ipw-pcfrneabilily. These wells, however, aiw;iy,s found 
very high temperatures, indeed, exeept for well R4 (whose 
fluid has a very high CO^ Gontenl), the other wells showed, 
below the cap-rock, temperatures up to 270''C. 

The different compositions of lhe fluid from iwo wells 
quite close tb each other (T2-2 and R4) shbulU certainly 
be related to the presi;nce of a, step-faul led feature, which 
results in the hydrogeologic'discontinuiiy between the uplift
ed and downlifted blocks of the pptential r.eservoir (Fig. 
3). 

in addition to the iiifluence-pf the structure, an attenuation 
of the thermal anomaly in the central part of the graben 
is also likely to determine the. differenl physico-chemical 
characieristiiss of the fluid in the reservoir. If so, prospects 
of evolution of the fluid delivered by well R4 are limitied. 

i f , oh thegcpntrary, the therrrial anomaly is not attenuated 
in this direci ipn, gas accumulatipn around well R4 is to 
be attributed only to the structural feature which prevented 
gas drainage by natural manifestations and by the wells 
in the o!d fields in this case, the continuing production 
of well R4 would cause, with gas drainage, a progressive, 
.stearn enrichrrient of thermixture. togethervvith a Ibmpei^ature 
rise. The,fluid produced by well R4 may even tend to acquire 
eharacteristics,similar to those of T22. 

Independent pf the prpductipn possibilities on the steps' 
of and within the graben and regardless of the evolutipn 
ppss ibil ities of such weMs as R4, the fact remains that, 
over an area not greater than 1 km-^, all wells evidenced 
significantly high lemperature, but generally low perme-
=a bii i ty. 

The isxplored area of Travale-Radicondoli presents, there-, 
fore, conditions suitable for stimulation experiments. These 
can attempt to enlarge or to artif icially create fractures, 

which would 'a l low either drainage of existing fluid or 
recovery o f heat through an iirt if icial waier loop. 
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The Mesa Geothermal Anomaly, Imperial Valley, California: 
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ABSTRACT 

To date, a range of geophysical and geochemical surveys 
and five deep geothermal wells have been completed at 
the Mesa anomaly. The geophysical surveys all outline the 
same general area as having abnormally high subsurface 
temperatures, making the Mesa anomaly an ideal area for 
comparison and evaluation of geothermal exploration tech
niques. The origin of the anomaly is an active fault which 
acts as a conduit for ascending geothermal fluids. Dipmeter 
logs from the geothermal wells indicate that this fault has 
been active during the deposition of the most recent 2 km 
of sediments. The geothermal wells were sited so as to 
obtain stratigraphic and thermal data f rom various parts 
of the anomaly, both for comparison with surface geophysi
cal data, and to determine the ultimate size, shape, and 
production potential of the geothermal reservoir. The geo
thermal reservoir is confined beneath a clay cap, roughly 
600 m thick and consisting of about 60% clay. This clay 
cap is an effective seal as there are no surface manifestations 
of geothermal activity at the Mesa anomaly, and waters 
collected from shallow wells (<400 m) located within and 
away from the high heat-flow area yield similar Na-K-Ca 
estimated temperatures. The stratigraphic interval 600 to 
750 m is a transition zone between the clay cap and the 
geothermal reservoir. Over this interval the clay content 
drops to about 25% and the geothermal gradient drops f rom 
over 150°C/km to less than 40°C/km. The reservoir itself 
is at least 1400 m thick and has a surface manifestation 
(q >5 hfu) of 40 km^ and a base temperature of 20O''C. 
The sediments within the reservoir are essentially f lat-lying, 
loosely consolidated continental deposits. The sands (75%) 
have a mean porosity of 20% and a modal permeability 
of IOO md. The geothermal fluids are of a sodium chloride 
type with a total dissolved solids content of 2500 mg/ l i ter 
or less. 

I N T R O D U C T I O N 

The Mesa anomaly is one of several promising geothermal 
prospects located in the Imperial Valley, California. A 
considerable amount of research has been conducted on 
the Mesa anomaly including the dri l l ing and testing of f ive 
geothermal wells and a wide range of geophysical, hydrolog
ic, geochemical, and geologic studies (Combs and Muff ler , 

1973; Dutcher, Hardl , and Moyle, 1972; Rex et a l . . 1971; 
Rex et a l . , 1972; USBR, 1971; 1973a; 1973b; 1974; 1975; 
Swanberg, 1974a; 1974b; Coplen, 1974). The purpose of 
the present manuscript is to synthesize this vast amount 
of data, develop a physical model of the system, discuss 
its origin and potential, and evaluate the results obtained 
from surface geophysics in terms of what has been learned 
from deep dril l ing. The wells themselves, their f low charac
teristics, and their production potential are discussed by 
Malhias (1975). An overview of the program of the U.S. 
Bureau of Reclamation (USBR) in the Imperial Valley is 
presented by Fernelius (1975). 

There are several features of the Mesa anomaly which 
make it an ideal locality to present a case history for 
geothermal exploration and development. 

1. A vast amount of information is available on the- Mesa 
anomaly and this information can be synthesized into a 
reasonably simple model. Al l of the surface geophysical 
techniques that have been applied to the Mesa anomaly 
have not only been individually successful but all give 
essentially the same results, although they differ in detail. 
I f production wells were to be drilled on the basis of heat 
f low, residual gravity, seismic ground noise, microearth
quake epicenters, or electrical resistivity, the holes would 
all fall within a few hundred meters of one another, and 
all would fall within the zone suitable for geothermal 
development as defined by the 5-hfu heat-flow contour. 

2. The Me.sa anomaly is a " b l i n d " geothermal f ield, there 
being no surface manifestations of geolhermal activity such 
as geysers, hot springs, fumaroles, travertine deposits, and 
so on. Such fields present the greatest challenge in the 
exploralion for geothermal deposils. 
3. Of the geolhermal fields which have been developed 
for power generation, all are either vapor-dominated or 
liquid-dominated with very high base temperatures (~300°C). 
The Mesa anomaly is an example of an intermediate temper
ature (ba.se temperature ~200°C) liquid-dominated f ie ld, and 
such fields are more common and present a much greater 
potential resource. 

4. Several predevelopmental environmental studies have 
been conducted at the Mesa anomaly including ground 
motion studies (Lofgren, 1974) and seismic studies (Hi l l 
e ta l . , 1974;Combs, 1974). Repetition of these studies during 
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successive suiges of development will help lo dciermine 
the true environmental impact of geolhermal development. 

1 will start with a physical description of the anomaly 
as interpreted from the logs and temperature-gradient sur
veys in the five geothermal wells and then discuss the 
anomaly's origin and dimensions. Then 1 will present the 
resultsof the surface geophysics, placing particular attention 
on the parameters measured by each technique, and show 
how the surface geophysics is consistent with the preliminary 
model. Finally I shall present an analysis of the potential 
of the anomaly. 

G E O L O G I C SETTING 

The Me.sa anomaly is located in Ihe Imperial Valley, 
California, on the eastern flank of the Salton trough, the 
sediment-filled structural depression that forms the northern 
extension of the Gulf of California and the East Pacific 
Rise. Seismic refraction profi l ing and regional Bouguer 
gravity dala (Biehler, Kovach, and Al len, 1964; Kovach, 
Al len, and Press, 1962) show the maximum thickness of 
sediments in the trough to be about 6.4 km at a point located 
just south of the international border, with the basement 
becoming shallower both lo the south and north. In the 
vicinity of the Mesa anomaly, thetoial thickness of sediments 
is about 3.5 km (Kovach, Al len, and Press, 1962). The 
sediments in the Salton trough consist largely of terrestrial 
sandstones, siltstones, and clays that comprise the delta 
of the Colorado River (Merriam and Bandy, 1965; Muffler 
and Doe, 1968). Analysis of hydrogen and oxygen isotopic 
compositions on well waters, surface waters, geothermal 
brines, and local precipitation (Coplen, 1972) indicate that 
most of the subsurface water in the Salton trough originated 
f rom the Colorado River, although ground water near the 
margin of the trough originated from lo'cal precipitation 
during recent times. 

The Imperial Valley is a tectonically active area wi lh 
most of the present seismic activity centered on the Imperial 
fault (Hi l l et a l . , 1974). Ground-motion studies by Lofgren 
(1974) show natural subsidence on the order of 6.5 c m / y r 
to be occurring near the Salton Sea. Lx)fgren (1974) also 
reports right lateral displacement of about 5 m m / y r on the 
Brawley fault. The structure and volcanism of the Imperial 
Valley and the relationship between the Imperial Valley 
and the East Pacific Rise are discussed by Elders et al. 
(1972). 

DATA FROM DEEP DRILL ING 

To date, one injection and four production wells have 
been completed on the Mesa anomaly and their locations 
are shown in Figure I. A full description of these wells 
including dril l ing specification, f low characteristics, chemi
cal quality, geology, and other pertinent information has 
been published by the U.S. Bureau of Reclamation (1973a, 
1974), Mathias (1975), and Fournier (1973). The distribution 
of temperature with depth for the five wells is shown in 
Figure 2. Perhaps the most obvious feature of these 
temperature-depth plots is the break in gradient which occurs 
in all wells at a depth of about 600 to 900 m. Gradients 
in the upper 600 m of the wells are about 150°C/km whereas 
the gradients below 900 m arc about 29°C/km. This change 
in gradient is too large to result strictly from changes in 

Ihcrmal conduciivity of the rock and indicates a change 
in the primary mode of heal transfer from a conductive 
lo a convective regime. This is a significant point as 
convective regions can be expected lo produce far greater 
quantities of waler and energy than regions in which heat 
is transferred primarily by conduction. 

To understand the reason for this shift from conductive 
to convective heat flow in the 600 to 900-m range it is 
necessary fo examine the nature of the sediments penetrated 
by the geothermal wells. Figure 2 gives a breakdown of 
the relative abundances of clay and sand for five different 
depth ranges for each of the five wells. Also, the distribution 
of permeability within the sands is shown in Figure 2. Each 
histogram shows the relative frequency of clay and of sands 
in the permeability ranges 0 to .9, I to 9, 10 lo 90, IOO 
lo 900, and greaier than IOOO millidarcys (md). The permea
bilities were taken from the Saraband log, a computer-pro
cessed sandstone analysis developed by Schlumberger L td . 
The reliability of the low-permeability values is demonstrated 
by comparing the compuled values to those measured in 
laboratory tesls (Table'l). The high-permeability values could 
not be so verified because the unconsolidated nalure of 
the sediments precluded the taking of core material. 

It is readily apparent from the data in Figure 2 that the 
upper 600 m of each well—that portion of the wells in 
which heal is transferred primarily by conduction—is domi
naled by clay material. This clay is apparently acting as 
a caprock, confining the geothermal fluids below about 600 
m. This clay cap is apparently an effective barrier to vertical 
migration of ground water as there are no hot springs or 
other surface manifestations of geothermal activity in the 
vicinity of the Mesa anomaly. A similar clay cap of approxi
mately the same thickness confines the Salton Sea geother
mal f ield, located about 55 km northwest of the Mesa 
anomaly (Helgeson, 1968). 

The depth range 600 to 750 m represents a transition 
region between the clay-dominated caprock and the sand-
dominated geothermal reservoir. As shown in Figure 2 all 
f ive wells show a marked decrease in clay content over 
this depth 'range and a corresponding increase in the more 
permeable sand horizons. 

The depth range 750 to 900 m represents the upper portion 
of the geothermal reservoir. This depth range is characterized 
by permeable sands, the most common having a permeability ? 
in the range 100 to IOOO md, and a total clay concentration 
of only 20 to 25%. Furthermore, the temperatures at this-
deplh are 85 to 90% of the value at total depth. According 
to the data in Figure 2 it should be possible to complete 
a successful geothermal well at almost any depth between 
750 and 2175 m. 

The depth ranges 900 to 1525 m and 1525 to 2175 m 
constitute the remainder of the geothermal reservoir. These 
ranges are essentially similar to the 750 to 900-m interval, 
the principle difference being a shift to less permeable sands, 
a shift which undoubtedly results from the increasing over
burden pressure and exposure to geothermal fluids. 

Only one wel l . Mesa 6-1, has penetrated below 1900 m 
and the data in Figure 2 indicate the possibility of another 
sedimentary break at about 2175 m. Below 2175 m, there 
is a marked increase in clay content, a significant increase 
of very low-permeability sands (<1 md), a decline of 
reservoir pressure (see USBR, 1974, Table 3), a slight 
increa.se in temperature gradient, and the near-absence of 
promising production zones. These data indicate that the 
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T.ible 1. Comparisonof porosity and permeability for samples 
from geothermal well Mesa 6-1. 

Depth (m) 

1356.1-1356.4 
1358.2-1358.5 
2135.8-2136.1 
2136.4-2136.7 

Vertical 
permeabi 

Labo
ratory 

0.40 
1.3 
0.011 
0.11 

lity (md) 
Com
puted 

0.35 
1.5 
clay 
clay 

Porosity (%) 
La bo- Com-
ralory puled 

10.6 10.75 
15.5 13.45 
17.2 clay 
20.2 clay 

i Note: The laboratory delerminaiions were performed by Core Laboratories 
J Inc. of Dallas, Texas, and Ibe compuled determinations were values averaged 
I (rom Ihe Saraband log of Schlumberger Ltd. of New York. 

geothermal reservoir may have a bottom below which 
production would be controlled by the availability of frac
tures. These data also show why the original well completion 
design for Mesa 6-1, in which selected sands below 2238 
m were screened for production, did nol yield encouraging 
production tesls and why uphole perforation in the range 
2075 to 2179 m vastly improved production. This subject 
is treated in detail by Mathias (1975). 

Anolher important property of the geolhermal reservoir 
and one of interest to reservoir engineers is the physical 
nature of the rock material. Fournier (1973) has conducted 
an x-ray and optical study of the cuttings from Mesa 6-1 
and characterizes the sediments as chiefly siltstones, with 
varying amounts of interbedded sandstones ranging from 
very fine to very coarse sand size. Some information 
regarding the mechanical strength of the rock can be gleaned 
from the core recovery record. Table 2 shows that the only 
material f rom Mesa 6-1 which has sufficient mechanical 
strength to permit coring are the clays and impermeable 
sands (<1 md) and lhat the sands having a permeability 
of more than 10 md are either unconsolidated or highly 
friable. Comparing the data in Table 2 and Figure 2 indicates 
lhat about 70% of the geothermal reservoir consists of these 
unconsolidated materials. These observations may have 
significant bearing on the design of downhole heat ex
changers (Rogers Engineering Co., 1972), the problem of 
sand production in the goethermal wells, and the possibility 
for land subsidence as a consequence of removal of geother
mal fluids (Swanberg, 1975). 

DATA F R O M SURFACE GEOPHYSICS 

In the previous section I discussed the nature of the Mesa 
anomaly as interpreted from the five geothermal wells. In 

Table 2. Core record from Mesa 6-1. 

Depth 
range 
(m) 

776.6.-794,.-l 
1.150,9-1365,5 

2129,9-2147,3 

Total 
interval 
cored 
(ml 

17.7 
14.6 

17.4 

Total 
core 

recovered 
(m) 

5.5 
7.6 

6.4 

Total 
clay -1-

impermeable 
sand 

« 1 md) 
from Ihe 
Saraband 
log (m) 

0.6* 
8,2 

7,3 

Descripiion 
o( core: 

USBR (1973) 

firm hard claystone 
4,6 m hard shale: 3.0 

m very fine, silty, 
clayey, calcareous 
sand 

3,7 m hard shale. 2.7 
m hard sandy sill 

'Another 4.3 meters (all in the permeability range 1 to 10 md. 

this section, i shall present the principle results obtained 
from surface geophysics and develop a model for the origin 
of the anomaly. 

Heat Flow 

Heal f low is perhaps the most effective method of geo
thermal exploration in that there are fewer assumptions be
tween the measured parameters and the required informa
tion—that is, knowledge of the subsurface distribution of 
lemperature. A full analysis of the heat f low at the Mesa 
anomaly and the technique used in its determination are 
presented by Swanberg (1974b) and summarized in Figure 
3. Background heat-flow values range from 1.4 to 2.4 hfu 
( I hfu = 10"* cal/cm^-sec) and are typical of those 
throughout the Basin and Range province (Roy, Blackwell, 
and Birch, 1968). Heaf-flow values for the anomaly itself 
(northwest lobe of the East Mesa Known Geothermal Re-
•source Area, or KGRA) are as high as 7.9 h fu , with the 
highest values located near gravity and seismic noise maxima 
and electrical resistivity minima (Fig. 4). 

The three pronounced contours in Figure 3 are the 3-, 
5-, and 7-hfu contours. The 3-hfu contour roughly outlines 
the extent of anomalously high heat f low. Areas outside 
this contour are only marginally above the regional back
ground and such areas cannot be expected to yield a 
successful production wel l , although they might well prove 
ideal for disposal of geothermal brine. The area within the 
5-hfu contour can be considered the production area. Any 
place within this contour should yield a successful production 
wel l , provided of course that suitable production horizons 
are encountered. For the Mesa anomaly, over 40 km^ of 
land fall within this contour. 

Also shown in Figure 3 are the three faults postulated 
for the Mesa anomaly. One of these faults (Combs, 1974) 
is currently active and was located during microseismic 
monitoring at the Mesa anomaly. The correlation between 
the fault traces and the heat-flow contours is obvious, and 
this correlation suggests a tectonic origin for the anomaly. 
That is, the faults act as conduits, allowing the rise of 
geothermal fluids f rom the deep igneous heat source into 
the geothermal reservoir. Note also that the heat-flow values 
decrease with distance very rapidly west of the zone of 
maximum heat f low but decrease very slowly to the east. 
Tli is indicates that the faults either dip to the east .or 
alternatively, that the predominant f low of water in the 
geothermal reservoir is to the east, away from the faults. 

Gravity 

A complete Bouguer gravity map of the Imperial Valley 
has been prepared by Biehler (1971) who notes the correlation 
between positive gravity anomalies and areas of high surface 
heal f low. The Mesa anomaly itself is associated with a 
4-mgal residual anomaly closure, and this closure is shown 
in Figure 4 along with the heat-flow contours. The close 
relation between the maxima of heat f low and residual gravity 
is obvious and indicates a cause-and-effect relation. The 
lack of an obvious magnetic anomaly associated with the 
Mesa anomaly (USBR, 1971) would seem to preclude the 
presence of the type of rhyolite plugs which crop out near 
the Salton Sea. It is more likely that the gravity anomaly 
results f rom cementation (and possibly sil icification) and 
low-grade metamorphism of the sediments as a consequence 
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Figure 3. Distribution of heat flow over the Mesa anomaly (northwest lobe of the East Mesa KGRA) and the border anomaly ^7;-'^ 
(southeast lobe). Data (rom Swanberg (1974b), USBR (1974). v v | 

of exposure to geothermal fluids. The close agreement of 
the residual gravity and the faults which control the ascending 
geothermal fluids would seem to substantiate this hypothesis. 

Biehler (1971) has applied a simple half-width calculation 
to the residual gravity (spherical symmetry) and obtained 
a maximum depth to the center of mass of about 3.6 km. 
Assuming a density contrast of 0.15 gm/cm ' , this mass 
would have a radius of 2.7 km which would place it well 
within the depth range penetrated by the geothermal wells 
(Biehler, 1971). In an attempt to verify this model, the 
densities for the five wells were estimated from the gamma-
gamma density log. The densities for the three wells within 
the maximum residual contour are similar to the densities 
for the two wells outside the contour (Table 3), indicating 
that the anomalous mass must be deeper than fhe 1.8 km 
penetrated by four of fhe wells, and that the density contrast 
be greater than 0.15 gm/cm^. Mesa 6-1 shows a sharp 
increase in density below 2.1 km, but this cannot be 
conclusively linked to the origin of the gravity anomaly, 
since the other wells do not penetrate to this depth, and 
the data of Biehler, Kovach, and Allen (1964) show the 

presence of a regional seismic velocity increase occurringj^ 
at about the same depth. 

Microseismic Data 

Microseismic monitoring in the Mesa anomaly area is 
currently being conducted on a regional basis (Hill ef al., 
1974) and on a detailed basis near fhe anomaly itself (Combs, 
1974), and the results show considerable seismic activity 
associated with the anomaly. This monitoring is of interest 
from an environmental standpoint in that it establishes the 
background seismicity of the area prior lo development, 
and has also made it possible to locate geothermal injection 
well Mesa 5-1 in a seismically stable part of the anomaly 
(Swanberg, 1975). This monitoring is also of use in developing 
a model for fhe geothermal system. The zone of principle 
seismic activity and fhe right lateral strike-slip fault (Mesa 
fault) thereby defined are shown in Figure 4. The correlation 
between the Mesa fault and fhe heat-flow contours indicates 
that both lobes of the East Mesa KGRA exist due to 
geothermal fluids ascending along this fault. 
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Table 3. Distribution of density throughoul lhe five geolhermal wells as laken from the 7-7 densily log. 

Depth (m) 

0-152 
152-305 
305-457 
457-610 
610-762 
762-914 
914-1067 

1067-1219 
1219-1372 
1372-1524 
1524-1676 
1676-1829 
1829-1981 
1981-2134 
2134-2286 
2286-2438 
2286-2438 
2438-2448 

Average for 
Ihe interval 
(305-1829) 

Mesa 
6-1 

2.09 
2.13 
2.17 
2.21 
2.09 
2.21 
2.22 
2.14 
2.04 
2.29 
2.27 
2.34 
2.31 
2.39 
2.52 
2.52 
2.60 

2.18 

Mesa 
5-1 

2.01 
2.10 
2.12 
2.16 
2.21 
2.24 
2.26 
2.29 
2.30 
2.28 

-

2.20 

Ceothermal Wel l 
Mesa 
31-1 

2.07 
2.14 
2.16 
2.15 
2.22 
2.22 
2.21 
2.26 
2.26 
2,31 

2.20 

Mesa 
6-2 

1.94 
2.07 
2.09 
2.13 
2.18 
2.26 
2.23 
2.23 
2.37 
2.36 

2.19 

Mesa 
8-1 

1.88 
1.97 
2.07 
2.14 
2.13 
2.18 
2.28 
2.40 
2.35 
2.33 
2.41 
2.38 

2.27 

Average of 
wells 

6-1 ,6-2 ,8-1 

2.05 
2.13 
2.14 
2.13 
2.22 
2.29 
2.24 
2.20 
2.36 
2.34 

2.21 

Average 
of wells 

31-1, 5-1 

2.04 
2.12 
2.14 
2.16 
2.22 
2.23 
2.24 
2.28 
2.28 
2.30 

2.20 
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Note: The last Iwo columns represent average values (or the wells inside and outside lhe residual gravity closure. 

Information regarding the total displacement of the faulf 
cannot be determined by applying conventional structural 
analysis. Detailed studies of the cuttings f rom Mesa 6-1 
(Fournier, 1973) and analysis by the author of the geophysical 
logs from all f ive wells have failed to delineate any marker 
horizons which might be used to determine displacement. 
The dipmeter logs which were run in four of the wells, 
however, provide some information on the history of the 
fault. Figure 5 shows a contoured, stereo net plot of dip 
direction and magnitude for various depth intervals within 
fhe four wells. The strata in Mesa 5-1, an injection well 
deliberately drilled well away from the Mesa fault, are 
essentially flat-lying throughout the total depth penetrated. 
There is a slight tendency for the beds to dip to the west; 
this is expected, since the Mesa anomaly lies on the east 
flank of the Salton trough. Mesa 31-1, also several kilometers 
f rom fhe fault , shows this same general tendency although 
considerable more scatter exists. However, the strata pene
trated by Mesa 6-2 and Mesa 8-1, two wells which lie very 
near the Mesa fault (see Fig. I ) , show this tendency only 
in the upper 600 m. Below 600 m there is a tendency for 
the beds fo dip to fhe southeast, parallel to the faulf, and 
this tendency becomes more apparent wifh increasing depth. 
There is also a tendency for the dip angle to increase with 
increasing depth for these two wells. These data are consis
tent wi lh deposition during faulting and indicate that the 
Mesa fault is not only currently active but also that if has 
been active during the deposition of fhe most recent 2 km 
of sediments. 

Seismic G round Noise 

A seismic ground-noi.se survey of fhe Mesa anomaly area 
has been prepared by Teledyne-Geofech (1972). and the 
maximum (>30 dB) total power contour in fhe 3 to 5 Hz 
pass band is shown in Figure '4. Considerable care must 
be exercised in interpreting seismic ground-noise data be
cause cultural activity may introduce considerable noise in 

the 3 to 5 Hz pass band. In particular, two of the seismic 
noise highs in fhe southern portion of the map area relate 
directly fo power drops along fhe Al l American Canal. Also, 
the noise highs along fhe East Highline Canal may relate 
to water movement in fhe canal, fhe presence of pumps, 
or agricultural activity in the cultivated regions of the 
Imperial Valley fo the west. The seismic ground-noise 
anomalies which cannot be attributed to cultural activity 
are shown in Figure 4. 

The data in Figure 4 show the presence of a seismic . 
noise high associated with the Mesa anomaly. There are 
two plausible origins for the seismic noise anomaly, both 
pertaining indirectly togeothermal activity. The first pertains 
fo fhe movement of geothermal f lu id, either vertically along 
the Mesa fault or horizontally within the geothermal reser
voir. The spacial proximity among the ground-noise maxima, 
the Mesa fault, and the zone of maximum heat f low are 
consistent with this hypothesis. A second possible origin^ 
of the seismic ground-noise high has been presented by 
Combs (1974) who notes fhe resemblance between areas 
of high seismic noise and areas of microearthquake activity. 
Thus the enhanced levels of seismic ground noise may be 
wave phenomena associated with the continuously occurring 
nanoearthquakes in fhe Mesa anomaly area (Combs, 1974). 

Electr ical Resistivity Ĵ 

Electrical and electromagnetic techniques have been used 
by a number of workers to delineate geothermal fields and ;r--' 
are based on the fact that increasing temperature greatly A;3" 
reduces fhe electrical resistance of porous, water-saturated M ^ 
rocks. Imperial Valley, however, is a rather hostile environ- i^';l 
ment for the utilization of electrical methods; The high '-S^. 
regional heat f lux and the high salinity of the ground wafer igrj-
throughout much of the valley combine fo create a low 
background level of resistivity, leading to a reduced resistiv-' 
ity contrast between the geothermal fields and the nongeo
thermal adjacent areas. Contact resistance at the electrodes. 

http://ground-noi.se
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Figure 5. Stereo net plots of dip direction and magnitude. 

which must frequently be placed in dune sand, is frequently 
high. Despite these problems, electrical resistivity .soundings 
have been successfully employed in the Mesa anomaly area 
by Meidav and Furgerson (1972) and McPhar Geophysics 
(1974). The former study utilized the Schlumberger array 
with AB/2 ranging from 300 to 2500 m and showed a 
5-ohm-m closure over the Mesa anomaly. This study was 
of a reconnaissance nature, however, and fhe large distance 

between data points did not provide an accurate determi
nation of the boundaries of the geothermal field. The latter 
Sludy utilized the dipole-dipole technique with 600-m dipoles 
extended out fo N = 5, giving a maximum depth of 
penetration of approximately 1.5 km. Six east-west profiles 
were run across the anomaly; the zones of confirmed and 
suspected anomalous surface temperatures are shown in 
Figure 4. There is a very close agreement between the 
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anomalous areas as depicted by the resistivity lows and 
the 5-hfu contour, indicating that dipole-dipole resistivity 
is a valuable tool in locating and defining the boundaries 
of geothermal areas in the Imperial Valley, California. 

Seismic Refraction 

Seismic refraction profiles in the Imperial Valley have 
been conducted by Biehler, Kovach, and Allen (1964), and 
their north-south profile, which passes about 10 km west 
of fhe Mesa anomaly, is reproduced in Figure 6. Biehler, 
Kovach, and Allen (1964) report the presence of several 
through-going velocity zones but were unable to correlate 
these zones wifh known stratigraphic units. These velocity 
zones, however, correlate quite well wifh the stratigraphic 
data presented in Figure 2. The bottom of the clay cap, 
which confines the geothermal fluids to depths below about 
600 m, is located af about the same depth as the 1.9 to 
2.3 km/sec velocity contrast, a contrast which is also 
apparent on the sonic logs from the five wells, although 
the break is transitional and varies slightly in depth among 
the five wells. This velocity contrast occurs only in fhe 
vicinity of the Mesa anomaly (Fig. 6); and if this is not 
a coincidence, then a potentially powerful geothermal explo
ration technique is suggested. For a geothermal field to 
exist, there must be a source of geothermal fluids and a 
caprock to confine them. If potential clay caps can be located 
by seismic refraction, and if faults act as conduits for 
ascending geothermal fluids, then the coincidence of a 
caprock and a fault would be a promising geothermal 
prospect. As shown in Figure 2, there is a marked change 
in the lithology penetrated by Mesa 6-1 at a depth of 2175 
m. This depth corresponds to the 2.6 fo 3.6 km/sec velocity 
break shown in Figure 6. 

Geochemical Data 

Geochemical studies of the Imperial Valley have been 
conducted by Dutcher, Hardf, and Moyle (1972) and Rex 
et al. (1971, 1972). TTie chemistry of the geothermal brines, 
from fhe Mesa anomaly has been summarized by the Bureaii^ 
of Reclamation (USBR 1973a, 1974), In general, the brines' 
are of a sodium chloride variety and confain roughly 2500,i 
mg/liter total disolved solids, although samples collected 
below 2238 m in Mesa 6-1 have up to 22 000 mg/liter (Table 
4). 

Perhaps the only geothermal exploration technique at-| 
tempted af fhe Mesa anomaly that has not been successful! 
is the use of the Na-K-Ca geothermometer (Fournier ani[l| 
Truesdell, 1973) to detect areas of abnormally high subsur^l 
face temperatures, although this method has been successfidl 
in other areas (Coplen, 1974; Swanberg, 1975b). The Na-ICT 
Ca geothermometer applied to 74 ground-water samples iii| 
nongeothermal portions of the Imperial Valley yields an| 
average estimated temperature of 83°C (data from Coplen.l 
1974). This value compares with an average value of 90°C^ 
for six samples of ground water located within the 5-hfu" 
heat-flow contour of the Mesa anomaly. Although the: 
near-surface waters (46 fo 400 m in depth) over the Mesa 
anomaly give slightly higher estimated temperatures, this 
difference is not deemed significant. These data emphasize 
the fact that the clay cap overlying the Mesa anomaly, 
geothermal reservoir is a very effective barrier to vertical, 
ground-wafer movement. 

Several different geothermometers have been applied to' 
fhe geothermal brines from the Mesa anomaly and the results 
are summarized in Table 4. The estimated and observed,̂  
temperatures are in fair agreement with all three geother-| 
mometers, showing an average discrepancy of about 2(fCy 

-.-•f^l .-'-



Table 4, 

Well 

Mesa 6-1 

Mesa 6-2 

Mesa 5-1 

Mesa 8-1 

Mesa 31-1 

.-. u . j : \ v.it 

Compar ison of observed 

Sample 
number 

W30.3 
W84.4 
W1033 
Average 

W609.3 
1032 

Average 

1059 

1235 

1226 

Average 
difference (°C) 

.\ J I I l i , l v . . i . \ l , I. . . / . . 

lemperaiures and 

Observed 
T{°a 

204 

187 

157 

179 

1S4 

lemperaiures estimated 
geothermometers. 

Quartz 
conductive 

CC) 

186.5 
166.4 
197.7 
183.5 

180.0 
209.6 
194,8 

180,3 

199,4 

130.2 

19.5 

by the sil ica 

Quartz 
adiabatic 

CC) 

173.5 
157.1 
182.5 
171.0 

168.1 
192.1 
180.1 

168.4 

183.9 

126.8 

17.1 

and the sod 

. Na-K-Ca 
(°C) 

231.8 
231.6 
254.7 
239.4 

227.5 
225.9 
226.7 

166.6 

170.9 

136.6 

23.6 

um-po lass ium-ca lc ium 

Total dissolved 
solids 
(mg/l) 

16180 
19360 
21967 

2130 
2687 

1575 

2463 

2311 

Note: All samples except Mesa 5-1 represent unflashed lorniation fluid. Observed lemperalure is bottom-hole lemperature. Data (rom USBR (1974), 

Table 5, Summary of in fo rmat ion necessary to compu te the potent ia l of the Mesa anoma ly . 

Parameter Magnitude Source of data 

Areal extent 
Verticle extent 
Temperature 
Total sand 
Porosity of sand 
Total volume of water in sands 

Production from Mesa 6-1 (wellhead T = 127''C) 

Production from Mesa 6-1 (wellhead T = 166°a 

40 km^ 
750-2175 
170°C 
75% 
2 0 % 
8.6 X 10« 

8.8 X 1 0 ' 

1.6 X ,10' 

m 

m J 

m^ 

century 

m^ 

century 

Heat flow (Fig. 3) 
Seismic refraction: Saraband log (Figs 6,2) 
Temperaiure surveys (Fig. 2) 
Saraband log (Fig. 2) 
Saraband log (USBR, 1973a) 

Flow test (USBR, 1974) 

Flow test (USBR, 1974) 

i 

f 
r. 

8 

More significant, however, is the lack of any systematic 
error. The Na-K-Ca geothermometer overestimates the ob
served temperature in three cases, but underestimates in 
the other two. This geothermometer also gives the most 
accurate temperature in two cases, but the least accurate 
in two others. A similar lack of systematic error is also 
present for both silica geothermometers. Thus there appears 
lo be little advantage in attempting to refine these geother
mometers, and any estimated temperature based on these 
geothermometers will be subject to a maximum total uncer
tainty of up to 40°C. 

POTENTIAL OF THE MESA ANOMALY 

As the U.S. Bureau of Reclamation's program for devel
opment of fhe Mesa anomaly is fo provide new sources 
of fresh wafer by desalting geothermal brines, a first step 
in estimating fhe potential of fhe anomaly is fo estimate 
the total amount of geothermal brine available. Table 5 
summarizes the required parameters. 

Table 5 shows that the Mesa geothermal reservoir contains 
8.6 X 10' m^ of geothermal brine at an average tempera
ture of 170°C, and this volume of wafer is contained within 
Sand horizons having a mean porosity of 20% and a modal 
permeability of 100 md. Taking the flow data from Mesa 
6-1 (USBR. 1974) and assuming that wellhead temperatures 

of 166°C will be necessary to operate the desalting plant, 
then roughly 500 wells operating continuously for 100 years 
would be required fo produce this volume of fluid. If 
ground-water recharge is considered—and recharge is likely 
to be quite large as the isotope data of Coplen (personal 
commun.) show the Mesa anomaly to be a rather "open" 
system—an even greater number of wells (or additional 
time) would be required to produce this volume of fluid. 
There seems little use in extending this approach further. 
The volume of geothermal brine available for production 
is far in excess of what can be physically produced, leading 
to the speculation that the Mesa anomaly is very nearly 

. an infinite resource. Another conclusion to h>e drawn from 
the data in Table 5 is that the use of geophysical data to 
estimate production potential will generally lead to overesti
mates. Thus fhe true potential of the Mesa anomaly can 
best be determined by fhe flow testing of the wells, by 
observing the decline of wellhead pressure with time, and 
by observing the interactions among wells during production. 
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ANd INTERPRETATION 

Megasource EIM Method lor Detecting Deeply Buried G l .1 

Conductive Zones in Geothermal Exploration 

George V. Keller*, Kendrick Taylor, and Jose M. Souto, 

Group Seven, Inc. 

Application of the magnetotelluric method in geothermal explora
t ion has indicated that in some geothermal areas, zones of unex
pectedly high electrical conductivity occur in the crust at depths of 
only 5 to 10 km. Delineation of these features, which may represent 
the thermal roots of shallower exploitable geothermal systeins, is d i f f i 
cult with the M T method because of ihe time required to make an 
individual sounding, and because of the complexity of interpretation 
of M T sounding curves when stron^Jatejial varialions in resistivity 
exist. The controlled source EM methods offer the possibility of more 
def ini t ive delineation o f anomalies associated wi th geolhermal 
systems, providing that penetrations o f 5 to 10 km can be obtained. 
One approach to reaching great depths in EM sounding is through Ihe 
use o f very intense sources, a procedure known as the Megasource EM 
nielhod. 

A Megasource EM survey was carried out in the Dixie Valley-
Carson Sink area of northwestern Nevada. In this area, earlier M T 
surveys indicated the existence of anomalously conductive zones in the 
crust at depths as shallow as 5 to 10 km. The conductive zone is 
spatially relaled to the areas o f mosl intense surface thermal activity in 
D ix ie Val ley and the adjacent St i l lwater Moun ta ins . Several 
apparently successful geothermal lest wells had been drilled in this 
anomalous area. In the survey described here, an EM field was gen
erated by passing a square wave current of 3000 A pcak-to-peak 
amplitude along a I km grounded wire, providing a source moment of 
3 X 10* amperemethers (Hence "Megasource" ) . The source was 
located on the northwest side of Carson Sink, at a distance of approxi
mately 50 km from the target areas for exploration in Dixie Valley and 
soulh end of Carson Sink. The observation of EM fields at these 
distances from the source were expected to permil the determination 
o f resistivity in the crust to depths up to 20 km. Observations of 
transient EM coupling using a vertical axis simulated-loop receiver 
were made al nearly 4(X) receiver locations distributed at intervals o f 
approximately 1 km along the accessible roads in the survey area. The 
time interval over which the transients were recorded was f rom a 
minimum of 30 msec to a maximum of 30 sec. Many of the curves 
were interpreted using a one-dimensional inversion approach. The 
survey was successful in identifying an area where anomalously con
ductive rocks exist in the upper crust at depths as shallow as 7 km. 
This area includes localions of lhe successful test wells in Dixie Valley 
and surrounding regions. Resisliviiy in the anomalous zone in the 
upper crust is reasonably consistent, ranging from 5 lo 15 Q-m. These 
data might be explained by the existence of a partially moultcn zone at 
shallow depths in the crust, but il seems more likely th-jl the high con
duciivi iy rcsulls from extensive fracturing and a high saturation of hoi 
waler in the crusl. 

•Speaker. §Preprini available f rom SEG Business Office. 4 2 0 

Experience wi th the EM-60 Electromagnetic System G1.2 
for Geothermal Exploration In Nevada § 

M. J. W i l t ; J. R. Haught, N. E. Goldstein, a n d H . F. Morr ison, 

Lawrence Berkeley Laboratory 

Through a joint program between the Dept. of Energy/Division o f 
Geothermal Energy and private geothermal developers, Lawrence 
Berkeley Laboratory "(LBL) conducted controlled-source (frequency 
domain) EM surveys at three geothermal prospects in northern 
Nevada. More than 40 receiver stations were occupied in Panther 
Canyon (Grass Valley), near Winnemucca; Soda Lakes, near Fallon; 
and McCoy, west of Austin to test and demonstrate the applicability 
of the EM-60 system to subsurface resistivity mapping. 

The EM-60 is a frequency-domain, horizontal-loop iransmil ler 
system for which we use three-component magnetic detection. Typi 
cally, we apply ± 65 A to a lOO-m diameter, four - turn loop, 
generating a dipole moment > 10' MKS over the frequency range 
10-5 to 102 Hz. By virtue o f ihis large dipole moment, we made 
soundings at transmitter-receiver separations o f up tp 5 km, thus 
providing a maximum depth of penetration of 5 km. Recorded spectra 
were iriterpreted by means of both simple calculatioiis done in the field 
and layered-model inversions calculated in the laboratory. The EM 
interpretations were then compared to existing geological/geophysical 
data sets for the purpose of combined interpretation and method 
evaluation. 

In comparison with other eleclrical-eleclromagnelic prospecting 
techniques we have used, the EM-sounding method proved lo be well 
suited to exploration for the following reasons. I l provides good 
depth of exploration in relation lo the transmitter-receiver separation, 
i l is jelatively insensitive to distant and local lateral inhomogeneities, 
it provides good resolution o f buried condiictive bodies, and it does 
not require frequent movernent of long wires. Experience with the 
EM-60 system in Nevada has shown it to be an efficient alternative 
to dc resistivity and magnetotellurics — and possibly more cost-
effective — for geolhermal exploration. An average of two soundings 
per field day for depths of exploration up to 2 km were obtained 
routinely. 

Results from EM-60 at Panther Canyon compare very favorably 
with earlier dipole-dipole resistivity surveys. Bolh methods adequately 
outlined an irregularly shaped, buried conduclive body associaied 
with a region of high heat f low, but EM-60 provided results in just 
over half the field time required for dipole-dipole resistivity. A l Soda 
Lakes, 13 high-quality EM soundings were obtained from two trans
mitters in 6 field days under ideal field conditions. Wi lh the EM data 
we were able to map Ihe depth to and inclination of a buried con
ductive body associated with an area of anomalous thermal gradients. 
In this case, the EM results confirmed an earlier M T survey inter
pretation and gave additional, detailed, near-surface information. At 
the remote and mountainous McCoy site, data interpretation was 
complicated because of the locally rugged terrain. By niodifying 
existing interpretive software, we were able to calculate Ihe effects of 
tilled-source dipoles and elevation differences on soundings and thus 
interpret data. The EM soundings discern a conduclive zone (depth 
200 m) at the south end of the prospect, near a location where dril l ing 
encountered water at 1(X)°C. In addit ion, EM soundings al McCoy 
provided information on a deep conductor below 2 km which has 
yet to be dril led. 
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Interpretation o l a Tei lur ic-Magnetotel lur ic Survey at the G1.3 

Tuscarora Geothermal Expioration Unit, Elko County, Nevada § 

Claron E. tt lackelprang', U U R I ; Ar thur L. Lange, Amax 

Exploration: Bruce S. Sibbett, U U R I ; and H. D. Pilkington, 

A max Exploration 

Exploration at the "Tuscarora geothermal prospect is being con
ducted by Amax Exploral ion, Inc. as a participant in the Dept. o f 
Energy's industry-coupled program. The Earth Science Laboratory 
of the University of Utah Research Institute (ESL/UURI) has com
pleted geologic and geochemical mapping and analysis o f geophysical 
surveys run over the exploration unit. The Tuscarora prospect is 
located approximately 90 km north-northwest o f Elko, Nevada, at the 
north end of Independence Valley — a typical basin-range graben 
structure. Paleozoic clastic rocks of the Western facies have been 
extensively covered by 35 mil l ion to 39 million-year-old tuffs and 
tuffaceous sediments; these, in turn, were overlain by Miocene lavas, 
and folded and faulted by Pleislocene tectonism. Boiling springs issue 
from Oligocene tuffaceous sediments near the center of an area of 
high heatfiow (^4h.F.U.), extending over 160 km ' . The springs are 
associated with a large mound of siliceous sinter and are presently 
depositing silica and calcium carbonate. Chemical geothermometers 
of the 95°C waters indicate a reservoir temperature over 200°C. 

Five-component M T data were obtained at 11 base stations, while 
electric field measurements were made at 22 intervening remote sta
tions and telemetered to the bases by Terraphysics under contract with 
Amax. Data quality ranged from poor to very good with the majority 
being fair to good. 

Interpretation suggests the large conductive zone of 5 Q-m material 
' may be explained by alleration and mineralization associated with a 

liquid-dominated geolhermal reservoir in the vicinity of the hot 
springs (station M l ) , by conduclive valley fill,near station BIO, and 
very speculatively by a zone of partial melt at depths below about 7 

. km in the station interval M8 lo B2. A comparison is made between 
interpreted resistivities obtained from 2-D modeling o f the TM-mode, 
I-D inversion of the TE-mode, 2-D dipole-dipole models, and a resis
tivity log obtained in a hole 1633 m deep drilled in the vicinity of the 
hot springs. The consistency in the results of these different soundings 
provides considerable support to the derived models. 

Self-Potential Model ing From Primary Flows G1.4 

William R. Sill. Univ. o f Utah § 

A new method for the calculation of self-potentials (SP) based on 
. induced current sources is presented. The induced current sources are 
, due to divergences of the convective current which, in turn, is driven 

by a primary fiow, either heat or fiuid. Numerical modeling utilizing 
-. • lhis method has been implemented using a.2-D transmission surface 

•, algorithm that provides modeling capabilities for 3-D distributions o f 
, • sources and 2-D structures. When the primary flow is driven by the 
• gradient of a potential, joint modeling of the primary fiow and the 
... resultant SP is possible with this algorithm. 

• \ j : ' . Examples of simple geometrical models in the presence of poim 
'^, sources for the primary fiow are presented and discussed. In the 
^I' j modeling, surface boundary conditions for the primary fiow problem 
Jjl'.require careful consideration as the form of the primary fiow at the 
.iy- air-earth interface can have a profound effect on resultant electrical 
r;;'- ix)ientials. For example, a point source o f heal fiow in a homogeneous 
~\-- half-space produces no surface electric potential when the surface 
trf; boundary condition is one of conslant temperature. On the other 
^ hand, a point source of f luid How in a homogeneous half-space pro

duces a surface electric potential when the surface boundary condition 
IS zero normal flu.\. La.sily, a field example o f ihc jo in i modeling o f 
lemperaiure and SP data is ilkisiraied wiih data from Red Hil l Hot 

; ; Spring, Utah. 

-:^^*Speaker. fPreprint available from SEG Business Office. 

The Use of Seismic Reflection Techniques in G1.S 

Geothermal Areas Throughout the U.S. 

James K. Applegate', Vaughn S. Goebel, Prent Kallenberger, 

and Joerg Rossow, Colorado School o f Mines 

During the past year, Ihe Exploration Research Laboratory (ERL) 
of the Colorado School of Mines has acquired seismic refiection data 
in six areas lhat are either areas o f geolhermal exploration or near 
active geothermal fields. Data quality, using a variety of field param
eters, has varied. However, in most cases, even though the data have 
not always been o f typical petroleum character, it has been extremely 
useful in geothermal exp lora t ion . A l though in apparently low 
temperature geothermal areas, the quality o f the seismic data is similar 
to that obtained in any good record area. In complex geological 
terrain, data quality has been more variable. 

The six areas where ERL has acquired data in lhe lasl year are Raft 
River, Idaho; Papago Indian Reservation, Arizona; Chincoteague, 
Virginia; Canon City, Colorado; The Geysers geothermal field; and 
Imperial Valley, California. 

In addition, ERL has reprocessed dala from Mi l fo rd , Utah and the 
Snake River Plain, Idaho. Dala quality in Ihe Chincoteague, Virginia 
area was. extremely high showing the classic sedimenlary sequence 
overlying a crystal basement. The Papago Indian Reservation data, 
acquired lo invesligale lhe possibi l i ty o f an overthrust zone in 
Arizona, were of excellent quality and showed below the basin fill a 
series of very deep structures at depths in excess of 25,000 ft. The dala 
acquired in Ihe Raft River geothermal area show very complex 
geology, perhaps suggesting that there is a decollement at a depth o f 
approximately 6000 f l , and that the layer between the decollement and 
Ihe near-surface youthful material is highly folded and faulted in 
classic overthrusting style. The Geysers was the only area in which ERL 
has acquired both P- and 5-wave data. The P-wave dala show some 
interesting structures while the S-.wave data, when coupled with the 
f-wave data, may yield new information about reservoir character
istics and structure. Data in the Imperial Valley were acquired in a 
number of different areas. Data quality is very good, showing excel
lent continuity and clearly defining structure in the area. It clearly 
shows zones of fracturing and faulting which might be the conduits 
for production of geothermal fiuid. Although the limited amount of 
seismic dala acquired in the Canon Cily embayment is by itself not 
conclusive, when coupled wi lh existing data in the area, it verified the 
presence o f a strong subbasement reflector over 16,000 ft deep or 
approximately 12,000 f l below the known basement. Reprocessing of 
seismic data from the Mi l fo rd , Utah area and the Snake River Plain 
showed that an appreciation of the geology aids in producing excellent 
seismic data in complex terrains. 

In conclusion, the gathering of seismic data from a variety o f geo
lhermal provinces utilizing Vibroseis^M methodology and acquisition 
parameters adapted to the known geology has been successful. With 
correct methodology i l is possible lo acquire seismic data which verify 
the structure and potential zones of interest in geothermal reservoirs. 
This suggests that the seismic method wi l l become more widely used in 
geothermal exploration as its util ity is recognized. 

'r^^'Conoco 

Aeromagnetic Anomaly inversion and Analysis of the G1.6 

Depth-to-Curie Isotherm 

Ming-Ren Hong*, Carlos L. V. Aiken, Univ. o f Texas at 

Dallas: and Wayne J. Peeples. S M U 

Aeromagnetic data have been analyzed by several methods to 
determine the depth-to-Curie lemperature. Limitations are associated 
with each approach. Spectral analysis requires dala coverage over a 
large area and provides an average value. Use of the spectra of the 
anomalies of moments to define centroids of bodies or corners of 
vcriical prisms are very complicated schemes. Comparisons o f spectra 
of vertical cylinders with ob.served spectra over single anomalies re
quire the use of symmetric anomalies. 
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A major criticism of the use o f analy.sis of isolated anomalies is that 
it is diff icult to isolate individual anomalies from interference from 
adjacent bodies. However, a benefit in the use o f single anomalies is 
lhat they could provide point estimations of the deplh-to-Curie iso
therm. I f estimations at specific anomalies can be found over an area, 
it is then possible to define an isothermal surface at the Curie 
temperature. 

Assuming two-dimensionality, a known upper boundary o f a body, 
a lateral extent, and a susceptibility contrast, the lower boundary can 
be determined by applying inversion. The observed aeromagnetic data 
are related to an unknown continuous function defining the lower 
boundary by an integral form. The method can be applied directly to 
the observed data consisting of magnetizations of arbitrary inclination 
and declination so that no manipulation of the data, such as reduction-
lo-pole processing, is required. A known variable upper boundary can 
be used to take into consideration magnetic terrain effects and differ
ent magnetic survey parameters, for example, constant barometric, 
mean terrain clearance, or ground magnetic surveys. Susceptibility 
contrast variations can be incorporated so that adjacent body inter
ference can be taken into account. 

A study of synthetic models shows lhat the compuled solution has a 
very thin layer in areas where lateral susceptibility changes are re
quired. The amplitudes wil l not fil i f incorrect susceptibilities are 
employed. Adjustments o f the magnitude o f the susceptibilities and 
Iheir lateral boundaries are necessary before predicted dala converge 
with observed data. A kind of synihelic data from a model with a 
lower boundary at a depth of 20 km was successfully inverted wi lh an 
error o f only ± .1 km. Complicated topography on this lower 
boundary was obtained under ideal conditions. Due to the attenuation 
characteristics o f magnetic effects with distance, the depth at which 
reasonable results are possible is l imiled to approximately 45 km or 
less. 

The method has been applied to several test areas where other Curie 
depth estimates f rom magnetics, or other information on subsurface 
temperatures, exist. Preliminary results on the analysis o f the Arizona 
aeromagnetic map show both deep (e.g., 25 km) and shallow (5 km) 
depths-io-Curie isotherm in different regions. These results are in 
good agreement with previous results. Curie depth studies must 
always consider the possibility lhat the thickness o f a magnetic body is 
defined by a lithologic change rather than an isotherm. 

CEOTIIERMAI 2 — TEchNiouEs 
ANd INTERPRETATION 

G2.1 Exploration and Interpretation ot the Southwest 
' England Geothermai Anomaly 

J. Wheildon', M . F. Francis, J . R. L. Ellis, and A. Thomas-Betts. 
Imperial College, London 

Since 1976 geolhermal energy resource appraisals have been con
ducted throughoul Ihe United Kingdom, and targets for low enthalpy 
and hot dry rock resources have been identif ied. The work reported 
here covers heal fiow and heat production studies in southwest Eng
land which has emerged as the most promising area for hoi dry rock 
development. 

Twenty-three boreholes have been drilled in and around the Cornish 
granite batholith. In addit ion, almost as many boreholes dril led by 
mining companies and the Institute of Geological Sciences have been 
laken over for heal How determinations. Temperature logs have been 
run and thermal conductivities determined for Ihe majority of these 
boreholes. Gamma-ray spectrometric determinations of radiogenic 
element concentrations on several hundred borehole samples have 
been used to determine mean heat production values for the granites 
and for the enclosing country rocks. 

•Speaker. §Preprint available f rom SEG Business Office. 

Anomalously high values of heat fiow (120 m Wm- ' ) were observed 
at all sites on or adjacent lo the granites, while normal heat fiows 
(60 mWm-2) were determined at sites remote from the granite. The 
possibility of enhancement of heat fiow through convective circula
tion at depth, which had earlier been thought to be Ihe case, is 
virtually ruled out by the uni formly high values over the entire 
batholith. 

A 2-D finite element model has been used to explain surface heat 
fiow along a northwest-southeast section through the Carnmenellis 
granite pluton, being that part of the Cornish batholith where our heat 
fiow coverage is most detailed. The space-form of the granite is based 
on an interpretation of the Bouguer anomaly map produced by the 
Institute of Geological Sciences. Thermal conductivity and heat pro
duction values for the granites and country rocks are average values 
derived from boreholes in Ihe area. 

The modeled surface heat fiows are in good agreement with the 
actual measured values. They support the conclusion that observed 
significant contrasts in thermai conductivity and heat production 
themselves explain the observed heal How pattern, wi thout lhe 
necessity of invoking a convective enhancement mechanism. It may 
therefore be concluded that the downward continuation conduction 
models which indicate temperatures of around 200 °C at 6 km depth 
are realistic, and reaffirms Ihe Cornish granite batholith as the most 
favorable UK site for HDR development. 

Use o l Gravity, Groundwater Geochemistry, and Heat G2.2 
Flow In Exploring lor Geothermal Resources Near 
Columbus, New Mexico 

Chandler A . Swanberg, Paul Daggett, and Charles T. -young. New 
Mexico State Univ.; Paul Morgan, NASA 

The city o f Columbus, New Mexico, lies astride the Mexican border 
aboul IOO km (60 miles) west of El Paso, Texas. Geologically, the area 
lies in the southeastern part o f Ihe Mimbres basin which, along with its 
extension in Mexico (lhe Los Muertos basin) comprises the western
most and southernmost o f the deep sedimenlary basins Ihal constitute 
the Rio Grande ri f t . During 1980, we conducted a series of geophysical 
studies aimed at evaluating the geothermal potential o f the Columbus 
area. Reconnaissance gravity profi l ing confirms that the southeastern 
part of lhe Mimbres basin is a fault-bounded graben located on the 
eastern Hank o f the broad alluvial-filled valley Ihal lies between the 
Tres Hermanas and West Potrl l lo Mountains. The eastern bounding 
fault shows late Pliocene or Pleistocene movement (1-4 my). The wesl
ern fault is buried beneath alluvium. Groundwaters located near both 
faults have chemical characteristics which suggest a component of 
geothermal water. Surface and airborne geoelectric data are being 
presented by 'Young el al in a companion abstract. Seventeen 35 m 
heat fiow test holes average 52.5 °C/km with the higher values consis
tently located on the upthrown fianks of the graben, a feature which 
we attribute to thermal refraction. However, the conduciivity of these 
alluvial sediments is low so that the heat fiow is not likely to exceed the 
regional mean. A single 296 m lemperature test hole located at the 
U.S.-Mexico customs facility south of Columbus has a bottom hole 
temperaiure of 33.4°C and a conduclive temperaiure gradient o f 
50.5 °C/km between 135 and 296 m. None of the data collected to dale 
has revealed the presence o f a major geothermal prospect although the 
regional lemperalure gradient may be sufficiently high for some low 
lemperature geothermal applications i f appropriate users are available. 

Input and dc Resistivity Exploration for Geothermal G2.3 
Resources near Columbus, New Mexico § 

Charles T. Young' , Michigan Tech Univ.: Chandler Swanberg, New 
Mexico Stale Univ.; and Paul Morgan, NASA 

Columbus, New Mexico is located in a zone of high heat flow, 
where the fiux is approximately 2.5 H F U . Nearby, receni volcanoes 
and hot springs suggest that the deep basin west of Columbus may 
contain hot water. A coordinated geothermal exploralion program was 
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conducted to search for this water by geophysicists from New Mexico 
Slate Universiiy. The work included dc resistivity, airborne electro
magnetics, gravity, and exploratory drilling. The Input® resistivity 
and aeromagnetic results are reported here. 

Preliminary ground dc resistivity work involved Schlumberger 
profiling al AB/2 spacings of 8(X) and 100 m. The lowest resisti
vities found were 2 to 3 Q-m at AB/2 = 800m over the basin. Vertical 
electric soundings indicated that this zone was within 150 f l of the 
surface. An airborne Input and aeromagnetic survey was flown by 
Geoierrex to outline the anomalous area. The airborne survey found 
two other conduclive regions in addition to the first. The Input dala 
were convened to apparent resistivities by calculating the ration of 
channels 3 lo 6 and applying Palacky's homogeneous half-space 
curves. The use of ratios reduces the effect of the drastic varialions 
in the amplitude of channel responses caused by small variations in al
titude. The later channels represent deeper penetration. The resulting 
apparent resistivities agree well with the ground dc resistivity dala 
for AB/2 = 800 m. Aeromagnetic data confirm the general geologic 
picture of a deep basin fianked by volcanic rock. 
®Barringer Research 

An Integrated Geophysical Study of the Shaw Warm G2.4 
Spring Area, San Luis Valley, South-Central Colorado § 

Marc A. Bond, Tenneco Oil 

An integrated geophysical study of the Shaw Warm Spring area 
located on the western edge of the San Luis Valley, a downfaulted 
structural depression, was undertaken to determine the nature of the 
geolhermal sysiem. The geophysical methods employed in the sludy 
included: time-domain electromagnelic sounding, dc resistivity 
survey, audiomagnetotelluric and telluric surveys,'seismic reflection 
and refraction surveys, and gravity surveys. 

A low resistivity, relalively homogeneous earih is observed, at
tributed to saturated volcanic fiows and ruffs dipping to the east, 
thermal alteration, and possible warm waters. The resistivity values 
range from 7 to 20 Q-m. High-angle faults associaied with the Late 
Paleozoic and Laramide orogenesis, and then later reactivated during 
the Rio Grande Rift phase, are mapped. The faults extend from the 
near-surface through basement rock, which is located approximately 
2100 to 2600 m below the surface. Greater vertical offset on the faults 
is observed at depth. Interbedded Tertiary volcanics and sediments 
unconformably overlie the Precambrian basement. 

The low resistivity values observed in the study area are related to 
the warm geothermal walers and alieraiion wiihin the volcanic 
section. The heat source for the geolhermal waters is from deep 
circulation of waters through faults to a depth of a few kilometers, 
brought up to the surface along boundary faults. The thermal 
anomaly probably overlies a deep crustal feature, such as fraciures, 
that penetrates the mantle. 

GEOThERMAl 7 SpECJAl SESSION — 
CeopliysicAl STudiES IN TIIE CAscAdcs 

Geology and Geophysics of the Cascade Range Q3.1 

Charles R. Bacon, U.S. Geological Survey 

Quaternary volcanoes of the Cascade chain form a belt roughly 
parallel to the North American plate margin, opposite Ihe subducting 
oceanic plate. Tertiary volcanic rocks of the Cascades occur from 
norihern Washington lo norihern California and include various rock 
lypes that are considered typical of convergent boundary volcanism. 
Related Tertiary inlrusive bodies are present from southern Oregon to 
southern British Columbia. Paleomagnetic studies have shown that 
Tertiary terranes of the Cascade region in Oregon and soulhern 
Washington have been rotated as much as ~30° in a clockwise sense. 
Pre-Cenozoic rocks are exposed beneath Cascade volcanic rocks north 
of Mount Rainier and soulh of Crater Lake. Seismologic studies 
suggest that the crust may be ~40 km ihick in the intervening area. 

Geologic mapping and regional geophysical dala allow some tenta
tive conclusions concerning the relation of volcanism to tectonism in 
the Cascade region. Northward from Glacier Peak, Quaternary 
volcanic ceniers tend to be areally restricted and widely spaced. This 
part of the chain constitutes a zone of normal plate convergence. 
Soulh of Mount Rainier volcanic centers are far more numerous, vary 
widely in size and longevity, and define a broader bell. The average 
composition of volcanic rocks in this zone of oblique plale converg
ence is more mafic and the erupted volume is greater per unit length 
than in the zone of normal convergence. Mafic magma, similar in 
composition to that of other convergent plate boundaries, has been 
erupted throughout the length of the chain during the Quaternary. 

Seismologic studies indicate that from Mt. St. Helens northward, 
the range is characterized by moderate seismicity and strike-slip focal 
mechanisms, presumably in response to tectonic shear between the 
Juan de Fuca and Norlh American plates. This area is dominated by 
horizontal compressional slress; regional heat flow averages ~70 
mW/m'. Generally low seismicity in the Oregon Cascades suggests 
that plate shear is being accommodated nearly aseismically; moderate 
rates of seismiciiy in the California Cascades may be relaled to either 
volcanic, geothermal, or tectonic processes. Regional conductive heat 
flow in the Oregon (and probably California?) Cascades is '^100 
mW/m'; higher heal flow and lower seismiciiy appear lo be consistent 
with a more extensional regional stress field in the zone of oblique 
plate convergence. The region between Mounts Hood and Rainier is 
one of transition. Lale Cenozoic approximately north-trending 
normal and northwest-trending right-lateral strike-slip faulls in the 
Cascades, and east-west fold axes in the Columbia Plateau, are con
sistent with the net nonh-soulh maximum horizontal compressive 
stress deduced from earthquake focal mechanisms. North-south local 
alignment of coeval volcanic vents in the zone of oblique convergence 
reflects Ihe tendency of fluids (here, magma) to form fracture 
conduits whose azimuths are parallel to the axis of maximum hori
zontal compressive slress. Concentralion of volcanic activity in spe
cific areas may be due to weakening of the crusl related to major 
structural discontinuities. Vertical fiow of aqueous fluids in tectonic 
fractures may also be controlled by the regional slress field, whereas 
horizontal flow is dominated by highly permeable zones of fragmental 
material parallel to impermeable volcanic strata. 

Maps of residual Bouguer gravity for the Oregon Western and High 
Cascades show a contiguous zone of gravity lows west of the High 
Cascades in central Oregon that intercepts the axis of Ihe range near 
Crater Lake immediately south of Mount Hood. Anomalies on aero
magnetic maps of the Oregon Cascades that have been attributed lo 
subsurface upper-cruslal sources are oriented parallel to regional Cas-

i i . sPreprint available from SEG Business Office. 
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cade structures. These gravity and aeromagnetic maps serve to define 
major structural trends and to delineate fauit zones that may localize 
movement of geolhermal fluids. The zone of gravity lows is parti
cularly significant because ii coincides with (I) an abrupt east-to-west 
decrease in heat flow from High Cascades values of ~100 to ~40 
mW/m', and (2) substantial east-to-west increase in depth to the 
lower-cruslal conductor defined by magnetotelluric soundings. This 
zone occurs near the geologic boundary between the Pliocene to Holo
cene High Cascades and older. Western Cascades volcanic rocks. 
Many of the hoi springs in the Cascade Range are situated in Ihe 
vicinity of this zone. 

Petrologic studies of Cascade volcanoes provide constraints on the 
residence lime of magma in the upper crust. Eruptive histories of poly-
genetic volcanoes suggest that all Cascade crustal magma reservoirs 
are compositionally and thermally zoned, from relatively hot mafic 
magma below upward to more silicic cooler magma. Common occur
rence of disequilibrium phenocryst assemblages in intermediate and 
silic magmas suggests complicated petrogenetic histories involving 
crustal interaction and magma mixing. Pb isotopic data for local areas 
show a positive correlation between SiO, and radiogenic Pb, indicating 
a component of relalively young crustal Pb. Growth of large silicic 
magma chambers, such as existed ai Mount Mazama before its 
climactic eruption and the collapse of Crater Lake caldera, that would 
support hydrothermal systems requires a high fiux of mafic magma 
and its prolonged residence in the crust. Stratovolcanoes that have 
erupted small volumes of intermediate magma, such as Mount St. 
Helens, are apparently underlain by crustal magma reservoirs more 
akin to columns of limited areal extent, as is also suggested by studies 
of teleseismic /"-wave delays and local seismicity. Such features have 
apparently not existed for sufficient time or have not experienced 
adequate supply of thermal energy in the form of mafic magma to 
accumulate large volumes of silicic magma and form shallow magma 
chambers. Consideration of the appropriate reduction density for 
stralocones in evaluation of gravity data indicates the presence of 
dense intrusive roots in the crust beneath all large Cascade volcanoes. 
Despite lack of evidence for abundant large shallow magma reser
voirs, lhe recent volcanic eruptions throughoul the range and the 
presence of active geolhermal systems associated with volcanic ceniers 
at Meager Creek in Brilish Columbia, at Lassen Peak, and beiieath the 
floor of Crater Lake suggest lhat the Cascade Range has considerable 
potential for geothermal resources. 

Evidence on the Structure and Tectonic Environment G3.2 
of the Volcanoes In the Cascade Range, Oregon and 
Washington, from Seismic Refraction/Reflection 
Measurements 
David P. H i l l ' , Walter D. Mooney, Cary S. Fuis, and John H. Healy. 
U.S.G.S. 

As part of an integrated effort to understand the geothermal poten
tial of the Cascade volcanoes and the volcanic processes wilh which 
they are associaied, we began conducting wide-angle seismic refraction/ • 
reflection experiments around selected volcanoes during the fall of 
1978. These experiments employ a recently developed seismic refrac
tion system consisting of ,100 self-contained, ultraportable recording 
units in conjunction with a field-ready data-processing sysiem. 

Our initial experiment, which centered on Mount Hood, defined a 
large variation in the velocity and thickness of the rocks of the upper 4 
to 8 km ofthe crust that is grossly characterized by a regional thinning 
of the low-velocity, near-surface rocks within 5 to 10 km of the edifice 
of the volcano. This apparent doming of the "basement" may repre
sent Ihe roof of a batholith emplaeed prior to the eruption of the vol
canic rocks forming the contemporary mountain. Careful lime-term 
analysis of the data shows a small (~3 percent) anisotropic component 
to the velocity structure in the upper 8 km with the maximum velocity 
trending roughly N25''W; this componenl may be associated with 
cracks controlled by the regional tectonic stress field. Data from a 270 
km long profile extending south from Mount Hood to Crater Lake 
show that P-wave velocity in the crust beneath the Oregon Cascades 
•Speaker 

increases systematically from 6 km/sec at the depth of 3 km to 6.5 
km/sec at 25 km depth, below which the velocity is 6.8 km/sec. P. 
arrivals were not identified on Ihis profile, but reflected arrivals (PjnP) 
suggest that the crust may be about 40 km thick. On the basis of recon
naissance profiles in lhe vicinity of Mount St. Helens, il appears that 
this same structure extends beneath the Cascade volcanoes in southern 
Washington. 

An extensive active seismic investigation of the crust around Mount 
Shasta and Medicine Lake was conducted this summer and initial re
sults from this experiment are presented. 

Structural and Thermal Implications ol Gravity G3.3 
and Aeromagnetic Measurements Made in the 
Cascade Volcanic Arc 

R. Couch', M. Gemperle, G. Connard and G. S. Pitts, Oregon State 
Univ. 

The Cascade Mountain Range in the Pacific Northwest consists of 
two physiographic provinces: the Western Cascade Range and the 
High Cascade Range. Lava flows, pyroclastics and interbedded shal
low marine sediments of Eocene to Pliocene age form the. Weslern 
Cascades, and basalts, basaltic andesites, and more siliceous lavas 
comprise the cones that form Ihe approximately linear bell of Qua
ternary composite volcanoes of the High Cascades that extend from 
norihern California lo British Columbia. High heal flow, receni vol
canism and numerous hot springs suggest the Cascade Mountains 
contain significant geothermal resources. 

Recent gravity measurements made in the Cascade Range in Oregon, 
when reduced with a reduction density of 2.43 gm/cm' and afler re
moval of anomaly wavelengths longer ihan 90 km, outline a contiguous 
series of gravity minima that extend Ihe length of the range from Mt. 
Hood near the Washington border to the Klamaih Graben near the 
California border. OuUined are the gravity minima and the location of 
Ihe major composite volcanoes in Oregon. The minima lie along an 
arc lhat intersects the axis of the High Cascades near Crater Lake in 
southern Oregon and near Mt. Hood in northern Oregon. The gravity 
lows lie along the coniaci between the Western and High Cascade 
Mountain west of the Three Sisters and Mt. Jefferson in Central 
Oregon. We postulate thai the gravity minima delineate a major frac
ture or brecciated zone lhat approximately parallels the Cascade 
Range in Oregon and anticipate that fractures in Ihe zone provide 
access for meteoric walers to hot rocks beneath the High Cascades and 
control to some extent the circulation of thermal waters. 

Spectral analysis applied to aeromagnetic measurements made over 
central and southern Oregon and northern California indicate near-
surface sources cause Ihe high-amplitude short wavelength magnetic 
anomalies. Source-bottom depths interpreted as Curie-point isotherm 
depths below the surface show minimums of 5 to 7 km in the area 
extending from Klamath Lake to Mount McLoughlin, 6 lo 8 km in the 
Crater Lake and Sprague River Valley areas, and 7 to 9 km in the area 
extending from the Lapine Valley to Newberry Caldera. Assuming a 
Curie-point temperature of 580°C, these dala imply vertical tempera-
lure gradients in excess of 70°C/km and heat flow values greater than 
120 mW/m' along the Cascade Mountain Range where depths to the 
Curie-point isotherm are minimal. 

Interpretation of the Heat Flow Transition Zone G3.4 
In the Northern Oregon Cascades 

David D. Blackwell, Southern Methodist Univ.; Richard G. Bowen, 
Oregon; Donald A. Hull, State of Oregon; Joseph Riccio, Nevada; 
John L. Sleel', Soulhern Methodist Univ. 

A total of 75 heat flow measurements are presented for part of the 
Oregon Cascade Range and surrounding provinces including the Willa
mette Valley, the High Lava Plains, the Deschutes-Umatilla Plateau, 
and the Blue Mountains between 43°I5'N and 45°05'N. The data 
document a major change in regional heat flow from values of 40 ±2 
mWm-2 in the Western Cascade Range and Willamette Valley prov-
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inces to 100 ± 5 m WM-- along the boundary between the High Cascade 
Range and Western Cascade Range provinces. Grouped heat flow 
profiles along the boundary show the same characteristics: a narrow 
transition zone between the two regions of heat flow, not exceeding 20 
km at any location. The thermal gradient and heat fiow values are 
shown for five grouped profiles form north to south along this transi
tion zone. This thermal variation has a mean half-width of approxi
mately 10 km and is uniform from north to soulh over the 150 km 
study area. The thermal change coincides with a north-south line of 
hot springs and occurs approximately 20 to 30 km west of the axis of 
the High Cascade Range where the major andesite stratovolcanoes 
(Mt. Jefferson and the Three Sisters) occur. Based on the average heat 
flow profile, a temperaiure cross-section was calculated by the method 
of continuation and the result is shown. The model implies very high 
temperaiure at relalively shallow depth beneath the High Cascade 
Range and extending approximately 10 km into the Western Cascade 
Range. Any one of the isotherms from the temperaiure cross-section 
could satisfy the heat flow anomaly (i.e., the source does not neces
sarily have lo reach or exceed 7C!0°C). The resulting implication is that 
the source does have to be relatively shallow in the crusi and relatively 
intense. Available gravity data indicate a regional change in Bouguer 
gravity associated with (biit opposite in sign to) the heat fiow data. A 
sharp gravity gradient (0 to 10 km west) is superimposed on a back
ground of values decreasing to the east toward the higher elevations of 
the High Cascade Range and the High Lava Plains. The maximum 
amplitude of the anomaly is about -25 mgal. There is no similar 
topographic feature correlated with the heat flow and gravity gradients 
other than a general increase in elevation as the Cascade crest is 
approached. Based on the strong correlation of the heat fiow and 
gravity gradient across the transition zone, a "common cause" source 
assumption was tested. Temperature data are converted to densily dif
ferences which are iised to create the related gravity field. The density 
differences were formed by subtracting a background temperature 
characteristic of the Western Cascade Range and multiplying the 
lemperature differences by the coefficient of thermal expansion. The 
calculated "regional" value was obtained from a block extending 
from 20-100 km in depth wilh a density contrast of -0.025 g/cm' 
corresponding to the contrast between a thermally expanding lower 
crust and upper mantle and a nonihermally expanding section. The 
lotal thermal expansion anomaly calculated (-11.5 mgal) is too small 
10 explain the observed of - 25 mgal. If lhe densily difference between 
4 and 15 km is increased to over 0.1 g/cm', then the calculated gravity 
anomaly comes much closer to fitting the observed data. However, the 
density difference is much larger than could be caused by thermal ex
pansion alone, and partial melting or a change in rock type within this 
depth range is required. 

It is possible that complexities such as inlrusive phenomena or nor
mal faulting could generate the observed difference shallow enough to 
explain the rapid change in the shape of the gravity profile. In view of 
the close correspondence between the.gravity and heat fiow gradients, 
we prefer the thermal expansion model and interpret the gravity data 
lo indicate that there may be a large zone of partially melted material 

, in the upper part of the crust beneath Ihe High Cascade Range and 
extending aboul 10 km west of the High Cascade Range boundary. 

Evidence From Gravity Data on the Location and G3.5 

Size ol Subvolcanic Intrusions: Preliminary Results 

David Williams' and Carol Finri, U.S.G.S. 
We have examined the results of gravity surveys over aboul 20 vol

canoes covering a wide range of types, sizes and ages, including long 
dead and eroded systems. Because of the rugged terrain associated 
with volcanoes, it is critical to choose the correct Bouguer reduction 
density; otherwise the effect of subsurface features beneath the edifice 
could be obscured. It is also sometimes necessary to use different 
reduction densities for differenl regions around an individual volcano. 
In Ihis study we are concerned with the proper reduction density for 
the volcanic edifice alone. 

Commonly, the Bouguer reduclion densily is either an assigned 
value (usually 2.67 g/cm') or is obtained by means of the Nettleton 
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profiling meihod. In our study we use variations of these methods. 
Typically, we begin with a modification of the Nettleton profiling 
meihod, for which we create a set of gravity and topographic profiles 
through the volcano. On each profile we display a series of gravity 
curves corresponding to different reduction densities. If the wave
length of the anomaly caused by the volcanic edifice is sufficiently 
different from lhat caused by the subvolcanic stock, il is possible to 
pick the appropriate reduclion densily for the edifice. This method 
fails in cases where the wavelengths are too similar or if another large 
anomaly occurs, such as one associated with caldera fill. In these 
situations we have found the most useful alternative technique is to 
choose a reduclion density by analogy to other volcanoes. The bulk 
densities of all the various volcanic edifices investigated so far fall in 
the range 2.15 to 2.35 g/cm'. Lacking better information it is probably 
safer to use a densily in this range than one derived from other methods. 

After making careful anomaly separations for a wide range of vol
cano lypes, we have been able lo make some general observatioris. The 
large silicic volcanoes, those with calderas exceding 10 km diameter, 
produce gravity lows. All olher volcanoes produce gravity highs, 
usually with an anomaly wavelength shorter than that of the moun
tain. In fact, we have yet to find a volcano whose subvolcanic stock 
lacks a recognizable gravity signature. However, a small percentage of 
Ihe volcanoes considered in our sludy have a regional gravity back
ground so complex Ihal we could nol effectively remove them. 

The interpreted source of Ihese high and low anomalies differs con
siderably among lhe volcanoes studied. For example, in the Cascade 
Range the young volcanoes were built upon a layer of older volcanic 
rock, which in lurn overlie what appear to he intrusive complexes. The 
positive gravity anomalies we observe over these young volcanics are 
probably a result of subvolcanic intrusives penetrating the less dense 
volcanic layer. The individual intrusive bodies are usually several km 
wide, but seem more limiled in vertical extent. Either the body thick
nesses are small or the density contrasts decrease with depth within the 
volcanic layer. Our interpretations are similar to Ihose for oceanic 
islands where the positive gravity anomalies are attributed to intru
sions emplaeed wiihin a thick volcaiiic pile. 

Over the large silicic calderas, the broad gravity lows are caused by 
the negative densily contrast between the granitic pluton and denser 
country rocks. Evidence for this is usually seen in older systems where 
erosion has removed the caldera fill. 

These observations may be useful in exploration. For example, in 
the Cascade Range we see gravity highs that delineate shallow, buried 
plutons which could be sources of mineral or geolhermal resources. 

Reconnaissance Resistivity Mapping of Geothermal G3.6 

Regions Using Multlcoil Airborne Electromagnetic Systems 

Karen R. Christopherson' and Donald B. Hoover, U.S.G.S. 
In early 1981, the U.S. Geological Survey conducted further recon

naissance studies of geothermal regions using airborne EM 
techniques. Due to the success ofa Dept. of Energy-funded 1979 study 
of five Known Geothermal Resource Areas (KGRAs) in the Basin and 
Range province using the Input^*^ (Barringer Research) fixed-wing 
airborne EM method, additional funding was allocated for studies in 
four geothermal areas of the Cascade Range. A helicopter-mounted 
electromagnelic system, Dighem II'TM (Dighem Ltd.), was used since 
fixed-wing EM systems cannot effectively operate in the rugged ter
rain of the Cascades. Areas flown were Ml . Hood (Oregon), Ml. SainI 
Helens (Washington), and MedicineLake Highlands and the Lassen 
KGRA (California). Surprise Valley, California KGRA was flown lo 
compare with results of the Input survey flown ihere in 1979. 

The Dighem II was flown in the "mapping" configuration using 
two pairs of transmitting and receiving coils to measure earth response 
at two different frequencies simultaneously. The standard coil pair is 
coaxial with the bird and transmits and receives 36(X) Hz data. The 
"whale lai l " coil pair is horizontal and measures at 900 Hz. Apparent 
resistivity maps can then be prepared for each frequency. Although 
the depih of investigation wiih this system is not great (maximum 
penetration of approximately lOOm), work done in the past by the 
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U.S.G.S. using the audiomagnetotelluric (AMT) method showed that 
most geothermal systems do have a near-surface electrical expression 
which could be detectable al the Dighem II frequencies. Results of Ihe 
Dighem sludy al the Lassen KGRA are compared wilh the AMT 
apparent resistivity map at 7,5 Hz, log-averaged for Ihe two orthog
onal electric line orientations. 

The Dighem survey was fiown in the easl-west direction with flight 
lines one-half mile apart. The apparent resistivity map of Dighem data 
shows four major zones of low resistivity: around Sulphur Works 
wiihin Lassen National Park, between Devils Kitchen and the Warner 
Valley, east of Slump Ranch, and the Growler Hoi Springs — Doe 
Mountain area. A small low northeast of Ridge Lake is also evident. 
The AMT data at 7.5 Hz show approximately Ihese same low resis
tivity regions and trends with differences due to variations in data 
density and the greater depth of investigation of the AMT method. 

Allhough lhe Dighem system samples approximately one-tenth as 
deep as the AMT method at 7.5 Hz, it defined the same low resistivity 
trends which may be possible targets for further exploration. As 
shown by this comparison, an airborne EM technique appears very 
effective in resisliviiy mapping of geothermal areas, with a faster data 
recovery and higher densily sampling than many ground reconnais
sance techniques. 

Magnetotelluric Survey of the Cascade Volcanoes G3.7 
Region, Pacific Northwest 
William D. Stanley, U.S.G.S 

The deep eleclrical structure beneath the Cascade Range volcanoes 
and adjaceni provinces has been studied using data from 97 magneto
telluric soundings, covering frequencies from 0.0015 to 100 Hz. Widely 
spaced soundings on six east-west profiles spaced from Mt. Lassen on 
the south to Ml . Rainier on the norlh enabled comparison of eleclrical 

'Structure in Ihe main ridge of the Cascades to that in the Klamath 
Mountains-Coast Range terrains, the Basin and Range terrain of 
eastern Oregon and northern California, and the Columbia Plateau. 
In addition, more detailed surveys were completed in caldera systems 
al Medicine Lake, Calif., and Newberry Crater, Oreg., and across Ihe 
contact between the High Cascades and Western Cascades in central 
Oregon. 

Soundings suitable for interpretation were modeled with one- and 
two-dimensional models. Some corrective measures were necessary 
for some of the data that had parallel splits between the transverse 
electric (TE) and transverse magnetic (TM) dala covering Ihe complete 
frequency range. Procedures modified from those described in Berdi
chevsky and Dimitriev (1976) were used lo treat data with such parallel 
splits. Models for the MT data can be grouped for three regions: (a) 
Basin and Range and High Cascades of northern California and east
ern Oregon; (b) Western Cascades. Klamath Mountains-Coast Range; 
and (c) Columbia Plateau. 

In the Basin and Range province of northern California-eastern 
Oregon, as well as in the High Cascades, the l-D models consist of 
four layers of significant thickness: (1) A surface layer of resistive 
volcanics (80-1000 Q-m) with a thickness of less than 2 km and gen
erally less Ihan I km, interpreted lo be mostly Quaternary volcanic 
rocks. (2) A second layer of low to intermediate resistivities (5-80 Q-m), 
consisting of Tertiary volcanic rocks and minor amounts of sedimen
tary rocks. The thickness of this layer is interpreted lo be 1-3 km, with 
an average of aboui 2 km. (3) A thick (8-20 km) resistive zone repre
senting upper crustal rocks beneath the volcanic rocks of the first two 
layers. The resistivity values range from 80 to several hundred Q-m, 
which indiates ihey are nonvolcanic, because resistivities in volcanic 
rocks tend to decrease with depth of burial or age. (4) A lower crustal 
conductor at depths of 10-22 km with resistivities of less than 5 Q-m. 
This conductor has been mapped elsewhere in the western United 
States, and depths to the conductor in the Basin and Range and Cas
cades portions of this survey are similar lo ihose observed in the Snake 
River Plain and reported in Stanley et al (1977). A plausible source for 
this conductor is the effect of free water at percentages below J per
cent, combined with the pressures at 10-20 km and temperatures 
above 500°C, which has been documented in lab samples by Olhoeft 

(1981). Il is also possible lhat partial mell may be a contributing cause 
in some regions, notably under the ridge of Cascades volcanoes where 
heat flow is abnormally high and the lower crustal conductor is as 
shallow as 10-12 km. 

A major electrical boundary separates the ridge of the High Cas
cades peaks on the east from the Weslern Cascades, Klamath Moun
tains, and Coast Range on the west. East of the boundary the MT dala 
are mostly l-D in character, but west of lhe boundary they are clearly 
2-D, due to north-south trending blocks of alternating high and low 
resisliviiy. The blocks have cross-sirike widths of 5-10 km and vertical 
exlents of less than 5 km. The eleclrical boundary, which may be traced 
from west of Mt. Lassen to as far norlh as Ml . Hood, coincides with 
gravity, magnetic, and heat flow anomalies. Most of the hot springs in 
Central Oregon lie on or near this boundary, suggesting that the geo
thermal water is rising along zones of vertical permeability at the con
tact between the complex Western Cascades and the more layered, but 
hotter area beneath the main ridge of the High Cascades. 

Models for the Columbia Plateau soundings require more than 
3 km of resistive flood basalts above about 3 km or more of conduc
tive materials that could include sediments as well as older volcanic 
rocks. A lower crustal conductor similar lo that observed in the High 
Cascades-and Basin and Range does not appear to exist under Ihe 
Columbia Plateau. 

MT studies of the caldera systems at Newberry Crater in Oregon 
and the Medicine Lake caldera in northern California failed to indi
cate the existence of large magma chambers. Furthermore, the deep 
electrical structure in the vicinity of the calderas was very similar to 
the structure in adjacent regions, but inside the calderas the surface 
structure is complicated, inhibiting accurate modeling of deeper zones. 

An Inferred Conductivity Distribution in the G3.8 
Vicinity of a Cascade Volcano 

Edward C. Mozley, Univ. of California, Berkeley; and Norman E. 
Goldstein, Lawrence Berkeley Lab 

Magnetotelluric and telluric measurements were acquired in the 
vicinity of Mount Hood, Oregon, as part ofa program lo evaluate the 
geothermal potential of this Holocene stratovolcano, located in lhe 
High Cascade Range. The survey area is characterized by rugged 
topography, with deeply incised glacial valleys surrounding the vol
cano. The cone, consisting of pyroclastics and flows, was built upon 
Pliocene flows and intrusions and Miocene Columbia River basalts. 

Our field procedure for dala acquisition was to occupy four stations 
simultaneously and thus obtain a five-component magnetotelluric 
(MT) measurement supplemented by two remote telluric (RT) vector 
measurements and one remote, two-component magnetic (RTM) 
measurement. Ten MT sites and fourteen telluric sites were used. 
Quality of the data were processed using the autopower and cross-
power spectral densities of the various MT and RT data sets. The 
remote magnetic data were used to estimate an accurate signal-io-
noise ratio and thus calculate unbiased impedance tensors and tipper 
vectors. 

Two- and three-dimensional modeling techniques were used to in
terpret these data. The conductivity structure which best fits the fre
quency response and spatial distribution of these data consists of three 
overlapping zones of conductivity at different depths. The first extends 
from lhe surface to a depth of approximately 2 km. This zone is ex
tremely complex, with large lateral changes in conductivity ranging 
from 3 to l(X)Q-m. The intermediate zone, which extends from 2 to 12 
km, is dominated by a large three-dimensional resistive structure on 
the southeast side of the volcano which may be a concealed Pliocene 
inlrusive center. The ihird zone, below 12 km, is characterized by an 
elongated conductor of 1-3 Q-m resistivity, striking N 15-20° W and 
enclosed in a resistive medium. Spatial sampling of lhe EM fields was 
not complete enough to provide good resolution of the width and thick
ness of this structure. The interprelalion of the conductivity distri
bution in the intermediate zone was found lo be consistent wiih the 
gravity, teleseismic, and .seismic rcfrnclion data. The presence of the 
nonh-soulh striking conductor below 12 km is consistent wiih heat
fiow data, but has not yet been identified in other geophysical studies. 
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ABSTRACT 

Temperaiure profiles in two cased holes close to thermal 
equil ibrium, at a locality (38°48.0' N , I22''49.9' W) above 
a known part of The Geysers steam field away from areas 
of active steam seep, are nearly linear fo the maximum 
depth logged (0.8 km); this indicates that heat transport 
is largely by conduction. Moreover, extrapolation of fhese 
temperatures to the depth of " f i rs t steam" (1.5 km at this 
locality) yields a temperature close to that of the steam 
reservoir (—240°C). This suggests that heat transport is 
mainly conductive in fhe whole interval between fhe surface 
and the steam reservoir. 

Comparison of the observed temperature profiles with 
models calculated on fhe basis of conductive heat f low, 
a flat-topped reservoir of infinite lateral extent, and steam 
temperature constant over time suggests that the reservoir 
is at least several thousand years old and quite possibly 
ten or more thousands of years old. Beyond about 10 (X)0 
yr, temperatures are so close to steady sfate that no informa
tion as to age can be derived. 

Although the rate of conductive heat loss above the steam 
zone is about two orders of magnitude less than the present 
rate of extraction of heat by producing steam wells, the 
lotal loss of heat by conduction over several thousands 
of years may have exceeded the annual extraction of heat 
from steam wells by more than a factor of ten. 

Heat f low near Cloverdale (38°46.4' N , I22°58.0' W) about 
13 km west of the holes described above and outside of 
lhe zone of known steam, is anomalously high (~4 hfu) 
with respect fo the regional heat f low which is probably 
about 2 hfu. This high heat f low suggests that anomalous 
conditions may extend far beyond the area of the known 
.steam field. 

I N T R O D U C T I O N 

The Gey.sers/Clear Lake region (Fig. I) falls within the 
broad zone of transform faulting between the Pacific and 
North American plates. This zone is characterized by high 
heat f low (Lachenbruch and Sass, 1973), active fault ing 
(Hearn, Donnelly, and Goff , 1975), and high seismicity 
(Hamilton and Muff ler , 1972; Chapman, 1975). Volcanism, 
some of it silicic, of Pliocene fo Holocene age attests to 

melting in the upper mantle and crust (Hearn, Donnelly, 
and Goff, 1975). The volcanic rocks are but a thin veneer 
over fhe Mesozoic basement rocks (McLaughl in, 1974; 
McLaughlinand Stanley, 1975), and no large caldera collapse 
structures are evident. The region may be one of incipient 
caldera formafion (Smith and Shaw, 1973; Hearn, Donnelly, 
and Goff, 1975). 

A large negative Bouguer gravity anomaly (Fig. 1) exists 
in fhe central parf of the area (California Div. Mines Geol., 
1966; Chapman, 1975; Chapman and Bishop, 1974; Chapman 
et al . , 1974; and Isherwood, 1975). The anomaly may 
represent a cooling pluton below, but it is not entirely clear 
whether a significant part of the anomaly results from other 
causes. An electrical resistivity low corresponds with the 
gravity low (Stanley and Jackson, 1973; Stanley, Jackson, 
and Hearn, 1973; McLaughlin and Stanley, 1975). 

The •very existence of the deep steam zone (T ~240°C, 
P - 3 3 bars; White, Muff ler, and Truesdell, 1971) at The 
Geysers (Fig. 1) requires effective sealing mechanisms in 
the surrounding rocks because the pressures in the steam 
zone are far below hydrostatic af its depth (up to 3 km 
or possibly more). Therefore, if is not surprising that there 
is a linear geothermal gradient suggestive of heat transport 
by conduction in the rocks above the steam field. On the 
other hand, it seems somewhat paradoxical that effective 
seals can exist in an area of such active tectonism. 

DATA 

The temperature measurements reported here were made 
wifh four-conductor cables, thermistors as sensors, and 
digital multimeters as detectors. Observations were made 
at discrete depths on some occasions and continuously (300 
m / hr) on others. The relative accuracy is better than 0.002°C, 
and the absolute accuracy about 0.02°G. Some details con
cerning instrumentation are given by Sass et al. (1971). The 
high-temperature holes were logged with teflon-insulated 
cables with probes containing appropriate seals. 

The dates of dril l ing and times of temperature measure
ment (Table 1) indicate that the thermal disturbances due 
fo dri l l ing subsided to an insignificant level before fhe last 
sets of temperature measurements. Flows of water along 
the annulus between hole and casing were effectively sealed 
off by cement in C - l . We are not so sure about R-3 and 
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Table 1. Details of drill ing and temperature logging. 

Figure 1. Map of The Geysers-Clear Lake geothermal area 
showing localities af which temperature measurements were 
made; C - Cloverdale and R - the area containing holes R-3 
and R-4. The areas of Quaternary volcanic rocks (stippled) 
and older volcanic rock (largely Pliocene, shaded) were 
generalized from fhe Ukiah (Jennings and Strand, 1960) and 
Santa Rosa (Koenig, 1963) sheets of the Geologic Map of 
California. The approximate limit of fhe steam zone is ha
chured. Bouguer anomaly contours are from Chapman and 

Bishop (1974) and Chapman et al. (1974). 

R-4; however, the temperature differences between these 
two holes are small and the last two sets, taken 10 months 
apart, differ by no more than a few tenths of a degree. 
Such differences could be attributed to differences in logging 

Cloverdale 
1 

Rorabaugh 
3 

Rorabaugh 
4 

W 

Location 

Elevation (m) 
Hole size (cm) 
Drilling started 
Drilling completed 
Casing cemented in 
Casing (O.D.-cm) 
T.D. of casing (m) 
T.D. of hole (m) 
Dales and depth logged 

38''46.4' N 
IZZ'SB.O'W 
110 

7.6 
11/6/72 
11/30/72 
12/4/72 

4.2 
250 
2S0 
12/5/72(250) 
12/18/72(250) 
1/22/73(250) 
1/23/74(250) 
3 /5/74 (250) 

38'48.1' N 
122°49.9'W 
532 

31.1 
10/25/68 
2/11/69 

-
24.4 

1020 
2126 
2/2/72 (740) 
8/16/74(305) 
5/9/7S (152) 

38°48.0' N 
I2 r49 .9 'W 
532 

31.1 
I I / 1 / 6 8 
2/6/69 

-
24.4 

874 
2200 
8/17/74(831) 
5/9/7S (152) 
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rates or fo convective motions within the holes (Diment, .'?=" 
1967; Gretener, 1967). -..j 

Hole C-l was cored into graywackes of the Franciscan '-
formafion. Samples for ihermal conductivity measurement r S 
were selected af about 3-m intervals or closer in the lower î i. 
part of the hole. The thermal conductivities of samples 'i^' 
sufficiently cohesive fo be machined into discs were mea-iSic, 
sured wifh a modified divided bar apparatus (Sass et a l . ,S^ 
1971). Those too friable to be machined were ground up,';^; 
the conductivity of fhe fragment-water mixture was mea-,'^. 
sured (Sass, Lachenbruch, and Munroe, 1971), and values %'}-, 
of conductivity were extrapolated to zero water content-'isf 
(Fig. 2). , ^ | | 

We have neither samples nor lithologic logs from R:3-^^ 
or R-4. Conductivity measurements on 10 samples of Fran- J ^ 
ciscan graywacke from outcrops that may be typical ojf-:^ 
the rocks penetrated in R-3 and R-4 range from 6.3 to S.O-î  
and average 7.1 ±0.5. The mean is probably too high because^ 
the more cohesive samples have been selected. Other rock " 
types that may have been penetrated by these holes a i ^ 
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Figure 2. Data from hole C-1 near Cloverdale. The measured temperatures (-^—) were obtained about 2 yr after drilling 
(Table 1). Corrections for steady-state terrain have been applied to give corrected temperatures ( • - - - - ) . The gradients shownt 
are derived from the corrected temperatures. The average conductivity of samples sufficiently cohesive fo be machined into-l 
discs ( ) is 5.7 ±0.3 mcal /cms€C-°C, and that of samples of fragments (°°°°) measured in a cell is 5.2 ±0.5, vvhere'> 

fhe uncertainty is the standard deviation. 
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Figure 3. Temperatures in holes C-1 and R-4. Observed 
temperature ( ), observed temperature corrected for terrain 
( - - - - ) , temperatures extrapolated (—) fo depth, and temper

ature of first steam (large dot) are shown. 

serpentinite or metabasalfs, neither of which have conduc
tivities greatly different from the graywacke (Diment, 1964; 
Clark, 1966). 

We think that the mean conductivity of the rocks pene
trated by G-1, R-3, and R-4 lies between 5.0 and 6.5 
meal /cm-sec-"C; therefore we assign heat f lows (the prod
uct of the terrain-corrected thermal gradient and the thermal 
conductivity) of 3.2 to 4.1 hfu for C-I and 7.5 to 9.3 hfu 
for R-3 and R-4 ( I hfu = I x 10"* cal/cm^-sec). These 
uncertainties are larger than we should like but make little 
difference in the particular arguments that fol low. 

DISCUSSION 

The only "equ i l ib r ium" temperature data that we have 
in a locality where the depth to steam is approximately 
known are f rom the holes R-3 and R-4 (Table I) . The 
temperatures in these holes, which are only 87 m apart, 
are nearly identical and the differences are not readily 
discernible at fhe scale of Figure 3. 

The depth to steam at this locality is about 1500 m below 
the surface as determined from steam shows in R-3, R-4, 
and some adjacent wells. Depth to steam is simply the depth 
to the first obvious manifestation of steam in an air-drilled 
hole and might be thought of as fhe depth to fhe first large 
crack in the steam reservoir. Clearly, this depth might be 
considerably greater than the depth to 240°C that charac
terizes fhe steam reservoir (White, Muff ler, and Truesdell, 
1971). 

The temperature profile for R-4 (R-3 is nearly identical), 
when linearly extrapolated to depth, intersects fhe reservoir 
lemperature (240°C) at about 1400 m, about IOO m above 
'he depth of f irst steam (Fig. 3). The fact that the extrapolated 
lemperature curve intersects the reservoir temperature close 
•o, but slightly above, fhe depth to steam suggests that 
heat transport in the entire region above fhe steam reservoir 
is by conduction. 

The extrapolation of temperature to depth was done as 
follows. A terrain correction was calculated, assuming that 
fhe terrain has persisted indefinitely in its present form, 
that the high gradient (150°C/km) associated wifh the steam 
zone extends laterally to 3000 m, and that farther away 
the geothermal gradient is 64''C / k m as it is in C-1. Application 
of this correction makes fhe temperature profile nearly linear 
and permits a reasonable extrapolation to depth. In order 
to obtain an "observed" temperature profile in the extrapo
lated interval, we add fhe effects of terrain to the extrapo
lated, terrain-corrected profi le. A correction for decrease 
in conductivity with increasing temperature (Birch and Clark, 
1940) would raise the curve less fhan 50 m af 240°G. Although 
the corrections are rather primit ive, they are small, and 
further refinement is not warranted without more informa
tion on the variation of conductivity with depth. 

I f the region above the steam zone is conductive, fhe 
temperature profiles reveal something about the history of 
the steam zone. Assuming that the top of the steam reservoir 
is flat and that a temperature gradient existed before the 
steam zone was formed, models can be constructed that 
illustrate fhe temperature history of the interval between 
the steam zone and fhe surface. The two models presented 
are based on an expression given by Carslaw and Jaeger 
(1959, p. IOO, eq. 1) in which a constant thermal diffusivity 
is assumed (in this case 0.01 cm^/sec). The times shown 
are those after fhe formation of the steam zone which is 
assumed to have maintained a uniform temperature of 240°C. 
The two sets differ only in their initial temperature gradients 
(those prevailing before the formation of the steam zone). 
The first initial gradient (32°C/km) represents a heat f low 
of about 2 hfu, which is probably representative of the 
heat f low outside The Geysers/Glear Lake geothermal 
anomaly (Lachenbruch and Sass, 1973). The second initial 
gradient (64''C/km) corresponds to a heat f low of about 
4 h fu , which has been observed at C-l some distance west 
of fhe known limits of the steam field (Fig. I ) . Such a 
high heat f low requires either melting within the crust or 
transport of heat by wafer or magma. In other words, we 
do not know whether the high heat f low at Cloverdale is 
a consequence of hydrothermal convection, or betrays a 
hot magmatic source. I f it is the latter, perhaps it would 
be appropriate to use the higher gradient as the initial gradient 
for fhe model over the steam zone. However, the difference 
between fhe two models 25 OOC yr after formation of the 
steam zone is negligible (Fig. 4). 

Comparison of fhe curves for the models (Fig. 4) and 
the observed and extrapolated temperatures (Fig. 3) suggests 
that: ( I ) the steam zone has been in place for at least several 
thousand years and quite possibly 10 000 yr or more; and 
(2) after 10 000 yr the temperatures are so close to steady 
state that we could not tell the time of origin of the steam 
zone even if the data were nearly perfect (which they are 
not) and the model accurately descriptive (which if is not). 

The heat f low above the steam zone is a quantify of 
some interest for if is a parameter in fhe energy balance 
equation of fhe geothermal system. Although our numbers 
are rather conjectural, elementary calculations give a rough 
idea of the size of the parameters involved. The heat f low 
above fhe steam zone is about 10 hfu or about 6 hfu above 
lhat for The Geysers/Clear Lake thermal anomaly. Assum
ing that the area of the steam zone is IOO km^, the heat 
escaping by conduction is 1.8 x I O " ca l / y r . Current power 
production is about 5 x 10' W (electric) or roughly 3 x 
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Figure 4. Graphs showing increases in temperature with lime (thousands of years) after formafion of steam zone (240°C 
al a depth of 1.5 km). A surface temperature of 14°C and a thermal diffusivity of 0.01 cm^/sec apply to both sets of 
curves. The initial temperaiure distribution (before formation of steam zone) is T, = 15°C -F (32°C/km)Z for the set on 

fhe left and T^ = 15°C -F (64°C/km)Z for the set on the right. T̂  is the steady-state temperaiure. 
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10' W (thermal), which equals 2.4 x 10'* cal/yr for the 
heat extracted from the steam zone. In other words, fhe 
heat currently extracted from the ground for power produc
tion is two orders of magnitude larger than that escaping 
by conduction. As previously noted, however, the steam 
zone appears to be at least 10 000 years old and quite possibly 
older. If so, heat loss by natural conduction over this period 
of time may have equaled or exceeded by several orders 
of magnitude the current yearly withdrawal of energy from 
the steam wells. 

CONCLUSIONS 

We conclude that: 

1. The thermal regime above the steam zone away from 
natural vents is conductive, at least at the one locality 
examined. 
2. The linearity of the temperature profiles suggests that 
the steam zone is at least several thousand years old and 
quite possibly much older. 
3. Although the heat escaping by conduction is two orders 
of magnitude less than that represented by present steam 
production, the total conductive loss since the origin of 
fhe steam zone may have been several orders of magnitude 
greater than fhe present annual steam production. 
4. The region of highly anomalous heat flow extends far 
beyond the area of steam production, as evidenced by the 
high heat flow near Cloverdale and recent volcanism and 
hot springs near Clear Lake. This suggests that exploitable 
resources of hot water or steam may exist over a much 
wider area fhan fhe known steam zone. 
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Geophysical Methods in Geothermal Exploration 
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Orkustofnun (Nat ional Energy Author i ty) , Laugavegi 116, Reykjavik, Iceland 

ABSTRACT 

A review is given of geophysical methods used in the 
exploration of geolhermal resources. More recent develop
ments are emphasized, especially in the field of electric 
:ind electromagnelic surveys. Other methods discussed in
clude heal flow (thermal gradient), aerial infrared surveys, 
gravity, seismic, and magnetic surveys, microearthquakes, 
and ground noise. 

I N T R O D U C T I O N 

The role of geophysics in the exploration of geothermal 
resources has been discussed in the past in several review 
papers (Banwell, 1970, 1973; Bodvarsson, 1970; Combs and 
Muff ler, 1973). A few geophysical methods may be said 
to be well established in geothermal work, having proved 
their u,sefulness in numerous geothermal exploration pro
jects. But improvements are needed, and in recent years 
Ihere has been a marked effort to test new methods or 
new variants of older methods. This development is largely 
associated wifh the growing interest in geothermal energy 
following the world-wide rise in oil prices. 

The strategy of geothermal exploration is often somewhat 
hampered by a lack of understanding of the geothermal 
systems, and by the variability of the geological environment 
(McNi t t , 1970). The hot zones beneath surface thermal fields 
constitute the outlets of more extensive systems, about which 
very little is known as regards vertical and horizontal extent. 
Most exploration work in known geothermal fields is con
cerned with mapping the geometry of the relatively shallow 
upflow zone, but it is also possible that the deeper parts 
inny be quite as attractive from an exploitation point of 
view as the shallower parts. In fact some of the deeper 
systems may be entirely without an upflow zone; they may 
be hidden. The most suitable methods of investigating such 
<ysicms would in part differ from those most suitable for 
lhe shallower zones. 

A further complication is the Ihermal state of the f lu id— 
whether one is dealing with a vapor-dominated system 
(White, Muff ler, and Truesdell, 1971)or a hot-water system. 
Some physical bulk properties of a porous rock, for example, 
resistivity and density, would be quite different if steam 
replaced the hot water in the pores. Such ambiguities, like 
in:iny others in the interpretation of geophysical data, have 
lo be resolved by dril l ing. 

In geothermal exploration the geophysical methods used 
may be classified in various ways (Bodvarsson, 1970). Direct 
or thermal methods aim at mapping hot zones thermally 

and geometrically. Indirect or structural methods have as 
their objective the investigation of geological structures that 
may control the movement of the gebthermal f luid. Such 
a classification may be of some help in clarifying the purpose 
of various kinds of surveys; but it is not very distinct, 
and many survey methods serve the purpose of thermal 
and structural investigations at the same time. Methods may 
also be classified according to the depth.range they are 
particularly suited for, but here again there is a great deal 
of overlapping and many methods are suitable for a consid
erable range of depths. 

The purpose of this paper is to review the various 
geophysical methods which are used in geothermal explora
tion work, and to comment on their usefulness in such 
work. The thermal and electrical methods are treated first 
and then the structural methods. Finally some methods which 
do not f i t into this classification, such as microearthquakes 
and ground noise, are discussed. At the end a brief discussion 
is given on the suitability of the methods for probing fo 
various depths. 

HEAT FLOW (THERMAL GRADIENT) 

Anomalous surface heat f low by conduction may be used 
as an indicator of water convection at depth. The heat f low 
can be found by dril l ing shallow holes and measuring the 
temperature profile and Ihe thermal conductivity of the core 
rock. In order to interpret the heaf-flow values in terms 
of water convection, it is necessary to know the normal 
regional heat f low pattern as undisturbed by hydrothermal 
activity. The average heat f low of the Earth is 1.5 hfu 
(62.7 m W / m ^ ) , but relatively large systematic variations 
occur between different geological provinces. The highest 
values occur neardiverging plate boundaries as, for example, 
in Iceland on the Mid-Atlantic Ridge, where " n o r m a l " values 
are considered to be in the range 1.7 to 7.0 hfu depending 
on distance from the axial zone (Palmason. 1973, 1974). 
In New Zealand (Studi and Thompson, l%9) and in Japan 
(Uyeda, 1972) a different pattern is found with high values 
on one side of the volcanic zone and low values on the 
olher side. Such a pattern appears to be characteristic of 
the so-called subduction zones. 

Heat-flow surveys may be suitable for exploring the 
boundaries of a hydrothermal f ield. In a uniform geological 
environment only gradient measurements are needed, but 
when the thermal conductivity varies f rom one hole to 
another it may be necessary to take this into account (Sestini, 
1970). In some cases variations in thermal conductivity may 
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be ostiin;ilcd from the hurchulc geological logs (Merkel. 
1975). 

When geochemical indicators of reservoir lemperalure are 
available, the gradicnl measuremenis may allow an estimate 
Io be made of the minimum hole depth needed to reach 
the reservoir. 

Geolhermal gradicnl or heat-flow surveys are useful for 
detecting weak heal-flow anomalies, some 5 to 10 limes 
the normal heal f low values, which may be associaied with 
convecting water al relatively greal depth. When the heat 
loss through the surface is greater than about IOO times 
the normal heat f low, as occurs within hydrothermal areas, 
simpler and less expensive methods may be used lo map 
the shallow lemperature f ield. Mapping of the temperature 
al a depth of, say, one meter is useful for the purpose 
of estimating the natural heat flux from a hydrothermal 
area, as has been done in great delail in New Zealand 
(Dawson, 1964; Robertson and Dawson, 1964). As an explo
ration tool for guiding site selection for deep dri l l ing, Ihe 
shallow lemperature surveys are of limited value because 
of the low effective dcplh penetration. They are also rather 
time consuming. 

Thermal gradient surveys have been used in several 
countries. In Italy a hole depth of about 35 m has been 
used (Burgassi et a l . , 1970; Mouton, l%9), but in Iceland 
a depth of about 1(X) m is considered necesisary. The depth 
needed wil l depend on the geological conditions in each 

areii. When ihe surface rucks arc very permeable to a 
considerable depih as in many areas of active volcanism, 
gradicnl surveys may not be practicable al all. 

There ;ire severtil examples demonstrating the usefulness ' 
of gradient surveys in geolhermal exploration. In Iceland 
in the low-icmperaiure area wi ihin the capital, Reykjavik, 
gradient surveys have markedly guided the .selection of sites 
for deep production dril l ing. The gradient surveys have 
outlined four areas of anomalously high surface gradient,: 
up to 500°C/km (Fig. 1). Production dril l ing in three of'H 
Ihese areas has been successful, yielding water at tempera-
lures of 90 lo I40°C, but the fourth area has not been tested 
yet by deep dril l ing. 

A more recent example is from Marysvil le, Montana, 
where a heal f low anomaly was di.scovered in an area with 
no known hot-spring activity (Blackwell and Baag, 1973). 
A favored interpretation of the anomaly was that it was 
due to a cooling intrusion at depth. Subsequent drillings 
encountered water al 95°C, showing lhat the anomaly is 
due to convecting hoi water at depth (Blackwell, personal 
commun.). •- _ 

AERIAL INFRARED SURVEYS 

At the U N Geothermal Symposium in Pisa in 1970 five 
papers were presented dealing with infrared aerial surveys 
of thermal areas in several countries (Cassinis, Marino, and 
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Toi ic l l i ; Gomes Valle el a l . ; Hochstein and Dickinson; 
Hodder; Palmason el a l . ; 1970). The rcsulls indicated that 
lhe threshold sensitivity of Ihe method for detecting abnor
mal heal flows was in the range 150 to 700 hfu, lhat is, 
roughly one hundred limes the normal heat f low. The main 
reason for this relatively low sensitivity is the high noise 
level caused by variations in the thermtil properties of surface 
materials, which affect the thermal radiation sent out. The 
radiation comes from a very thin surface layer and Ihe 
nielhod has therefore practically no depth penetration. 

It is possible that a more refined processing of the infrared 
dala can lower somewhal the threshold limit for detection 
of geothermal anomalies. Ha.se (1974) on the basis of a 
study in Japan gives a limit of "much less than" 800 hfu. 

The infrared me.thod has an important application in 
niapping the surface distribution of hydrothermal activity. 
The imagery may be of help in relating the configuration 
of the hot areas fo large-scale structural features, for 
examp|e_, faults or calderas, which may control fhe discharge 
of hot fluids to the surface. Furthermore if provides a record 
of surface activity which may be compared with similar 
records al a later dale to study the effect of exploitation 
on Ihe surface thermal manifestations. 

ELECTRICAL RESISTIVITY SURVEYS 

Electrical resistivity surveys have been used in geothermal 
exploration for over 25 years (Bodvarsson, 19.50). Initially 
Ihcy were made with the classical Wenner or Schlumberger 
electrode configuration using dc current. The depth of 
penetration was small. In recent years there hlis been a 
marked effort to lest various other methods, both dc and 
electromagnetic, partly in an attempt to increase the depth 
penetration under the conditions of low near-surface resis
tivities which usually occur in hydrothermal areas, and partly 
in an attempt to find faster and cheaper methods for 
reconnaissance surveys of relatively large areas. There is 
a very great variety of methods that can theoretically be 
used to map the subsurface resistivity distribution and the 
problem is to select the most suitable method from the 
point of view of field operations, processing of the field 
data, and interpreting fhe results. 

Geothermal reservoirs are often, but not always, charac
terized by low resistivities. The resistivity depends on a 
number of parameters, the most important of which are 
porosity, salinity of fhe interstitial f lu id, and temperature. 
The effect of a temperature change is greatest at low 
lempcralures, less than 100°C, and becomes small above 
200°C. In fhe deeper parts of a hydrothermal system the 
resistivity is therefore more affected by porosity and salinity 
varialions than by lemperature. An increasing resistivity 
with depth in a geothermal system may mean that the porosity 
changes f rom, for example, intergranular or vesicular po
rosity lo fracture porosity, which is not necessarily ad
verse from the point of view of fluid production. The 
effect of lemperalure is probably greatest in horizontal pro
fil ing where lateral variations in resistivity are mapped. 

Convenient nomograms showing graphically Ihe relation
ships between rock resislivi iy. lemperalure. porosity, and 
saliniiy of the pore fluid have been given by Meidav (1970). 

Contro l led-Source dc Methods 

These methods are the most common ones in geothermal 
exploration. Electric current is sent into the ground through 
;i pair of electrodes, and fhe resulting potential difference 

across anolher pair or pairs of electrodes is measured. 
Apparent resistivities arc calculated directly from relalively 
simple formulas. Depth soundings are carried out by varying 
Ihe electrc-nJe distances, and interpretation in terms of a 
vcriical resistivity structure is usually made by means of 
a .set of theoretical curves. 

For shallow resistivity surveys any one of the electrode 
arrays can be u.sed. The Schlumberger array is the most 
convenient one for depth soundings. It has certain opera
tional advantages over the Wenner array in that fewer 
movements of the electrodes are required. Furthermore it 
allows the effect of irregular lateral resistivity variafions 
to be detected and corrected to a certain extent. This may 
be important in geothermal work. For horizontal profi l ing, 
the Wenner array is more convenient because of the regular 
electrode separations. 

The practical limitation on the depth penetration of fhe 
Schlumberger array is the long wire needed for the current 
electrodes. If the resistivity is low, a very high current 
is needed to obtain a measurable voltage' between the 
potential electrodes. Furthermore, in hydrothermal areas, 
a very long electrode array usually means lhat lateral 
resistivity variations are affecting the measurements, thus 
making interprelalion diff icult. Often the maximum current 
arm (AB /2 ) of the Schlumberger array is limited to 1 to 
2 km in geothermal work. 

Dipole arrays avoid some of the difficulties associated 
with deep Schlumberger soundings in geothermal areas. 
Very high currents are needed, several tens of amperes, but 
these are more safely used with short current-electrode sepa
rations than wi lh long ones. Under favorable conditions a 
depth penetration of several kilometers is easily achieved. 

Experience shows lhat apparent resistivities calculated 
from dipole arrays are rather sensitive to shallow lateral 
resistivity variations. In dipole depth soundings, care has 
to he taken to avoid such effects. On the other hand this 
may also be u.sed to advantage in mapping lateral resistivity 
variations in a semiquantitative way, somewhat analogously 
to resistivity profi l ing. In this case a source "b i po le " is 
commonly used, that is, a pair of current electrodes with 
a separation that is not necessarily small compared to the 
distance between the centers of the electrode pairs. The 
potential electrode pair is then moved around. This method 
of horizontal mapping goes under various names in the 
literature, such as bipole-dipole, roving dipole, or simply 
dipole-dipole method. A well-known example of this is from 
the Broadlands field in New Zealand (Risk, Macdonald, 
and Dawson, 1970). Theoretical calculations (Bibby and 
Risk, 1973) using a hemispheroidal reservoir model have 
made possible an estimate of the thickness of the low-resis
t ivity reservoir beneath the Broadlands field from the 
dipole dala. 

As a general comment regarding the use of dipole methods 
for depth soundings, il may be said lhat shallow resistivity 
mapping is required to properly interpret the dipole sound
ings. For horizontal reconnaissance surveys, the dipole 
methods have certain operational advantages, since a rela
lively large area can be mapped from a single source dipole. 
This may be especially imporiani in rugged terrain. The 
calculated apparent resistivities, however, do not necessarily 
correspond to real resistivities in the underlying formations. 

Controlled-Source Electromagnetic Methods 

In recent years a considerable effort has been made to 
lest the suitability of various electromagnetic methods in 
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the exploralion for geolhermal resources (Keller, 1970; 
Keller and Rapolla, 1974). These methods have been used 
in mineral exploration for a long time, in geothermal work 
Ihe requirement of depth penetration is usually greaier than 
in mineral exploralion. This means that lower frequencies 
have to be used and consequently the equipment becomes 
somewhat bulkier. 

Primary external electromagnetic fields induce eddy cur
rents and secondary fields in a conducting earth. The 
secondary fields can be defected by a variety of source-re
ceiver arrangements (Keller and Frischknecht, l%6; Van-
yan, 1967). Depth soundings are made by varying either 
the source-receiver distance or the frequency. Interpretation 
is usually carried out by a comparison with calculated 
models, often consisting of horizontal layers. The depth 
penetration may be expressed by Ihe "sk in dep th" d 
= 0.5 ' V p / v km. A plane electromagnetic wave of fre
quency V Hz in a medium of resistivity p ohm • m is attenuated 
to 37% of its original amplitude in a distance equal to the 
skin depth. The expression for the skin depth shows that 
the electromagnetic methods are particularly suitable for 
probing through high-resistivity surface materials, but have 
lower penetration in conductive surface materials. 

A two-coil moving source-receiver arrangement ("electro
magnetic gun") has been used in New Zealand and in Chile 
lo map resistivity variations to a depth of the order of 
30 meters (Lumb and Macdonald, 1970). This method appears 
to be an attractive alternative to a shallow temperaiure survey 
or conventional shallow resistivity profi l ing, because of its 
low cost and high speed. The field procedure is straightfor
ward, and apparent resistivities are obtained from calculated 
curves. The resistivities obtained in fhe Broadlands field 
agree reasonably well with those obtained from a Wenner 
survey. 

A somewhat similar shallow test survey was recently 
carried out by Ward et al. (1975) in a geothermal area in 
Utah. It was concluded from a comparison of Schlumberger 
soundings with electromagnetic soundings that the latter 
are less affected by lateral inhomogeneities than the Schlum
berger soundings. A better definition of a shallow low-re
sistivity area may thus be possible with the electromagnetic 
method. Deeper soundings to a depth of I to 3 km are 
also discussed in the paper and it is concluded that here 
also much smaller transmitter-receiver distances are required 
than fhe corresponding current electrode separations in the 
Schlumberger array. 

An interesting possibility in electromagnetic soundings 
is the u.se of a transient method (time-domain technique). 
This method, which is based on theoretical work by Vanyan 
( l%7) , has been developed further at the Colorado School 
of Mines, and tested mainly around the Kilauea Volcano 
in Hawaii (Jackson and Keller, 1972; Keller and Rapolla, 
1974). A step-current is introduced into the ground through 
a pair of electrodes, and the voltage induced in a coil by 
the time-varying magnetic field is measured as a function 
of time. Apparent resistivity is obtained as a function of 
time. It may be shown that early-time resistivity is charac
teristic of shallow depth and late-time resistivity, charac
teristic of deeper layers. The method thus has a certain 
appeal in that information on resistivity variation with depth 
is obtained in a single measurement. This advantage, 
however, may be more than offset by the rather complicated 
processing that is needed to obtain the resistivities, involving 
synchronous stacking, deconvolution, and smoothing of fhe 

recorded signal. Furthermore Ihc interpretation in lerms of 
resistivity variation with depth is nol as straightforward 
as in the dc inethods. It appears that the transient method 
needs to he further tested in geolhermal areas by a compari
son wi lh more conventional methods before its merits in 
geothermal exploration can be judged. 

Natura l Field Methods 

Natural electromagnetic fields caused by thunderstorm 
activily (frequency > l Hz) and micropulsations in the 
Earth's magnetic field (frequency < l Hz) are affected near 
the surface by the resistivity distribution in the underlying 
rocks. The depth effect depends on the frequency. Where 
and when fhese fields are sufficiently strong in fhe frequency 
range of interest, they can be used to explore the resistivity 
distribution in the depth range of importance in geothermal 
exploration. 

There are essentially three variants of the natural field 
methods which have been used and appear to be promising 
in geothermal exploration. They are (1) the ordinary low-
frequency magnetotelluric method, utilizing frequencies 
below about 1 Hz; (2) the audio-frequency magnetotelluric 
(AMT) method, which utilizes frequencies above 1 Hz, 
mainly in the range 8 Hz to 20 kHz, and (3) fhe telluric 
meihod. The first Iwo are deplh-sounding methods. They 
might perhaps be classified together, but because of the 
different frequency ranges Ihe measuring techniques are 
different. The Ihird method is a horizontal profi l ing method 
primarily. 

In the magnetotelluric methods one measures the two 
perpendicular horizontal components of the electric and 
magnetic fields in the incoming radiation. After spectral 
analysis or narrow-band fi ltering an apparent resistivity is 
calculated from the formula p^ = ( 0 .2 / v ) {E /B ) ^ , where E 
( m V / k m ) a n d B(gammas)are the two perpendicular compo
nents of the electric and the magnetic f ield, and VIS frequency 
(Hz). This relationship is ba.sed on the assumption that the 
resistivity varies only in a vertical direction. Where there 
are significant lateral resistivity variations, a more compli
cated relationship is obtained involving the so-called imped
ance tensor. 

The ordinary or low-frequency magnetotelluric method 
is useful for probing fo very great depths, from a few to 
one hundred km or more. Its place is therefore mainly in 
regional work where information is sought on deep crustal 
resistivity which may be related to temperature and possible 
heat sources. The method has been used for this purpose, 
for example, in Iceland (Hermance and Gri l lot, 1970, 1974; 
Hermance, 1973; Bjornsson, 1975; Thayer and Hermance, 
1975) and gives results in good agreement wi lh those predict
ed from regional heal f low studies and model calculations 
(Palmason, 1973). 

A good descripiion of the experimenlal, analytical and 
interpretative techniques used in magnetotelluric surveys 
was given by Vozoff (1972). 

In geothermal exploration the direct usefulness of the 
low-frequency magnetotelluric method is limited because 
of the large probing depth and a consequent insensitivity 
lo shallower resistivity varialions. A much more promising 
method appears lo be the audio-frequency magnetotelluric 
(AMT) method which employs frequencies mainly in fhe 
range 8 Hz lo 20 kHz (Keller, 1970; Keller and Rapolla, 
1974). The lower part of this range appears to be especially 
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Figure 2. The audio-frequency magnetotelluric method of 
resistivity mapping (from Keller and Rapolla, 1974). 

suitable under the conditions commonly found in geothermal 
areas. Surveys with this method have been reported from 
geothermal areas in New Zealand, Hawaii , and Nicaragua. 

The instrumentation for an A M T survey is relatively 
simple, consisting of two narrow-band tuned voltmeters of 
high sensitivity, measuring the output from a pair of elec
trodes and from an induction coil (Fig. 2). By varying the 
tuning frequency, a set of apparent resistivity values are 
obtained, which can be interpreted by a comparison with 
theoretical curves, or, approximately, using the skin depth 
as a depth indicator. Where the electromagnelic noise in 
the audio-frequency range is sufficiently strong and continu
ous, the A M T method appears fo be a rapid and inexpensive 
tool for reconnaissance surveys of geothermal areas. 

The third natural field meihod, the telluric method, is 
mainly suitable for reconnaissance of horizontal resistivity 
variations. It is based on the assumption that telluric currents 

f lowing in extensive sheets are affected by lateral variations 
inthe resistivity structure, which can be caused, for example, 
hy variations in geological structure or by hydrothermal 
systems. The method requires the simultaneous measure
ment of the telluric electric field at two stations. From 
the ralio of the amplitudes of the electric field at the two 
stations, inferences may be drawn about variations in the 
underlying resistivity structure. By keeping fhe base station 
fixed and moving a field station about, one can thus map 
resistivity varialions in a qualitative way. 

The method has been used in geothermal exploration in 
Nevada (Beyer, Morrison, and Dey, 1975) and in Iceland 
(Thayer and Hermance, 1975). It appears to be a convenient 
method for regional surveys in order to detect areas worthy 
of more detailed exploration by dipole methods. 

The three natural field methods that have been mentioned, 
that is, the low-frequency magnetotelluric method, the 
audio-frequency magnetotelluric method, and the telluric 
method all depend on the presence of natural electromagnetic 
fields that may be of variable intensity in space and time. 
This dependence is a disadvantage in practical exploration 
work. On the other hand nature provides the source equip
ment for Ihese fields so that the field instrumentation 
required in an exploration program is simpler than with 
some other methods. Present experience indicates that the 
telluric profil ing method may be useful in regional surveys, 
and that the audio-frequency magnetotelluric meihod may 
be very convenient in more detailed work. 

The Schlumberger, dipole, and magnetotelluric methods 
may be combined to obtain a continuous section from shallow 
lo relatively great depths. An example from a survey across 
the volcanic zone in northern Iceland through the Namaf jail 
high-temperature field is shown in Figure 3. 

SELF-POTENTIAL SURVEYS 

A natural field method which may be useful in fhe study 
of hydrothermal areas is the self-potential method. Recent 
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Figure 3. A schematic resistivity section across the volcanic zone in northern Iceland through the Namafjall high-temperature 
field. Based on Schlumberger, dipole, and magnetotelluric measurements from a joint survey by Brown University, Rhode 

Island, USA, and the National Energy Authority, Reykjavik (A, Bjornsson), 



surveys in .several hydrothermal areas (Zohdy, Anderson, 
and Muff ler, 1973; Anderson and Johnstin, 1973; Rapolla, 
1974) have established that elecfncal dc field'a noma I ies lire 
commprily found assqciated with hydrolhermal activity. One 
expjanaiionof'such electric fields is thai they are associated 
wilh the nuiyement of Gondiicting geothermal fluids (.stream
ing potcnlial.s), when cation enrichment of the water takes 
place by preferential'ad.sorpti6n of the anions by the rock, 
leading to a positive self-pibteiitial anomaly over a zoiie 
of upward-moving; water. Although the electric pdiijiitials 
may also be affected by blher factors, such as variations 
in the electricai properties of altered rocks, it appears that 
further studies of self-pot ent ial anomalies associated with 
hydrothermal areas would be worthwhile in order to evaluate 
Iheir u.seful ness in geothermal exploration. 

STRUCTURAL METHODS 

Grav i ty , Seismic, and Magnet ic Survey Methods 

In geothermal exploratiori the gravity^ seismic, and mag
netic survey method.s are often classified together as struc
tural methods in contrast to the thermal and electrical 
rrielhoUs whose main purpose is to outline, the geo'metrical 
and thermal parameters of a hydrothermal ;system. In this, 
sense the structural methods are, primarily an-extension of 
geologieal mapping. But there is al.so considerable evidence, 
show ing I hat some of the anomalies mapped by the structural 
methods in geothermal areas may be directly caused by 
the effect of the hydrothermal system on the ho.St rock. 
The electrical methods, on the other hand, may ,aiso be 
called structural, tp'the extent that the,,resistivity variations 
are caused by variations in porosity. This shows that ihere 
is no sharpdi.stinction possible between methods which map 
the thermal and the structural parameters of a hydrothermal 
system. 

Grav i ty surveys. These are relatively easy to make in 
the f ield, but they are dependent on good elevation control, 
arid this may be the main cost item in the cdllection of 
the data. In areas, of rugged topography the terrain correc
tions may be large and time-consuming to make. Therefore 
the gravity survey method is most suitable in areas of 
smoothly varying relief. One of ihe-mqre useful properties 
of gravity anomalies is that they allow an estimate to be 
made of the tbtal anomalous'- mass causing the anomaly; 
even though absolute density fcbntrast'sj'are' not knbwri. 

Gravi ty surveys in geothermal'areas in different geologicai 
environments appear tp indicate that the sources, of gravity 
anomalies may be (1) hydrpthermal alteration of reservpir 
rocks; (2) a high proportion of intrusives; and (3) structural 
features, for example, faults, calderas. bSsemerit strueture. 

In. the. New Zealand geothermal ariafi.s, positive .gravity 
anomalies ai-e considered to be due to rhyplitic.do'mes and 
to hydrpthermal alteration pf the re .ser voir rocks (Hochstein 
and Hunt, l970; Macdpnald and Muff ler , 1972), In the 
Imperial Valley pf California a correlation has been noted 
between positive gravity anomajies and high heat f low 
(Meidav, 197(1); the gravity effect is considered to be due 
lo metamorphism of the sedimentary reservoir rocks; In 
Iceland the high-temperature, a re as'are often associated with 
major volcanic centers, and positive gravity anprnalies 
commonly found in such areas have been interpreted tP, 

he due cither lo a high proportion of intrusives or to 
meiamorphism, or both, 

Thereappear to besbund arguments fpr including a gravity • 
silrvey in any major gedthermal exploration prpgram, in 
particular in areas 'of .smooth relief and ppor geoipgical 
exposures. 

One other imporiant use of gravity measurements in 
geothermal work is connected with exploitation. Withdrawal .: 
of fluid from a hydrpthermal system may lead to net mass 
ifansfers that*affeet the gravity values measured in the area. 
Such changes can be very conveniently monitored by mea- ,, 
siiring the, gravity "values at a set of fixed bench marks, 
i _n t he a rea u nde r e X pl oi tat i o n, as: has bee n do ne at Wa i rakei 
(Hunt, 1970), The method is; cheap and rapid, and is likely ,; 
to become a standard procedure in any major exploitation h-
of geothermal fields. 

Seismic ref leict i ianmethod. This isa majbrgebphysieal 
method in,oil exploratipn, but it has fpund relatively little-
use in geothermal wprk. This is mainly due to the different 
geological environments of these two energy resources. Mpst ~ 
of the geothermal fields that have been explored sp far 
are in volcanic areas where .smooth sedimentary series are 
absent, or are highly disturbed by intrusions. The only case 
known where the reflection method appears lo have been 
used with spme success is irt the Matzukawa field in Japan 
(Hayakawa, 1970), 

Seismic re f rac t ion method . On the other hand, seismic 
refraction appears to be quite useful in volcanic areas, 
especially for structural studies in conjunction with gravity 
surveys, since the two physical properties, density and 
seismic velocity-,-are empirically related. I f a gravity survey 
shows an anomalous mass distribution, it cannot be unam
biguously interpreted in terms of structure without fur-
ther information. A seismic refraction survey is likely to ^ 
provide such information, for example, on the depth to the 
anomalpus mass. 

Refractipn profili^s" have been measured across some of 
the, high-t'emperaturetareas in Iceland as part of a regional 
survey pf seismic crustal structure (Palmaspn,, 1971). A 7 
seismic boundary ata depth pf abPut 1 km has been correlated ~ i " 
with a geological section in a dri l l hole in the .Reykjanes -S 
thermal f ield. I t is of some interest'that aquifers appearj i* 
to be more abundant in a deeper higher-velocity (v^ == 4.2 ;J£ 
krn/sec) material than ina shallower iowerr veloc ity rtiate'ria!...?^ 
(Vp = 3,0 km/s i ic) which is more porous (Bj or tis son, -•'$i._, 
Arnorsson, and Tomasijon, 1970, 1972), .A similar result, '.I 
that ihe highest-porosity rpcks are npt alway^s the most 
productive ones, has. been reported from the Kawerau 
geothermal field in New, Zealand (Macdonald and Muffler, 
1972). 

A disadvantage pf the seismic refractibn method i,s that 
explosives or equivalent sources of seismic waves are needed 
in the f ield. It.isadvisable that refractipn surveys be preceded 
by gravity surveys, which may indicate anomalous structures 
as well as help in planning the refractipn survey. 

Magnet ic surveys. These have been carried out in many 
geothermal fields. Their use can be either as a structural 
meihod pr as k method of mapping changes in the magnetiza
tion pf rpcks caused by the hydrothermal fluids. Magnetic 
anomalies in New Zealand geothermal fields have been 
interpreted as, being, due to a cpnversion o f rnagnetite tO'tJi 
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Figure 4. An aerorriagiietic map of the Namafjall and lirafla 
high-temperatufe-fields' in northern Iceland, showing negative 
anpiTtalies associated with the hydrothermal fields (survey by 

Th. Sigurgeirsson), 

l^yrile (Sltidl, 19,64). SiicK an effect would remain in-extinct 
hydrolhermal, systems: 

Opinion has, been divided on the usefulness of magnetic 
surveys in geothermal exploratipn (Cheng, 1970; Banwell, 
1970). The magnetisation of different rpck units may be 
qiiiie variable, espcciallyin volcanic areas,. Alteration effects 
in a hydrolhermal System would affect a large vplume of 
rock, and the best way to detect such effects is by an 
aeromagnetic suryey, which is less affected by near-suiface 
rocks ;than-a ground survey would be. 

There is np doubt that distinct magnetic anomalies are 
associated with many high-iemperaiure geothermal fields. 
Examples of this are the Namafjal! and Krafla fields in 
northern Iceland (Fig. 4); but it is also known from other 
areas' lhat such anomalies' are not always present. Test 
prpfiles on the ground should therefore be made' before 
one decides on an extensive aeromagnetic survey in a 
geothermai exploration prpgrarri. 

Magnetie ground surveys have been used extensively in 
low-temperature fields in Iceland for tracing hidden dykes 
and faults that often contrpl the flow .of thermal water to 
the surface. Drill holes are then .sited so as to cut the dyke 
ai a.certain depth, fn.sqme cases the dykes or faults a'ct 
as barriers to horizontal flow and may then form'a boundary 
of the hydrothermal system in one.direction, 

MICROEARTHiQUAKE SURVEYS 

Surveys of microearthquake .iiciivity (magnitude - 1 to 
.3) in some tectonieally active and volcanicareas have shown 
lhat gepthermal fields are pf ten characterized by a relatively 
high ievel of such activity (Ward, Palmason, and Drake, 
19,69; I.,ange-and Westphal, 1969; Ward and Bjornsson, 1971; 
Ward, 1972; Hamilton and Muffler, 1972). A very extensive 
study of this kind has been made in the Reykjanes peninsula 
in southwest Iceland (Bjornsson and Einarsson, 1974). 
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Figure 5, Distribution of microearihquake foci beneath the Krisuvik high-temperature field in southwest Iceland (Ward and 
Bjornssoh, 1971). 



This area is a pari of the axial zone of the Mid-Ailani ic 
Ridgc, and includes three high-tempcraiure geothermal 
fields. Continuous recordings for- more than three years 
have cpnfirmed the earlier indications that the. geothermal 
fields have a faii-ly consistent mieroearthquake activity of 
3 to 30 events/day, with a focal depth range of 2 £i3 6 
km. The intermediate parts of the axial zone also have a 
high niicrcSearthquake activity, but here the events are more 
distributed in swarms, with quieter periods in between. 
Figure 5 shows the distribution pf foci beneath the Krisuvik 
high-temperature field in southwest Iceland (Ward and 
Bjornsson, 1971). 

The value of microearthquake surveys for geothermal 
studies is at present sorriewhat limited by a lack of under
standing of the niechanisrn causing these events. The mi-
croearthquake.s may be tectonic in origin, and their depth 
di.st'ributibn cpntrolled by the temperature di.stribution. ft 
is also conceivable that they are somehow related to a 
penetration pf water into ho i rPCk (Lister, 1974), A t the 
present tirne it appears that the main use of micrPearthquake 
surveys may be to try to predict the depth of water circulation 
in hydrotherrnal 'systems, something, which cannpt easily 
be donciwith other methods. 

G R O U N D NOISE SURVEYS 

Since the pipneeririgwork of Clacy (1968) bngrpund noise 
in a gepthermal area in New Zealand, a number of similar 
studies havebeen undertaken by others (Whitefprd, 1970'; 
Gofpr th, Douze, and Sorrells, 1972; Luongo arid Rapolla, 
1973; Gappeilo. Lo Bascio, and Luongo. 1974; Iyer and 
Hitchcock, 1974), A high noi.se level is invariably found 
in geothermai fields, decreasing with distance: f rom the 
surface activity. Spectral analysis" of the noise shows that 
surfaceacti vityproduces noise with frequencies above about 
10 Hz. An example is Old Faithful wi th a spectral range 
of 8 to 24 Hz. Lower frequencies, down to about 1 Hz, 
are also usually found and are postulated tP be due to deeper 
water convection. In high heat-fIpw areas in the Imperial 
Valley, which are without surface thermal activity, most 
of'the, noise energy is in the frequency range O.Sto 5 Hz. 

A l l the above-mentibried'grburid noise suryeys have been 
made in areas where hydrbthermal activity is known f rom 
.surface manifestations or pther geophysical siJrveys, I f 
ground noise Surveys are to be. useful as an exploratipn 
tool, the source of the noise-mijst be unclerstood, ppuze 
and SprreMs in 1972 develpped a model to explain the spatial 
distribution of noise in the.Mesa area Of the imperial Valley. 
It involves pressure variations (3 Hz) pf abput i mbar at 
1500 m depth. Perhaps such models could be.further tested-
by measurements of the ground noise ai various depths' 
in deep boreholes. 

APPLICABILITY TO DIFFERENT DEPTH RANGES 

The geophysical mc.thpds used in geotherma! exjiloratipn 
can be discussed and cpmpared on the basis of various 
criteria such as rapidity, cost, siiripli'city of field operatipns, 
data processing, interpretation, and sp on. It appears to 
be useful also to discuss' them in rclatiph to the depth range 
that each oni; is suitable for probing. Such a division wil l 
of cpur.s^ npt be distinct, but may slil) be o f some use. 
The depth ranges will tie denoted as shallow (0 to 200 m). 

intermediate (200 to 2(KK3 m), and deep (more ihati 20(X)^S' 

' " ) • . .Oftr 

For .shallow investigations, thc'greate'st variety of methods^*^ 
is available. Such investigations aim tp define the area o f , & 
hot ground associated with surface thermal activity. They 
have»n6 place in.the search for hidden rcservoit^. '{ 

An'aerial infrared survey is the most convenient and rapid 
method of mapping surf'ace activity, especially in areas that -
are little known and are not masked by vegetatipn, The-C 
• shaltpw temperature-field is best explored with con vent ional "-SSr 
Schlumberger resistivity profiting. A rapid, low-cost recon-^-C; 
naissanee may also be provided by the electromagnetic,(ENt '"'• 
gun) and the .audio-frequency magnetotelluric (AMT) meth-5 
o'd. although at the present time there-is less experience •'> 
available with these methods ih geotfiermal work than withgf-. 
the conventional dc resistivity methods. 

A t intermediate depths, fhe Schlumberger and dipole dc,̂ ,-̂  
methods,appear to be the most suitable ones-for outlining* • 
!pw-resisttvity zones. The dipole methpds can be used either. ;-
as depthrspundiiig or as profi l ing methods. Considerable ~ 
experience has been gained in using them arid in interpreting 
th'e meaisurcments. Electromagnetic cpntrolled-spurce. meth- -
dds' may prove to be suitable also, but much less experience 
has been gathered so far with thiim. Of the natural field 
methods the telluric pr-ofiling appears to be an effective 
reconnaissance tool. Aeromagnetic surveys may be-feasible --;•, 
if test prpfiles on the groijnd indicate variations in the •; 
magnetic field that may be associated with a", thermal zone .; 
at depth, '--̂  

Heat-flPw or gradient surveys are particularly suitable ' 
in the search for hidden reservoirs or for exploring the 
boundaries of a thermal f ield. They are expensive because . 
dr i l l holes are needed, but they give unambigupus indications; -y 
of thermal anomalies. They' are effective only where the ^J^.^ 
surface rocks are oMow permeability. i £ . 

Al l of the structural methods may be usefiil for mapping , | |v 
anomalies whose spurces are at intermediate depth. Their %?-
usefulness depends pn the particular geoipgical environment )g-
under consideratipo. ,-,̂ 3. 

For deep investigations of hydrbthernial reservoirs several J 
methods can be used, but their resolution is smalfer than 'Og-^ 
atshallpwer levels. Gradient surveys for predicting tempera--g1 
ture at depth are suitable in impervious surface rPcks, and 
dipole dc methods are suitable^ fpr probing the resistivity:^ 
to a depth of a few kilometers if the shallower resistivities?^ 
are laterally not very inhomogeneous. The low-frequency 
magneto telluric methbd permitsprobing resistivity variations ^ 
f rp t r ia few kilometers to very great depths. 

O f the structural methpds, the gravity and seismic refrap: 
liori methods are particutarly suitable for studying'deep 
structures, which may be of importance fp r controlling the 
flpw of water, or as heat sources, A gravity survey would 
normally come first'because it is cheaper. If major structural 
anomalies are indicated, they can be studied further by 
seismic methods. An interpretation ba.sed on both gravity 
and seismic measurements is -much mpre reliable than if 
based on only one of these methjods. 

In connection with deep investigations the microearth
quake survey should be mentioned. As mentioned earlier, 
focal depths of mieroearthquakes may give an indication 
pf the depth of circulation of hot water,,although this needs 
to be> confirmed by independent methods. It appears that 
iti order to have a; reliable estimate of'tHis.average behavior 
of microearthquake -activity, a recording time o f several J | 
months may be needed. 

'•rif 

http://noi.se


GEOPHYSICAL METHODS IN CEPJTHERMAL EXPLORATION 1183 

REGIONAL SURVEYS 

Geophysical .surveys of geolhermal re'sources are often 
restricied to the immediate.neighborhood of surface thermal 
activity,, as this is the mii.st likely area for the sit ing-of 
dril l holes. |t is fairly comnnpn knowledge, however, that 
g'edthermal systems are more extensive at depth than near 
the surface. When deep investigations are cpnducted, they 
should thcrefpre cover acpnsideraibiy larger area than wpuld 
be indicated by the near-surface hpt zones. Such regional 
surveys are. als'b very'useful wheri interpretirig; data f rom 
;i more detailed sur-vey rear the thermal manif esta tipns. 
A geological map of a-thermal field is more useful when 
•viewed' in its regiorial setting than^ by itself. The same 
reaspriing applies to geophysical surveys. The: added cost, 
of collecting some regipnal data may well be returned iri 
a more reliable i'nterpret'atibri of the main bulk of the data. 
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ABSTRACT 

Most of the geophysical data in the public 
domain, acquired in exploration for high tempera
ture geothermal systems in the Northern Basin and 
Range Province, have been reviewed. Sufficient 
data are available to compare 14 methods at 13 
sites, but only 110 entries occur in the 14 by 13 
matrix v«hereas 182 entries would have been 
optimum. Only four of the sites studied are 
believed to be capable of production of commercial 
electricity while three others probably will be 
placed In this category in the next few years. 
For three additional systems believed to be 
capable of commercial production, insufficient 
geophysical data are available, in the public 
domain, to permit review. 

On a rating scale of 1 equals good through 4 
equals poor, no geophysical method has a mean 
ranking of 1. Five methods rank about 2, six rank 
about 2.5. and three rank about 3, while none 
ranks 4. This ranking system is subjective, but 
uniformly applied to the question, "what contribu
tion has the method made to understanding the 
reservoir or the presumed reservoir, at site X". 
The averages of the evaluations at each site are 
the rankings given above. No combination of any 
four methods has been successful at more than one 
site where "successful" means a ranking of 1 or 
2. The most useful of the methods, judging by 
their average rankings, are heat flow, microearth
quakes, gravity, resistivity, and self-poten
tial. The least effective methods are earth 
noise, reflection seismology, magnetics, magneto
tellurics and tellurics. The radiometric and 
induced polarization methods were excluded from 
the comparative study due to a paucity of data. 
The CSAMT method has been included with CSEM for 
purposes of this comparative study. 

Twenty-three applications of geophysical 
techniques were judged to be good, 29 were judged 
to be fair, 48 were judged to be questionable, 
while 10 were judged to be poor. Only 52 of 110 
entries in the 14 by 13 matrix were judged to be 
fair or good; i.e. 53 percent of the geophysical 
applications gave questionable or poor results. 
Of the 58 applications where questionable or poor 
ratings were assigned, 41 applications were judged 
to be simple failure of the geophysical method to 
solve the problem at hand. However, 17 of the 

applications could have been better if improved 
technology or interpretation were available; some 
poor technology was applied in the middle of the 
1970-80 decade. 

Overall, this review provides a somewhat 
discouraging picture. This may be due in part to 
inadequate subsurface control and to inadequate 
survey design, execution and Interpretation as a 
result of lack of experience. I would tend to use 
heat flow, microearthquakes, gravity, resistivity 
(or CSAMT), and self-potential methods at all 
prospects. Once these data were interpreted and 
correlated, I would then decide whether or not 
additional geophysical surveying was required 
and/or justified. All geophysical surveys should 
be designed and executed only after the geology 
has been mapped carefully, an integrated inter
pretation has been made of any and all other 
available earth science data, and one or more 
specific questions have been formulated for the 
survey to answer. The surveys should be designed 
with one or more conceptual geological models in 
mind and the density and extent of the geophysical 
coverage should be designed to provide adequate 
cover of the area dictated by such conceptual 
geologic models. 

Within this manuscript, I have discussed the 
advantages and limitations of all of the geophys
ical methods considered; such a discussion is 
essential to their evaluation. Examples of over
lapping geophysical data sets are given for three 
igneous-related geothermal systems and for two 
systems without obvious igneous relationships. No 
systematic difference in the past application to 
geophysical exploration for igneous-related 
systems versus those with no obvious Igneous 
relationships is evident. 

1.0 OBJECTIVES 

Heat is the essence of a geothermal resource, 
and Its role in the development of such resources, 
the theme of this symposium, is fundamental. How
ever, this leads to the question of how much sur
face manifestation of heat is necessary to define 
a geothermal prospect worthy of exploration. 
Clearly, heat flow specialists at this conference 
will attempt to address this question directly. I 
have been asked to address it indirectly and to 
concentrate on the other geophysical methods used 
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in geothennal exploration and to provide a "common 
thread" among geophysical results for prospect-
sized areas of 10 to 1000 square miles. 

The objective of this paper, accordingly, is 
to focus on a comparative study of the problems 
and successes encountered with the gravity, mag
netic, passive seismic, active seismic, self-
potential, resistivity, passive electromagnetic; 
and active electromagnetic methods. Such a com
parative study would be incomplete if I failed to 
draw conclusions as to the cost-effectiveness and 
preferred role of each of the methods listed 
above. At the risk of criticism from special 
interest groups, I shall draw such conclusions. 
The extent to which I am able to justify my con
clusions must be judged by the Individual reader 
in relation to his own experience. With the 
passing of time and further drilling, my conclu
sions undoubtedly will be modified. At least, 
however, I shall have provided a datum to which 
further analyses may be referenced. 

For the purposes of this paper, I use 
Edmiston's (1982) definition of the Northern Basin 
and Range Province (Fig. 1). The number and eval
uation of geothermal prospects in Figure 1 
differs, however, from that given by Edmiston 
(1982). It is my intent to convey an overview of 
the contributions made by each geophysical method 
to understanding the geothennal reservoir of most 
of the prospects of Figure 1, Independent of 
whether the prospect may now be classified as a 
discovery or otherwise. In this process, I shall 
use examples of geophysical data from only a few 
of the prospects. This permits the paper to be 
reasonably concise and yet illustrative. The zone 
of enhanced extension, shown in Figure 1, is my 
own interpretation. 

2.0 DISTRIBUTION OF KNOWN HIGH TEMPERATURE 
RESOURCES 

As noted by Edmiston (1982), "The northern 
Basin and Range Geologic Province of the western 
U.S.A. has been widely recognized as a highly 
prospective area for high-temperature geothermal 
reservoirs. Yet, only six apparent discoveries 
resulted from the drilling of 53 geothermal 
wildcat wells in this area from 1974 through 
1981. This relatively lower success rate can be 
partly attributed to the difficulty of developing 
accurate geological and geophysical models in this 
area prior to drilling. However, it may also 
indicate that large, high-temperature geothermal 
reservoirs may be less common in this area than 
thought previously." Mansure and Brown (1982) 
support Edmiston's observations by forecasting 
(Figure 2) that the rate of drilling of geothermal 
wells through the year 2000, will be about the 
same for northern Nevada as for Roosevelt Hot 
Springs or Valles Caldera. If this forecast is 
correct, then the electric power generated by 
geothermal energy in northern Nevada will Indeed 
be modest. I.e. of the order of 500 MWe. One 
might conclude, from the works of Edmiston (1982), 
Mansure and Brown (1982), and Benoit and Butler 
(1983), that for the whole of the northern Basin 
and Range Province there will be electrical pro
duction, by the year 2000, only at Beowawe, Coso, 
Desert Peak, Dixie Valley, Humboldt House, Roose
velt Hot Springs and Steamboat Springs. Soda Lake 
and Long Valley should possibly be added to this 
list. All of these potential resources lie in the 
eastern and western margins of the northern Basin 
and Range Province as Figure 1 shows; these are 
regions of enhanced crustal extension. Of course, 
moderate- to low-temperature geothermal resources 
are much more widespread. 
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capacity (after Mansure and Brown, 
1982). 

Is this distribution of known, high 
temperature resources due to the geologic 
environment created by enhanced crustal extension, 
or is it because, in part, that we have not 
developed geophysical techniques capable of 
detecting and delineating high temperature 
resources when these resources are hidden? One 
would certainly have expected more than one 
exploitable high temperature resource along the 
eastern margin of the Basin and Range, if high 
heat flow, thin crust, and Quaternary volcanism 
are the key indicators of prime prospecting 
ground. 

3.0 GEOPHYSICAL METHODS FOR GEOTHERMAL 
EXPLORATION 

In the Northern Basin and Range Province, the 
basic target for geophysical surveys in most cases 
is a fracture and fault system filled with thermal 
fluids. The reservoir itself may be relatively 
near surface as in parts of Roosevelt Hot Springs, 
or 1t may be 5,000 to 10,000 feet deep as at 
Beowawe or Desert Peak. Many geophysical tech
niques are only capable of delineating the top of 
the plumbing system and this may or may not con
tribute to understanding the reservoir (CM. Swift 
Jr., pers. com.). With this thought in mind, let 
us turn to the geologic feature or features each 
method is usually directed toward, as listed in 
Table 1. A brief discussion of each target, in 
relation to the appropriate method, follov^s. 

earth noise 

Earth noise is associated with hot spring 
ac t i v i t y , f l u id c i rcu la t ion , and f lu id phase 
changes in geothermal systems, i .e . active 
hydrothermal processes, and can be a direct 
indicator of the presence of a geothermal sys
tem. This noise, and noise generated 1n other 
ways, may also be used to map the three dimen
sional d is t r ibut ion of velocity and attenuation 
(Iyer and Hitchcock, 1975; Liaw and McEvilly, 
1979; Liaw and Suyenaga, 1982). 

microearthquakes 

Microearthquakes are associated with active 
fau l t ing . They can occur more or less contin
uously, but more frequently they are episodic. 
Hypocenter locations give information on regions 
where faul ts are active and can help determine 
s t r ike and dip. Fault-plane solutions can yield 
infonnation on direction of movement. The three-
dimensional d ist r ibut ion of seismic wave attenua
t ion ' may be mapped. By measuring both compres
sional and shear wave veloc i t ies, Poisson's rat io 
can be computed; i t is expected to be low over a 
vapor-domlnated system and high over a fractured, 
liquid-dominated system. The source parameters 
seismic moment, stress drop, fau l t s l i p , and 
source radius may be estimated, but thei r value in 
reservoir def in i t ion and delineation is unknown at 
present. Minimum hypocentral depth of microearth
quakes is useful in estimating the thennal regime 
surrounding geothermal reservoirs (Ward, R.W. et 
a l . , 1979, Majer and McEvilly, 1979). 

teleaeisms 

I f a suf f ic ient ly distant earthquake is 
observed with a closely spaced array of seis
mographs, changes in P-wave travel-t ime from 
station to station can be taken to be due to 
velocity variations near the array. Travel-time 
residuals are computed as the observed arr ival 
time minus that calculated for a standard earth. 
A magma chamber beneath the geothermal system 
would give r ise to low P-wave velocit ies and hence 
to late observed travel times (Iyer et a l . , 1979; 
Reasenberg et a l . , 1980; Robinson and Iyer, 1981). 

r e f r ac t ion and r e f l ec t i on 

The seismic refraction and ref lect ion methods 
can be used to map the depth to the water table, 
stratigraphy, fau l t ing , intrusions, and geologic 
structure in general. They may also yield the 
subsurface d ist r ibut ion of seismic P-wave and S-
wave ve loc i t ies , attenuations and Poisson's ra t io . 
Detection of a characteristic attenuation or a 
"br ight" spot, as found over reservoirs In petro-
leun exploration, would be a useful feature (Ward, 
R.W. et a l . . 1979; Applegate et a l . , 1981), but 
th is has not been reported clearly for any pros
pect in the northern Basin and Range province. 

gravi ty 

Density contrasts among rock units permit 
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GEOPHYSICAL TARGETS 
Table 1. 

IN GEOTHERMAL EXPLORATION 

M E T H O D -TARCSETS 

SEISMIC 
EARTH NOISE 
MICHOEAHTHQUAKES 
TELESEISMS 
REFRACTION 
REFLECTION 

GRAVITY 

MAGNETICS 

ELECTRICAL 
RESISTIVITY 
INDUCED POLARIZATION 
CSEMS SCALAR AMT 
MT/AMT 

SELF POTENTIAL 
TELLURICS 

RADIOMETRIC 

HEAT FLOW 

Activt hydrothermal processes, distribution of velocity and attenuation. 
Active faulting, fluid filled fracturing. 
Deep mogma cham'ber. 

Structure, distibution of velocity and attenuation. 
Structure, distibution of velocity and attenuation. 

Structure, olterotion, denslficotion, intrujicnt, distribution of density. 

Structure, hydrothermal alterotion, intrusives, eitrusives. 

Faulting, brines, hydrothermal alterotion. 
Hydrotherraal olteration. 
Faulting, brines ,hydrotherniol alterotion. 
Strueture, deep reservoir, mogmo chamber?, portlol melt In deep crust 
cr upper mantle. 
Fluid ond heot flow. 
Faulting, brines, hydrothermal alterotion. 

A l t e r a t i o n , " * R a d o n , *"Rod lu in . 

Reservoir temperature. 

use of the gravity method to map intrusions, 
fau l t i ng , deep valley f i l l , and geologic structure 
in general. A subsurface d is t r ibut ion of 
densities can be obtained In the Interpretation 
process. Densification of porous sediments gives 
r ise to gravity highs over some geothennal systems 
(Isherwood and Mabey, 1978). 

magneticB 

Magnetic suscept ib i l i ty contrasts in the 
subsurface permit use of the aeromagnetic and 
ground magnetic methods to map the d is t r ibut ion of 
magnetite. In some instances, this d is t r ibut ion 
may be related to rock type, and hence rock units 
can be mapped. This can be useful in structural 
Studies. In some convective hydrothennal systems, 
al terat ion w i l l lead to destruction of magnetite 
and hence the magnetic inethod can be used to map 
zones of active hydrothermal a l terat ion. I t can 
also used to determine the depth to the Curie 
Isotherm (Isherwood and Mabey, 1978). 
r e s i a t i v i t y , cont ro l led source elec-tromagnetica 
(CSSM), control led source audictnctgnetctallurics 
(CSAtfT), t e l l u r i c s and sca l a r ccudicfretfuency 
magnetotellurice 

These electr ical methods are capable of 
delineating low res i s t i v i t y associated with brine-
saturated and hydrothermally altered rocks In 
geothermal systeras. Usually, the brine and 
alterat ion occur predominantly along fau l t s , so 
these methods may map faul ts control l ing a 
fractured reservoir. Al ternat ively, they may map 

a stratigraphic unit that contains thermal brines 
and/or a l tera t ion. By virtue of res i s t i v i t y 
contrasts among rock uni ts , each of these methods 
can map fau l t s , stratigraphy, intrusions, and 
geologic structure in general, independent of the 
presence of brine or al terat ion (Hoover et a l . , 
1978; Ward, S.H. and S i l l , 1982). 

induced po la r i za t ion 

The Induced polarization method is 
theoret ical ly capable of mapping the d is t r ibut ion 
of pyr i te and clays, al terat ion products in 
convective hydrothermal systems (Zohdy et a l . , 
1973; Risk, 1975a; Chu et a l . , 1983). 

MT/AffT 

The tensor magnetotel1 uric/audiofrequency 
magnetotelluric method is usually too expensive to 
be used for mapping the resistivity distribution 
In the shallow parts of a geothennal system. 
Hence, it Is more logically used to map regional 
structure, to map the deeper parts of convective 
hydrothermal systems, to attempt to map magma 
chambers, and to detect and delineate zones of 
partial melt in the deep crust and upper mantle 
(Ward. S.H. and Wannamaker, 1983). 

8 e I f -po ten t i a I 

Self-potential anomalies over convective 
hydrothennal systems arise frcm electrokinetic and 
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thenmoelectr ic e f f e c t s . Accord ing ly , the s e l f -
po ten t i a l inethod can give in fo rmat ion on f l u i d 
f low and on the d i s t r i b u t i o n of heat sources i n 
the subsurface. This measurement can be made i n 
the s t a t i c s ta te or dynamical ly when an i n j e c t i o n 
experiment i s under way (Anderson and Johnson, 
1976; Corwin and Hoover, '1979; S i l l , 1982a,b.c; 
S i l l , 1983a.b). 

radiometric 

Gamma-ray spectrometry may be used t o map the 

areal d i s t r i b u t i o n s of * °K , 2 % , and 232Th. The 

gamma-ray peaks used are at 1.46 MeV f o r ^ ^ K , 1.76 

MeV (2^^B1) f o r " 8 u , and 2.62 MeV ( ^ O ^ T I ) fo r 

232^, 226o 222n Th. If "°Rn or '"Ra are present in a 

geothermal system, they will be detected In the 

^^^B1 peak, since they also are daughter products 

of 2^^U decay (Ward, S.H., 1981). "An examination 

of hot-spring waters in Nevada Indicates the 

presence of [̂ ^̂ Rn and ^^^Ra], in varying 

abundances, in spring systems where CaC03 is the 

predominant material being deposited. Systems 

where silica predominates are relatively low in 

radioactivity" (Wollenburg. 1975). The use of 

alpha-cup detectors for radon emanating from 

geothennal systems has been reported by Wollenburg 

(1975) and Nielson (1978). 

heat f lau 

Measurement of thermal gradients In holes 
d r i l l e d t o 100 m provide shal low temperature data 
which may be d i r e c t evidence of a major source o f 
heat a t depth. However, f l a t t e n i n g or reversal of 
thermal gradients f requent ly occurs so tha t the 
data from shallow holes may be mis lead ing . For 
t h i s reason, temperature gradient holes of 1000 m 
or greater are f requent ly employed ( B l a c k w e l l , 
t h i s volume). 

4.0 THE PRINCIPAL PROBLEMS WITH GEOPHYSICAL 
METHODS IN ffiOTHERMAL APPLICATIONS 

The fo l low ing d iscuss ion covers the p r i n c i p a l 
problems encountered In apply ing geophysical 
methods i n geothennal e x p l o r a t i o n . To f a c i l i t a t e 
understanding the problems, the elementary basis 
f o r each method i s described where considered 
necessary. The amount of space devoted to each 
method la rge ly r e f l e c t s the au thor 's exper ience. 
For example, someone who has been d i r e c t l y 
involved In applying r e f l e c t i o n seismology In 
geothermal exp lora t ion would undoubtedly expand 
upon the sect ion I have w r i t t e n . However, i t i s 
expected tha t most of the s i g n i f i c a n t problems 
encountered i n applying geophysical methods are at 
least mentioned here. 

earth noise 

The velocity V, frequency f, wavelength \ , 
and wavenumber k, of seismic waves are related 
through the equations 

fx = 2iif (1) 

It has been demonstrated by several workers (e.g. 
Liaw and Suyenaga, 1982) that hydrothermal 
processes deep in the reservoir radiate seismic 
body waves in the frequency band 1 to 100 Hz. 
Contours of noise power on the surface should 
delineate these reservoir-associated sources of 
noise, i.e. the noise radiating from a deep 
reservoir ought to be evident as body waves of 
high phase velocity (Liaw and McEvilly, 1979). 

Noise in the 1 to 100 Hz band also arises in 
nearby sources such as freeway traffic, trains, 
rivers, canals, waterfalls, pipelines, wind, 
cattle, interfering seismic wavetrains, etc. 
There is also a distant source of noise of unknown 
origin. Thus, there Is always an ambient noise 
background upon which any seismic radiation due to 
hydrothermal processes is superimposed. This 
ambient noise exhibits a diurnal variation, being 
lowest in the early morning hours. It may be, in 
part, related to the diurnal solar heating cycle. 

It is well known that seismic noise 
amplitudes are usually higher over alluvium and 
soft sedimentary basins than over hard rock. 
(Iyer and Hitchcock, 1975). Thus, noise power 
anomalies may merely reflect a local increase in 
sediment cover. The noise in valley alluvium is 
dominantly of high-wavenumber, i.e. low velocity, 
(Liaw and McEvilly. 1979) and is propagated as 
fundamental-mode Rayleigh waves with the alluviun 
serving as a waveguide. 

An array of geophones spaced on 100 m 
centers, as commonly used 1n ground noise studies 
in the past, would give spurious results because 
spatial aliasing folds high-wavenumber noise Into 
low-wavenumber noise. The spatial aliasing 
results in the appearance of noise of erroneously 
high velocity, such noise being interpreted as 
body waves, whereas in reality they are surface 
waves of low velocity. From equation (1), one can 
see that aliasing of k Implies aliasing of V. 

If a geophone array 1s sufficiently dense 
that wavenumber aliasing Is avoided, then the 
fundamental mode Rayleigh waves can be used to 
obtain the three-dimensional distributions of 
velocity and attenuation. These distributions may 
be used with the horizontal component of the 
vector wavenumber, via ray tracing, to locate a 
source region of radiating microseisms (Liaw and 
McEvilly, 1979). Random directions of propagation 
(I.e. random vector wavenumbers) are 
characteristic of low velocity waves (Iyer and 
Hitchcock, 1975). 

Liaw and Suyenaga (1982) detected high-
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velocity body waves at Beowawe, but did not detect 
any body waves at Roosevelt Hot Springs. Liaw and 
McEvilly (1979) fa i led to f ind any body waves at 
Grass Valley. Thus, even when f u l l f -k analysis 
is performed, high-velocity body waves may not be 
detected because they are not generated in a l l 
geothermal systems. 

rricroearthquake (MEQ) 

Microearthquakes, those having magnitudes 
between -2 and •t-3, frequently are closely related 
spat ial ly to major geothennal systems. Accurate 
locations of these earthquakes can provide data on 
the locations of active faul ts that may channel 
hot water toward the surface (Ward, P.L. et a l . , 
1969; Lange and Westphal, 1969; Ward, P.L. and 
Bjornsson 1971; Ward, P.L., 1972; Hamilton and 
Muffler. 1972). 

From the arr ival times of P and S waves at 8 
to 12 geophones, spaced several kilometers apart, 
the source locat ion, i . e . hypocenter of a seismic 
event, is calculated. The locus of many 
hypocenters may define a fau l t zone. Using f i r s t 
motion po lar i t ies , a fault-plane solution may 
indicate the type of motion along the f au l t , i . e . 
d ip-s l ip vs. s t r i ke -s l i p , etc. 

P- and S-wave velocit ies are retrievable from 
microearthquake data. Majer and McEvilly (1979) 
report local ly high P-wave velocit ies In the 
production zone at The Geysers as detennined from 
refract ion surveys. Gupta et a l . (1982) used 
microearthquake data to obtain regional P- and S-
wave velocit ies for The Geysers. Usually, 
detailed velocity models, obtained from refract ion 
surveys, are used to control the hypocenter 
determinations of the microearthquakes. 

Measurement of either the absorption 
coeff ic ient or a d i f ferent ia l attenuation number 
called the "Q" may reveal the presence of 
exceptionally lossy materials in a reservoir due 
to f l u i d - f i l l e d fractures, or I t may reveal the 
presence of low-loss materials due to steam-fi l led 
fractures or to s i l i ca - or carbonate-fi l led 
fractures. Majer and McEvilly (1979) found a 
shallow, high Q in the production zone at The 
Geysers from refract ion and microearthquake 
surveys while they found a deeper, lower Q from 
the refraction survey. Majer (1978) reported that 
a refraction survey yielded high Q at Leach Hot 
Spring due to s i l i ca densification of sediments. 
Gertson and Smith (1979) found high Q over the 
geothennal system at Roosevelt Hot Springs, using 
refract ion data. 

The ra t i o , K. of P-wave to S-wave velocity 
may be estimated using a Wadati diagram in which 
S-P arr ival times are plotted versus the P-wave 
arr ival time at many di f ferent stations for a 
single event. From such a p lo t , a value for 
Poisson's rat io may be found. Nur and Simmons 
(1969) observed, experimentally, that f l u id 
saturation in rocks leads to high values of 
Poisson's rat io (o V 0.25) while dry rocks exhibit 
low values of Poisson's rat io ( o < 0.20) . Thus 

determination of Poisson's rat io in MEQ surveys 
can conceivably result in determining whether a 
qeothermal reservoir is vapor or water dominated 
(Combs and Rotstein, 1975; Majer, 1978; Majer and 
McEvilly, 1979; Gupta et a l . , 1982). 

Table 2 l i s t s values of Poisson's rat io for 
several geothermal systems. At Baltazor, 

TABLE 2 

POISSON'S RATIO 

CEOTHERMAL SYSTEM 

B i IKzo r 

Co io 

Cre i t V i l l e r 

McCoy 

Rooecvcll Ho i Springs 

The C c y i e r i 

Tuec ' ro r j 

AUTHOR 

Senlurion Sciencet 

Combi and Rolslein 

Beyer et el. 

Lange 

Ward 

Majer 

Cupla e l al. 

N'wholl and lange 

POISSON'S RATIO 

0.22 1 

Q.U Sleam 

0.25 to 0.30 No Anomalicf 

0.15 Ory or Sil iceout 

Volcanic Fill 

>0.35 Saturated Alluvium 

0.25 1 

0.15 lo 0.24 Prod. Zone 

0.11 lo 0.16 Prod. Zone 

lo 0.25 Saturated Al lvuvium 

Senturlon Sciences, Inc. (1977) reported a 
Poisson's rat io of 0.22. Combs and Rotstein 
(1975) reported a Poisson's rat io of 0.16 for 
Coso, a system dominated by vapor, at least in i t s 
shallower parts. In Grass Valley, Poisson's 
rat ios of 0.25 to 0.30 were found over the entire 
region with no apparent anomalies (Beyer et a l . , 
1976). Lange (1980) presented a plan map at McCoy 
showing contours of Poisson's ratios ranging from 
0.15 over the central volcanic f i l l area, 
Indicating dry or sil iceous competent material , to 
greater than 0.35 over saturated al luviun. P-wave 
advances accompanied the higher values of 
Poisson's rat io while P-wave delays accompanied 
the lower values of Poisson's ra t io at McCoy. 

I have analyzed microearthquake swarm data 
apparently related to an east-west faul t at 
Roosevelt Hot Springs and found a Poisson's rat io 
of 0.25. For the few events d i rect ly beneath the 
geothennal reservoir, a Poisson's rat io of 0.24 
was found. Majer and McEvilly (l979) found 
Poisson's ratios ranging from 0.15 to 0.24 over 
the production zone at The Geysers, with higher 
values outside of i t . The low Poisson's rat io in 
part corresponds to a decrease in p-wave 
veloci ty. Gupta et a l . (1982), in a more 
extensive study at The Geysers, noted Poisson's 
ratios of 0.13 to 0.16 over the production zone 
and values 0.25 and higher outside of i t . Nicholl 
and Lange (1981) reported Poisson's ratios as high 
as 0.35 due to saturated, fractured, basin f i l l at 
Tuscarora. While low values of Poisson's rat io 
seem to be associated with vapor-dominated systems 
at Coso and The Geysers, low values at McCoy would 
appear to be due to s i l i f i c a t l o n . A lack of an 
anomaly in Poisson's rat io at Roosevelt Hot 
Springs Indicates that this parameter may not 
always contribute useful Infonnation about the 
reservoir. 
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Amplitude cal ibrat ion of the microearthquake 
recording system is essential for meaningful 
microearthquake surveys. I f microearthquake data 
are recorded on magnetic tape, then amplitude 
spectra are readily obtained, from which the 
source paraineters seismic, moment, stress drop, 
faul t s l i p , and source radius may be estimated 
(Majer and McEvilly, 1979). The usefulness of 
these parameters in reservoir assessment requires 
extensive study. 

For any of the above analyses of 
microearthquake data, a good model of the 
subsurface velocity d is t r ibut ion is required. 
Lack of good velocity control is a principal 
problem in analysis of MEQ data. Some geothennal 
systems, such as Roosevelt Hot Springs, have a 
generally low, episodic level of occurrence of 
microearthquakes. Swarms of earthquakes occur, 
but in the intervals between them, insuff ic ient 
ac t i v i t y may preclude any of the foregoing 
analyses. Indeed, one can record passive seismic 
data for a two- or three-week period or longer and 
come to the conclusion that the geothermal system 
Is unimportant since i t is not seismically act ive. 

In some geothennal systems, a fault-plane 
solution may not be meaningful because the 
microearthquakes occur not on a single f au l t , but 
on several intersecting fau l ts . Caution must be 
exercised in accepting faul t plane solutions in 
such cases. Further, the active faul t (s) might 
not be related to the faul t zone{s) serving as the 
reservoir. 

te leaeiama 

Steeples and Iyer (1976a,b) found relat ive P-
wave delays of 0.3 sec at stations in the west 
central part of the Long Valley caldera. 
Reasenberg et a l . (1980) recorded re lat ive P-wave 
delays of 0.2 sec at Coso. Iyer et a l . (1979) 
found relat ive P-wave delays as large as 0.9 sec 
at The Geysers. Robinson and Iyer (1981) reported 
re lat ive P-wave delays up to 0.3 sec at Roosevelt 
Hot Springs. Lange (1980) deduced P-wave delays 
as large as 0.25 sec at McCoy. Berkman and Lange 
(1980) recorded relat ive P-wave delays and 
advances at Tuscarora; the delays were attr ibuted 
in part to alluviun and in part to zones of 
hydrothermal a l terat ion, while the advances were 
attr ibuted to s i l i c i f i c a t i o n along fracture zones. 

While one can speculate that re lat ive P-wave 
delays are caused by part ial melts or magmas, as 
may be the case at Coso, Long Valley, and The 
Geysers, they can also be caused by alluvium, 
a l tera t ion, compositional differences, lateral 
variations in temperature or local ly fractured 
rock (Iyer and Stewart, 1977). Wechsler arid Smith 
(1979) suggest that the P-wave delays found by 
Robinson and Iyer (1981) at Roosevelt Hot Springs 
may well be due to f l u i d - f i l l e d fractures or to a 
compositional change. Thus, teleseismic P-wave 
delay studies w i l l not always produce conclusive 
resul ts. 

ref rac t ion seismology 

The seismic refraction method has been used 
mainly as a geophysical reconnaissance inethod for 
raapping velocity distr ibut ions and, hence, fau l ts , 
fracture zones, stratigraphy, and intrusions 
(Williams et a l . , 1975; H i l l , 1976; Combs and 
Jarzabek, 1977; Majer, 1978; Ackerman, 1979; 
Gertson and Smith, 1979). The seismic refraction 
method does not give resolution of structure as 
well as does the seismic ref lect ion method. 
Sentiment today cal ls for performing seismic 
refraction at the same time as seismic re f lec t ion, 
with l i t t l e added cost. Some attempts have been 
made to map velocity and amplitude attenuation 
anomalies, of both P- and S-waves, coinciding with 
a geothennal system (Goldstein et a l . , 1978b). 
Beyer et a l . (1976), Combs and Jarzabek (1977). 
Majer (1978), and Gertson and Smith (1979) found 
anomalous velocit ies and amplitudes of refracted 
waves passing through the reservoir region. "The 
l imited results at hand are not easy to explain 
and are contradictory" (Goldstein et a l . , 
1978b). On the other hand, the potential 
contribution to the understanding and mapping of 
the reservoir seems large. 

r e f l ec t ion aeiamology 

The seismic ref lect ion method provides better 
resolution of horizontal or shallow-dipping 
layered structures than any other method and, 
hence, is Invaluable in mapping stratigraphic 
geothennal reservoirs of the Imperial Valley 
type. However, where the structure becomes highly 
faulted or folded, d i f f rac t ion of seismic waves 
occurs at sharp corners and makes the task of 
interpreting structure d i f f i c u l t . 

"Conventional [ re f lec t ion ] seismic surveys 
appear to give good def in i t ion of Basin and Range 
border faul t ing and depths to the base of a l luv ia l 
f i l l at Roosevelt Hot Springs, UT. Soda Lake, NV, 
San Emidio. NV and Grass Valley. NV". "One 
seismic l ine which crosses the Mineral Mountains 
at Roosevelt Hot Springs shows l i t t l e obvious 
l i tho log ic or structural information within the 
range i t s e l f , or within the reservoir, but 
substantial structural infonnation along the range 
f ront . At Beowawe, extensive and varied d ig i ta l 
processing was ineffective in eliminating the 
ringing due to a canplex near-surface intercalated 
volcanic-sediment section. Majer (1978) found 
ref lect ion data extremely useful in delineating 
structure in Grass Valley, NV" (Ward S.H., et a l . , 
1981). At Soda Lake, " in 1977, Chevron obtained 
modern, 1200X CDP seismic ref lect ion coverage (12 
l ine miles. 48 channel, explosion). The seismic 
data yielded a complex NE-SW trending graben from 
the shore of Soda Lake passing south of Upsal 
Hogback. The reflectors dip to the southwest, 
consistent with a small basin over the gravity 
low. The maximum depths of rel iable seismic data 
are governed by a th in basalt unit and vary from 
2,400-4.000 f t " (Swif t , 1979). 

Zoback (1983) has nicely demonstrated the use 
of seismic ref lect ion data in mapping the style of 
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I n i t i a l fau l t ing , i n f i l l and subsequent slumping 
and faul t ing in some basins, in the province.. 

I t is clear from the above remarks that high-
resolution ref lect ion seismology is capable of 
mapping fau l ts , fractures, and stratigraphy in the 
v ic in i t y of a geothennal system. In the Northern 
Basin and Range province, i t w i l l be useful in 
mapping range front faul ts and sedimentary 
stratigraphy. However, re f lect ion seismology w i l l 
seldom be of value in outl ining reservoirs 
developed in volcanic, metamorphic. or igneous 
rocks. I t may become almost useless when a 
volcanic cover or an intercalated volcanic cover 
is present as at Beowawe. The expense of modern 
mult i fo ld high resolution seismic surveys has 
deterred the i r use 1n geothennal exploration. 

gravity 

Gravity surveys are used in geothermal 
exploration as a re lat ive ly inexpensive means of 
obtaining structure and thickness of alluvium. 
" In the Basin and Range Province, large gravity 
lows are associated with the low-density basin 
f i l l . The gravity anomalies are used to estimate 
the thickness of the basin f i l l and the gross 
structure of the basin, including the location of 
the major normal faults that are important in 
understanding a geothennal system. Geothermal-
related anomalies in the basins are most commonly 
residual gravity highs that are Interpreted to 
ref lect densif ication of porous sediments, 
structural highs, or anomalous geometry of fau l t 
zones" (Isherwood and Mabey, 1978). Gravity lows 
are sometimes found over siliceous magma bodies 
(Isherwood, 1976). At other times, gravity highs 
are expected due to rhyol i te domes and 
hydrothermal al terat ion (Hochstein and Hunt. 1970; 
Macdonald and Muffler, 1972). Goldstein and 
Paulsson (1979), Berkman and Lange (1980), and 
Edquist (1981) found gravity part icular ly useful 
in mapping range-front nonnal faults in the Basin 
and Range province. 

In the above, as in a l l other geophysical 
applications, the gravity inethod Is hampered by 
ambiguity in- interpretat ion. This ambiguity can 
be reduced by using d r i l l hole, seismic 
ref ract ion, or seismic ref lect ion data for 
contro l . I f these additional data are not 
available, then lateral and vert ical resolution of 
geological features can be quite uncertain. 

magnetiaa 

Magnetic surveys, either airborne or ground, 
have been conducted at many geothennal 
prospects. Their use can be either for structural 
mapping or for mapping of changes in the 
magnetization of rocks caused by hydrothennal 
fluids. Magnetic anomalies in New Zealand 
geothermal fields have been interpreted as being 
due to a conversion of magnetite to pyrite (Studt, 
1964). Such an effect would, of course, remain in 
extinct hydrothennal systems. 

"Opinion has been divided on the usefulness 

of magnetic surveys in geothennal exploration 
(Cheng, 1970; Banwell, 1970). The magnetization 
at different rock units may be quite variable, 
especially in volcanic areas" (Palmason, 1975). 
"We examine the data from broad magnetic surveys 
as part of the effort to determine the regional 
setting . Some geothennal anomalies appear to 
relate to regional magnetic lineaments and zones 
suggestive of structure within the basement. 
Regional magnetic data can also be used to 
estimate the depth to the Curie isothenn by 
analysis of the spatial wavelengths of the field" 
(Isherwood and Mabey, 1978). 

My own analysis Indicates that magnetics have 
seldom been of major importance in assessing a 
geothennal reservoir In the Northern Basin and 
Range province. An outstanding exception appears 
to occur at Coso, where a magnetic low caused by 
destruction of magnetite frcm hydrothermal 
alteration draws attention, when correlated with 
other methods, to the heart of the reservoir. A 
similar magnetic low occurs over a part of the hot 
spring area at Long Valley (Plouff and Isherwood, 
1980), and is interpreted by Kane et al. (1976) as 
due to magnetite destruction. At the Cove Fort-
Sulphurdale KGRA, aeromagnetic data were important 
for an entirely different reason; structural 
controls on the potential reservoir could be 
deduced rather Inexpensively from aeromagnetic 
data. 

r ea i a t i iH ty 

Geothennal reservoirs frequently exhibit low 
resistivities due to high temperature, enhanced 
porosity, salinity of the interstitial fluid, and 
alteration of feldspars and other silicate 
minerals to clay minerals. 

The geothennal use of the Schlumberger and 
Wenner arrays have been referenced in Banwell and 
Macdonald (1965), Hatherton et al. (1966), 
Macdonald and Muffler (1972), Meidav and Furgerson 
(1972), Zohdy et al. (1973), Arnorsson et al. 
(1975), Gupta et al. (1975), Stanley et al. 
(1976). Tripp et al. (1978) and Razo et al. 
(1980). Dipole-dipole arrays were used in surveys 
reported by Klein and Kauahikaua (1975), Jiracek 
et al. (1975). McNitt (1975). Garcia (1975), Beyer 
(1977), Fox (1978b). Ward, S.H. et al. (1978), 
Patella et al. (1979, 1980), Baudu et al. (1980), 
Smith (1980), Wilt et al. (1980a,b), Edquist 
(1981), and Mackelprang (1982). The bipole-dipole 
array was first used in geothermal exploration by 
Risk et al. (1970) and subsequently studied by 
Bibby and Risk (1973), Keller et al. (1975), Risk 
(1975a,b), Williams et al. (1975), Beyer et al. 
(1975), Stanley et al. (1976), Jiracek and Smith 
(1976). and Souto (1978). The bipole-dipole array 
achieved early success over broad areas of 
resistivity lows caused by hydrothennal alteration 
(Risk et al., 1970; Hohmann and Jiracek, 1979), 
but it has subsequently fallen Into disfavor 
because of its failure to produce distinctive 
anomalies over geothermal systems lacking a broad 
surface manifestation (Dey and Morrison, 1977; 
Frangos and Ward. 1980). 
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The Schlumberger array i s the most convenient 
one f o r depth sounding, i . e . es t imat ion of the 
thicknesses and r e s i s t i v i t i e s of the layers of a 
h o r i z o n t a l l y layered e a r t h . The d i po le -d i po le 
array i s used f o r continuous s o u n d i n g - p r o f i l i n g , 
i . e . detenninat ion of both l a t e r a l and v e r t i c a l 
v a r i a t i o n s i n r e s i s t i v i t y . 

Several problems a r i se w i th the Schlumberger 
and d i p o l e - d i p o l e arrays (Ward and S i l l , 1982): 

1) Natural e l e c t r i c f i e l d s c o n s t i t u t e noise for 
r e s i s t i v i t y surveys and these r e s u l t i n slower 
p r o d u c t i v i t y , h igher c o s t s , data of poorer 
q u a l i t y , or i n the extreme, no data at a l l . 
Modern data processing reduces but does not 
e l im ina te t h i s problem. 

2) Cu l tu ra l features such as fences, power l ines, 
and p ipe l ines r e d i s t r i b u t e cur rent from the 
t r a n s m i t t e r , e lect rodes of the r e s i s t i v i t y 
a r ray ; spurious r e s i s t i v i t y anomalies r e s u l t . 

3) Strong noise voltages are present in the 
v ic in i t y of powerlines. While notch f i l t e r i n g 
In the receiver w i l l reduce this noise. I t 
does not eliminate i t . 

4) Conductive overburden, genera l ly i n the form 
of porous a l luv ium or weathered bedrock, tends 
to prevent cur rent from penetrat ing to the 
bedrock. Hence de tec t ion of bedrock features 
i s less c e r t a i n when overburden i s present 
than when i t i s absent. When the overburden 
i s of I r r e g u l a r r e s i s t i v i t y , the geologic 
noise produced by the near-surface features 
may read i l y obscure the anomaly due to the 
ta rge t i n t he bedrock. Of course, t h i s i s 
common to a l l geophysical methods. Ancmalies 
due to geological heterogenei t ies of no 
geothennal s i gn i f i cance can also obscure, o r 
p a r t l y obscure, the anomaly due to a 
geothennal system. In the Northern Basin and 
Range province these usual ly a r i se In 
Quaternary a l l u v i a l va l l ey f i l l , and i n s a l t 
p layas. 

5) Much geothennal exp lo ra t ion i s done in 
mountainous t e r r a i n where topography can 
produce spurious r e s i s t i v i t y anomalies. In a 
recent s tudy. Fox et a l . (1980) showed tha t a 
va l l ey can produce a l a r g e , spurious 
r e s i s t i v i t y low which could e a s i l y be 
mis in te rpre ted as evidence f o r a bur ied 
conductor. S i m i l a r l y , they showed tha t a h i l l 
can produce an apparent r e s i s t i v i t y h igh . 

In genera l , topographic e f fec ts are 
important where slope angles are 10° or more 
for slope lengths of one d ipo le or more. The 
so lu t i on to the problem is to include the 
topographic surface in numerical models used 
f o r i n t e r p r e t a t i o n . 

6) The, p rac t i ca l l i m i t a t i o n on the depth of 
exp lora t ion of the Schlumberger array Is the 
la rge separat ion needed between cur rent 
e lec t rodes. A large current e lec t rode 

separat ion usua l ly means that l a t e r a l 
r e s i s t i v i t y va r i a t i ons outs ide the array w i l l 
a f f ec t the measurements, thus rendering 
i n t e r p r e t a t i o n d i f f i c u l t . The d ipo le -d ipo le 
array minimizes t h i s d i f f i c u l t y , but 
introduces a new one; a d i po le -d ipo le array i s 
sens i t i ve to shallow l a t e r a l r e s i s t i v i t y 
va r i a t i ons beneath the array whereas a 
Schlumberger array i s not so sens i t i ve 
(Palmason, 1975). 

The depth of exp lo ra t ion of r e s i s t i v i t y 
arrays i s d i f f i c u l t to assess, but values i n 
the range 0.5 km to 1.5 km are common. 

control led aource electromagnetic (CSEM) and 
control led aource audiomagnetotellurics (CSAMT) 

The t r a n s m i t t e r fo r a CSEM inethod cons is ts of 
e i t h e r a loop of wire or a grounded b i p o l e . 
E i ther source i s energized by one or more 
frequencies i n the audio frequency range or by a 
step cu r ren t . One or more orthogonal components 
o f magnetic and e l e c t r i c f i e l d s are recorded by a 
rece iver located at a distance from the 
t r a n s m i t t e r . The r e s i s t i v i t y of the earth i s 
measured by not ing the phase and amplitude 
r e l a t i o n s h i p of the vol tage i n the rece iver to the 
cur rent i n the t r a n s m i t t e r . This r e l a t i o n s h i p i s 
termed the impedance and i s def ined as 

z . v i t ^ . (2) 

i n which both the vo l tage V and the cur rent I are 
funct ions o f t ime . The received vol tage Is 
s h i f t e d i n phase by ^ r e l a t i v e to the current i n 
the t r a n s m i t t e r . 

Ke l l e r (1970) reviewed the app l i ca t ions of 
ac t i ve and passive electromagnetic inethods i n 
geothermal exp lo ra t i on . His a r t i c l e cons t i t u ted a 
basel ine f o r reference to con t ro l led-source 
electromagnetic methods (CSEM) in geothermal 
environments. Subsequent to K e l l e r ' s rev iew, a 
nunber of a r t i c l e s have appeared which i l l u s t r a t e 
the success and f a i l u r e of these methods i n 
geothennal e x p l o r a t i o n . Included are the a r t i c l e s 
by Lumb and MacDonald (1970), Jackson and Ke l le r 
(1972), Ke l le r and Rapolla (1974), Jacobson and 
Pr i t chard (1975), Morrison et a l . (1978), Tr ipp e t 
a l . (1978) , Kauahikaua (1981) , Wi l t e t a l . 
(1980c,d) , Wi l t et a l . (1981a,b) , Goldstein et a l . 
(1982), and K e l l e r e t a l . (1982). 

The method w i l l su f f e r a l l of the problems 
l i s t e d under t h e r e s i s t i v i t y sect ion above. 

CSAMT i s a subset of CSEM, or i s a subset of 
AMT in which the t r a n s m i t t e r i s a grounded 
b i p o l e . I t i s the only CSEM method tha t does not 
u t i l i z e a loop source. Two or thogona l , hor izonta l 
components of e l e c t r i c and magnetic f i e l d are 
measured (as in magne to te l l u r i cs ) . I t o f f e r s 
advantages over r e s i s t i v i t y methods in that i t i s 
f as te r and su f fe rs less frcin the e f fec ts of 
l a t e r a l r e s i s t i v i t y va r i a t i ons when prov id ing 
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sounding infonnation (Ward, S.H.. 1983). The 
method is used for ccmbined sounding-prof i l i n g . 

sca la r aud-icrnagnstcttelluj^cs (AMTJ 

The AMT method utlTizes natijral 
electromagnetic: f ields" In the 10 Hz to 20. kHz 
band. These natural f ields arise 1n atmospheric 
l ightning discharges worldwide. Hoover et a l . 
(1976). Hoover and Long (1976), Hoover et a l . 
(1978), arid Long and Kaufman (1980) described 
reconnaissance W surveys. Keller (1970), 
Whiteford (1975), Williams et al •• (1975), 
Isherwood and ftebey (1978), and Jackson and 
O'Donnell (1980) have also reported on i t s use in 
geothermal exploration. 

Two orthogonal magnetic-field canponents and 
two orthogonal el ect r i c - f i e l d canponents are 
raeasured and the scalar apparent res i s t i v i t i es are 
computed from the formulae 

and 

1 y 

y,2 
0.2T I / i 

TT' 
X 

(3) 

(4) 

1'n i*t)1ch the electr ic f i e l d Is raasured in rnv/km 
and the magnetic f i e ld In gammas; T is the period 
in seconds. The apparent res i s t i v i t i es are then 
given in , ohm-meters. 

The miethod suffers fron a l l of the problems 
l is ted under res l s t l vUy i except natural f i e ld 
noise. I t exhibits, twi) other problems, howeveri 
The f i r s t i s that the natural f ie lds occasionally 
are too weak to obtain useful information. The 
second, and far more importarit^ is that thesiniple 
formulae of equations (9) and (10) are to ta l l y 
inadequate for interjwetation in two- and three-
dimensional terra ins. In which the tensor AHT 
inethod should be used. However, the. scalar AHT 
method has proven useful for reconnaissance 
surveys of the type performed by USGS personnel 
who have fostered it's use In th is country. Very 
H t t l e -application of the method has been made by 
Industry., probably because equipnent for the 
method has: not been available commercially. 

The CSAMT method Is a substantial improvement 
over scalar AMT Insofar as the direction of the 
Inducing f ie lds can be control led, thus 
simplifying Interpretation tn two- and three-
dimensional envirorments. The uncertainty over 
the strength o f t h e f ie lds used In AMJ disappears 
when CSAMT .'Is used, 

HT/AMT 

The tensor- MT/AMT method ut i l izes natural 
electrbraagrietlc fields, in the 10"^ Hz to '10* Hz 
band. Below afiout 1 Hz these f ie lds arise 1n 
gecxnignetlc f«rturbat1ons brought about by 

interaction of the solar wind with the main 
geomagnetic f i e l d . Above 1 Hz the natural f ie lds 
arise in atmospheric discharges worldwide. Three 
canponents of magnetic f i e l d and two. components of 
e lectr ic f i e ld are measured. Data acquisi t ion, 
processing and interpretation most be treated in 
highly sophisticated ways whose theory is beyond 
the scope, of th is paper. 

Papers describing application of the tensor 
HT/AHT method in geothermal areas Include Hermance 
et a l . (1975), Hermance and Pedersen (1977), 
Stanley et. a l . (1977), Goldstein et a l . (1978a), 
Morrison et a l . (1979), Dupis et a!. (1980), 
Ganile et a l . (1980). Musmann et a l . (1980), Ngoc 
(1980). Wannamaker' et a l . (1980), Aiken and Ander 
(1981), Berktold (1982), Berktold and Kemmerle 
(1982). Goldstein et a l . (1982), Hutton et a!. 
(1982), Martinez et a l . (1982), Stanley (1982) and 
Wannsnaker et a l . (1983), A comprehensive review 
of data acquisition-, processing, and 
interpretat ion for the method, plus a f u l l 
discussion of the problems i t encounterrs in 
geothennal exploration, has been prepared by Ward, 
S.H. and Wannamaker (1983). In the following I 
seek to sunmarlie their review of these problems, 

1) Source diraensions 

Al l of the fonnulation for interpretation of 
Hf/AHT data, over one-, t w j - , or three-dimensional 
earths assumes that the MT f ie lds are propagated 
as plane waves. This assumption was the source of 
rauch controversy in the early days of MT, but 
Madden and Nelson (1964) showed that the f i e ld Is 
usually plane wave at frequencies greater than 
i0 "3 Hz in mid lat i tudes. 

At frequencies belijw 1 Hz, the primary concern 
appears to be whether or not the f ie lds due tb 
equatorial and auroral electrojet ring corrents fn 
the £-layer pf the ionosphere can be tl'eated as 
planar. Hermance and Pel t ier (1970) and Pelt ier 
and Hermance (l?7i.) have studied the effects of 
such ring' currents. They conclude that in 
conductive environments, the plane-wave assuraption 
Is val id In the frequency range 10' Hz to 1 Hz. 
However, s igni f icant errors can occur at 
frequencies less than 10"-̂  Hz in areas where high 
res i s t i v i t i es are encountered t f measurements are 
made within' SOO km of the position ver t ica l ly 
beneath the e lect ro jet . 

At frequencies above 1. Hz, the proximity of 
l ightning discharges becomes iraportant. Bannister 
(1969) studied the f ie lds radiated fron a:vert ical 
e lectr ic dipole over a homogeneous earth and 
concluded that the plane-wave assumption is valid 
for distances greater than seyen skin depths from 
the source. 

I f however, the plane wave assumption Is not 
va l id , then, the extra f i e ld components associated 
with nian-planar- waves w i l l be processed so as to 
produce bias in MT estiraates. 
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Z) Random noise 

Randan noise may, arise' In a) the electrodes 
for E-f ield measurement . via chemical 
disequil ibr ium, b) rapvemsnt of the E-field wires 
i n the earth's magnetic f i e ld when wind' agitates 
them, c} movement of. the H-field sensors in the 
earth's magnetic f i e l d due to wind or seismic 
a c t i v i t y , d) microphonics In the H-field sensors 
due to any raotion, e) thermal noise in the E- and 
H-field preamplif iers, f ) quantization noise in 
A/D converters, g) oon-llnear behavior of the 
tota l recording systang h) sporadic departure fran 
plane wave propagation, and i ) sporadic cultural 
noise due to power lines', telephone l ines , r a i l 
e lec t r i f i ca t i on , pipeline corrosion protection, 
radio interference,, and the power sources' i n the 
recording instrumentation. The processing system 
must be designed to rainimlze, evaluate, and place 
s ta t is t i ca l l imi ts ' on errors i fit reduced into HT 
transfer functions by random noise. 

3) Systematic noise 

Most of the noise sources descrlbecl in 2) 
above are alsp capable of introducing systeraatic 
noise into estimates of the WT transfer 
functions. As Stodt {1983> poinU out, the 
systematic noise must be treated independently of 
the random noise lh any s ta t fs t i ca l evaluation of 
noise In KT data. As a result of systematic 
riblse, biased estimates of the MT transfer-
functions resu l t . To attenpt to elirainate th is 
problem, the use of a remote reference has become 
conmon, practice (Gainble et a l . , 1979a,l))„ 

4) Geological noise due to overburden 

In areas where there Is Irregular conductive 
overburden, current channeling into a patch of 
deeper or more condijctlye overburden w i l l produce 
ananalies even to the lowest frequencies. Unless-
these anomalies are interpreted via 20 or 3D 
irodeling, they can be mistaken for deep-seated 
features-. Wannamaker (1983a) I l lust rates these 
ef fects. 

5) Topography 

The effect of topography on. the results of an 
HT survey may be s igni f icant . Anomalous secondary 
e lectr ic and magnetic f ie lds resul t . Topography 
must be included in the numerical mode l ing used in 
interpretat ion to prevent topographic effects from 
being interpreted as subsurface effects, 

6) Depth of exploration andl detectability 

Depth of exploration is: often stated to be one 
skin depth, 6 . where 

(5) 5 - 500 7 ^ 

and a = the conductivity of the earth, u is the 
angular frequency of the ^signal under- conside-. 
ra t ion, while u is magnetic penisabi l l ty. This 
sirapl.l-ficatiori Is mlslead1fVC|. because noisy data 

or sur^face geological noise cari obscure the 
responses of deep oodles. However, with care in 
both data acquisition and Interpretation^ depths 
of exploration well In excess; of 100 km can be 
achieved for I n f i n i t e interfacesi 

For 2D or 3D bodies, depth of exploration cari 
be considerably less. Newman e t a l . (1983) have 
explored the possib i l i ty of- detecting deep magma 
chambers with HT. I f the magma chanber is 
e lec t r i ca l l y connected to a highly conducting 
layer below i t , the magma chamber probably w i l l 
not be detected. On the other hand, i f the basal 
half-space is resist ive or I f the earth. Is not 
layered:, the magma chamber i s nore readily 
detected. 

self-poteritiat 

In pr inc ip le, self-potent ia l surveys are very 
simple: two non-pol arizing electrodes, a length of 
wire, and a D-C, voltmeter are a l l the equipment 
needed to perform a sur-vey. However, much 
attention must be paid to detai ls i f the desired 
feproduceabiVity of + 5 niV i s to be achieved. Two 
methods of moving' the electrodes along the 
traverse l ine are used; they are leapfrog and 
long inre methods. In the former, the back 
electrode, is leapfrogged past the forward 
electrode f o r each move. Only a short wire is 
required. In the. long wire method, the back 
electrode is l e f t fixed and. the forward electrode 
is moved farther and farther away. A long length 
of wire Is then required. 

Corwin'and Hoover (1979) reviewed the self-
(xstenti'al method- in geothermal exploration. Other 
pertinent references to the use of the self-
potential method in geothermal exploration include 
Zohdy e t a l . (1973),. Corwin ( l975), Anderson and 
Johnson (1976),, DeMoully and Corwin (1980), Hoover 
(1981), S11I (1982a ib ,c ) , and S i l l {1963a,b), 
Noise In self-potential surveys arises i n t e l l u r i c 
currents, electrode d r i f t , topographic ef fects, 
variations in soil moisture, cultural noise, 
vegetation potentials, and electrokinetic 
potentials due to running surface water (Ward; 
S.H. and S f l i , 1982). The cultural noise sources 
include; radiated f ie lds fron power l ines, 
telephone l ines , and -electr i f ied r a i l s ; corrosion 
potentials from pipelines, fences, and well 
casings; and spurious potentials from corrosion 
protection systems associated with pipelines. The 
following discussions of these problems follow 
from Ward, SwH. and S i l l (1982). 

1) Tel lur ic currents 

Time-varying, voltages induced In the earth by 
the geonagnetic f i e l d , of .frequencies within the 
passband of the voltmeter, may reach several 
hundred mv/km over resist ive terrairi (Keller and 
Frischknecht, 1966),; These time-vary ing voltages 
const i tute noise vihich inh ib i ts repeatabil i ty of a 
me'asurement of the steady-state sel f -potent ia ls. 
The magnitude of th is noise is proportional to the 
separation between the two electrodes and 
accor-dingly is largest for the long utirb method. 
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I f t e l l u r i c noise Is dominant, then the leapfrog 
method Is prefierredi 

2) Electrode d r i f t 

A voltage w i l l be measured across an electrode 
pair i f either or both of the electrodes are not 
in equilibriura. Departure frcni zero electrode 
potential w i l l occur I f the electrolyte In , the 
non-polarizing electrode is di luted , or 
contaminated by grouridwater or i f there is a 
tanperature d i f fe rent ia l between the two. Thijse 
effects w i l l vary with t ime, raoisture cpntent .of 
the s o i l , and arabient teraperature. Repeated 
checks of d r i f t must be: made periodically by 
placing both measuring electrodes in a bath of 
electrolyte sdl ution and connecting them in order 
to establish equll lbrl ian. Leapfrog surveys 
usually result- 1n irregular electrode d r i f t so 
that, long wire surveys are. pr'eferred where 
electrode d r i f t is the domlnarit source of noise. 

3) Topography ^ 

Topographic re l i e f w i l l d is tor t sel f -
potentials and th is effect miist be taken into 
account in interpretat ion of f i e l d data. Another 
topographic effect Is due to the movement of 
shallow groundwater. More negative potentials are 
sometln^s correlated'with ari increase in elevation 
with observed gradients as Targe as -6 mv/m 
(Hoover, 1981). 

4) Variations in soi l moisture 

As noted by Corwin and Hoover {1979), 
variations In soi l moisture often give r ise to 
self-potent ial variat ions, with the electrode, in 
the wetter soi l usually becoming more posit ive. 
Watering of electrodes tci Iraprove electr ical 
contact can produce the same ef fect , but even 
worse, electrokinetic potentials are generated as 
the water moves through the s o i l . Electrode 
watering should be avoided for self-potent ia l 
surveys In geothermal areas because, the geothermaT 
anomalies frequently are small, so that reducing 
noise to a minimum becones essential. 

5) Cultural noise 

We have noted above some sources of cultural 
noise encbuntered when performing S.P. surveys. 
A l l of them can lead to potentials, which vary 
with time, while corrosion, potentials and 
potentials frUm corr'osipn protection systeras 
addit ionally wi l l produce spurious anomalies. 
Results frora self-potential surveys in a 
developing or developed geothennal f i e l d w i l l be 
quite di f ferent from results obtained before v«l l 
casings were Instal led-

6) Vegetation potentials 

trees, shrubs, and, grasses produce potentials 
iiihich are coramonly of order 10 mv. A technique 
u,sed to reduce this' noise, and noise due t o 
varying soil moisture, 'involves making f ive 
raeasurenerits in a star about .each observation 

point. Four readings are offset about 3 m north, 
southi east, and west of the central point. The 
f ive readings are then averaged. 

7) Electrokinetic potentials fron moving non
thermal water 

Potentials generated, by the flow of non
thermal surface and subsurface water. I .e. 
electrokinetic potentials, constitute a noise 
source in gedthermal exploration, and may be a 
major cause of topographic noise (Corwin and 
Hoover, 1979) because of water flowing downhill 
beneath the surface. 

tellurioB 

" the t e l l u r i c method is mainly suitable 
for reconnaissance of horizontal res i s t i v i t y 
variat ions. I t Is based on the assumption that 
t e l l u r i c currents flowing iri extensive sheets are 
affected by latei'al variations in the res i s t i v i t y 
structure, which can be caused, for example, by 
variations in geological structure or by 
hydrothermal systems. The nethod requires the 
simultaneous measuremerit of the t e l l u r i c e lectr ic 
f i e ld at two stations. Fron the rat io of the 
amplitudes of the electr ic f i e ld at the two 
stat ions, inferences may be drawn about variations 
In the underlying res i s t i v i t y structure. By 
keeping, the base'station fixed and moving a f i e l d 
station about, one can thus map res is t i v i t y 
variations in a qual i tat ive way." (Palmason, 
1975} 

The raethod has been used in geothermal 
exploration by Beyer (1977), Isherwood and Mabey 
(1978), Jackson and O'Donnell (1980), and 
others. I t appears to be a convenient method for 
regional surveys in order to detect areas worthy 
bf more' detailed exploration by res is t i v i t y 
methods (Palmason, 1975). 

The method suffers from a number of problems 
which have already been described under HT/AMT as 
follows:, random noise, geological noise diie to 
overburden, lack of resolut ion, and effects of 
topography. I t s worst problera is that i t is a 
-semi-quantitative ret hod at best. However,, Beyer 
(1977) advocated i t s use for northern Nevada 
because of i t s s impl ic i ty , low cost, and ease of 
Interpretat ion. 

heat fltxJ 

I w i l l not dwell on the problems encountered 
with temperature gradient and heat flow 
measuranents since that subject w i l l be treated by 
D. 0. Blackwell in th is volume. 

5.0 ILLUSTRATIVE RESULTS 

Long Val ley 

Figure 3 presents the generalized geology of 
the Long-Valley caldera, California from Bailey et 
a i . (1976), 1 wish to draw attention to the 
•resurgent dome depicted by early rhyol i te flows, 
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Figure 3. Generalized geologic map of Long Valley 
caldera (from Bailey et a l . , 1976). 

domes and tuf ' f , and to the medial graben 
transecting the resurgent dome In a northiirest 
d i rec t ion. Heat flow has been measured in 29 
d r i l l holes from 50 to '300 m deep within the 
caldera. An additional 11 holes outside, but 
adjacent to the caldera, were d r i l l ed to 150 to 
,300 m and heat flow was raeasured In thera 
(Lachenbruch et al.:^ 1976a,b). Temperature-at 10 
m depth for the d r i l l holes within the. caldera Is 
contoured in Figure 4. An outl ine of the area of 
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Figure 4. Temperatures at 10 m depth. Long Valley 
caldera (from Lachenbruch e t a l . , 
i976a). The area of hot. spring ac t iv i ty 
is sijperimposed as a dashed l ine . 

hot springs is included in the f igure. There is 
an obvious correlation between shallow teraperature 
measuranents and hot spring act iv i ty . - Note that 
d r i l l hole CH6 is the only d r i l l hole within the 
resurgent done; i t was isothermal at l l l ' C fronv 
abou't 150 m to 300 ,m. Ground deformation, 
enhanced seismicity, and funarolic ac t iv i ty in the 
last 5 years, and part icular ly in the last 2 
years, t es t i f i es to a modern increase in tectonism 
and presumed magmatisra. The enhanced seisraicity 
appears to l i e south of the resurgent dcmia. 
Figure 5 shows' earthquakes occurring in the region 
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Figure 5. Mammoth Lakes earthquakes July, 1981, 
(from Hi I le r et a l . , 1982). 

in July, 1981 (fron Mi l ler et a l . . 1982). A 
tongue of magma, is believed to have risen to 
withir i 2 to 3 km of the surface beneath the 
epicenter of the earthquakes shown in Figure 5, 
Marly more earthquakes than are shown ih this 
figure, have occurred In the last several years,, 
Ryall and Vetter (1983) indicate that such 
earthquakes occur as far as 7 km north fron the 
south rim of the caldera and as much as 15 km 
south of i t . 

The resurgent dome has bulged upward in 
recent years (Mi l ler et a l . ' , 1982),. Steeples and 
Iyer (1976a) reported a zone of signif icant 



Ward 

teleseismic P-wave delays, beneath much of the 
resurgent dome. H i l l (1976) foiind evidence for 
the roof of a magma chamber in late P-waye 
arr ivals which he Identif ied*as ref lections from a 
low-velocity horizon at a depth of 7 to 8 kra. 
Ryall and Ryall (1981) found P- and S-wave 
attenuation which they attr ibuted to a magma 
chamber beneath the Long Valley caldera. Ryall 
and Vetter (1983) reported on the absence of S 
waves at stations north of the cal dera, for- events 
occurr-irig south o f . i t ; a magma chamber wi th in the 
caldera Is postulated to account for these 
observations; the postulated magma chamber-roughly 
coincides with the area of hot spring ac t iy i ty 
shown In Figure 4. 

Figure 6 (fran Bailey et a l , , 1976) portrays' 
a schematic east-West cross sectiori through Long 
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Figure ,6. Schematic east-west cross section 
through Long Valley caldera and i t s 
underlying magna chamber (from Bailey 
e t a l . , 1976).' 

Valley lialdera. As noted by Muffler and Williaras 
(1976)' and by Sorey et a l . . (1978) the prevalent 
uses view has been that the geothennal reservoir 
l ies in the Glass Mountain rhyolites and the 
Bishop Tuff,, the two ear l iest volcanics to i n f i l l 
the caldera.. 

The caldera f i l l above the Bishop Tuff 
consists of a variety of rhyo l i t ic flows and 
t u f f s , rhyodacltic flows, basaltic flows, and in 
the eastern ,hal f , lake, marsh, and perigfacial 
sediraents. These rocks are considered to be 
impenneable except along fauUs and hence do, not 
form part of the reservoir (Huff ier and Williams, 
1976). The gravity data of Kane et a l . (1976) and 
the seismic section of H i l l (1976) have been used 
by USGS personnel to define lhe volume of the 
proposed reservoir to be 450 kra-*.. 

Resist iv i ty and AMT surveys mapped two near-
surface low-res is t iv i ty zones associated with 
hydrothermally altered rocks and/or hot saline 
water (Hoover et a l . , 1976; Stanley et al..^ 1976). 

Nine geothermal test wells were d r i l l ed near 
Casa Diablo and orie well was d r i l l ed about 5 km 
farther east by Magma Power Company. One well was 
d r i l l ed by Republic Gedthermal, Inc. about 4 km 
south of Cashbaugh Ranch. Union Geothennal 
d r i l l ed two wells, one near a clay p i t in the 
riorth end of L i t t l e Antelope Valley, and one near 
Casa Diablo. Al l of the above wells have fai led 
to discover a high temperature geotherma) 
reservoir. None of the wells has been sited near 
the center of the resurgent dome, especial 1 y• where 
transected by the medial graben. The self-
potential data of Figure 7 draw attention to the 
whole of the area of the resurgent dome. W.R. 
S i l l (;pers, corm.) advises that cold water Inflow 
fran the west-northwest and outflow in the area of 
the thermal springs could account for the^ dipolar 
S,P, pattern. The cold water Inflow could readily 
mask the center of a deep convective hydrothennal 
system possibly occurring beneath the resurgent 
dome. 

Figure 7. Self-potential raap of Long Valley, 
(after Anderson and Johnson, 1976). 

The magma charaber, as determined by the 
teleseismic P-wave delays, l ies d i rect ly beneath 
the resurgent dome. The cross section of Bailey 
et a l , (1,976), Figure 6, schematically i l lus t rates 
a potential . fault-control led reservoir within and 
below the caldera i n f i l l and beneath the resurgent 
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done. The problem with "this riotlon i s that for 
calderas elsewhere (e.g. Baca) the resurgerit dome 
raay be a poor exploration target because of lack 
of [wrmeability (D.L. Nielson, 1983, pers, con.). 

The res i s t i v i t y and AMT data draw attention 
to areas south and east of the resurgent dome, 
while the aercnagnetic data draw attention to a 
small region of raagnetite destruction around Gasa 
Diablo. Surface raani festations of hydrotheirraal 
ac t iv i ty are abundant in these areas. I have 
downgraded shallow heat f low, magnetics, 
r es i s t i v i t y , and AHT at th is geothermal prospect 
because d r i l l i n g to date has not found a 
conmercial reservoir where these methods have 
produced andmaliesi I have up-graded sel f-
potential on the speculation that a commercial 
reservoir may be found ih the central part of the 
resurgent dome. Gravity and seismic refract ion 
were very useful in delineating the Glass Mountain' 
Rhyolites and Bishop Tuff in the f loor of the 
caldera "and were instrumental in quantifying the 
USGS model of the reservoir. Teleseismic P-waye 
delays, S-wave attenuatloni and S-wave delays seem 
quite important and re l iable indicators of a raagma 
chamber In th is sett ing. Earth noise so, far has 
fai led to help us delineate a reservoir. The 
earthquake epicenter map of Figure 5 may be 
delineating an east-west fracture zone up which a 
torigue of lava is believed to have rei:ently 
intruded. What bearing th is would have on a 
conmercial high-temperature reservoir is unknown 
at present. 

Evaluating-geophysical methods at Long Valley 
is a questionable pursuit at present because we do 
not know where a coramercial high-temperature" 
reser-voir is located I f , Indeed, i t exists'. 
However, the analysis has been made on the 
assunptlon that e i ther the Bishop Tuff or the 
deeper parts of the medial graben w i l l prove to be 
conrercial. ' Note that the recent bulging of the 
resurgent dome would indicate that the medial 
graben may now be in extension. 

Cdsq 

Figure 8 portrays the generalized geology of 
the Coso geothermal area (Hulen, 1978). "The 
oldest rocks exposed at Coso are Intermediate to 
mafic metamorphic rocks of uncertain age intruded 
by dikes and pods of quartz l a t i t e porphyry and 
f e l s i t e , and by a small stock of Late' Cretaceous 
(?) granite. These rocks are local ly overlain by 
Late Cenozoic volcanic rocks, which include the 
domes; f lows; and associated pyroclastic deposits 
of the Coso rhyol i te done f i e l d , " 

"Principal structures in the geothermal area 
are oldei- high-angle faults of uncertain 
displacement trending northwest, west-northwest, 
and east-northeast, and younger high-angle faults' 
with a norraal component of displatenent trending 
north-northwest. no rth-northeast. and 
(subordinately) northeast. Active surface thermal 
phenoraena and hydrothennai al terat ion are 
concentrated along the youriger northerly-trending 
fau l ts , especially where these faul ts Intersect 

Figure 8. Generalized geologic raap of Coso Hot 
Springs KGRA. (af ter Hulen, 1978). 

older structures. Deep thennal f lu id flow at Coso 
w i l l be controlled ent i re ly by structural 
penneability developed iri otherwise t ight and 
imperroable host rocks." 

"Surface al terat ion at Coso, is of three main 
types:, (1) clay-opal-al unite a l tera t ion j (2) weak, 
a r g i l l i c a l terat ion, and (3) stockwork calc i te 
veins and veinliets, which are local ly associated 
with calcareous sinter. Clay-ojsal-alunite and 
.Weak a r g i l l i c al terat ion are typical ly developed 
around act ive thennal emissions. These are almost 
ent i re ly restr icted In distr ibut ion to an east-
ndrtheast-trendlng belt roughly one raile in width 
arid four miles In length. Calcareous al terat ibn 
Is inuch more widely d is t r ibuted, but is confined 
to a broad zpne of anomalous geophysical response 
Interpreted as evidence for a concealed geothennal 
reservoir" (Hulen 1978). 

A low level aeromagnetic map of the area is 
given in Figure 9 (af ter Fox, .1978a), The 
anonalous low which extends southeast from Devi l 's 
Kitchen and Coso Hot Springs Is at t r ibuted. In 
part, to magnetite' destruction bŷ  hydrothermal 
f lu ids (Fox 19783). 

A res i s t i v i t y low mapped in the v i c in i t y of 
Devi l 's Kitchen and'Coso Hot Springs (Figure 10) 
is a t t r ibuted. 1n part, to hydrotherraar al terat ion 
and hot brines In fraciures (Fox, 1978b). The 
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Figure 9. Aeromagnetic residual total field 
intensity contour map of Coso. (after 
Fox. 1978a:): 

COSO HOT V f l i l A S 

ELECTRICAL flESJSTlVlTY 

l9m-mtnn\-xioin*i*t illeDmiii.^l 

HILCl 

Figure 10. Third separation apparent res is t i v i t y 
map of Coso obtained with 300 m dipole-
"dipole-survey, (after Fox, 1978b), 

dipole-dipole array with 300 m dipoles was used. 
Much: the same zone of low res is t i v i t y was mapped 
by AMT ear l ie r . Figure Tl displays the 7.5 Hz AMI 
apparent res i s t i v i t y map produced by Jackson and 
O'Donnell (1980). A t e l l u r i c J-value map, also 
produced by these authors, was not nearly as 
effect ive in depicting the area of Interest, around 
Devil 's Kitchen and Co soi Hot Springs. 

Ho one of the above geophysical techniques.by 
i t se l f created a confined target for d r i l l i n g . 
However, when the . res is t i v i t y and aeromagnetic 
data were canbined with shallow heat flow data and 
a raap of the hydrothermal al tera t i on; then a 
target in the general v i c in i t y of Devil 's Kitchen 
was clearly delineated as shown In Figure 12 (fran 
Hulen, 1978). Prior to Hulen producing Figure 12, 
d r i l l htjle CGEH-1 was ii ir i i led as a liry hole, 
Subsequeritly, a l l six wells- have been producers. 
The Importance of overlapping several data sets 
pr ior to spotting the f i r s t well on a geothennal 
prospect Is vividly, i l lus t ra ted by this.example. 

I have not found that earth noise, 
teleselsras, gravi ty , or te l lu r ics have contributed 
much to understanding the reservoir. The earth 
noise data of Figure 13 (after Conbs, 1980) could 
be aliased and noise power peaks near Coso Hot 
Springs may, In part, be'due to RayUIgh waves ih 
deep alluvium. The teleseisraic evidence of a 0.2 

ty w C050 FEAI 

10 EILOMETMS 

Figure 11. The 7.5 Hz AMT apparent resistivity 
map of Coso. (after Jackson and 
O'Donnell, 1980). 
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Figui-e 12. Generalized alteration and geophysical 
map. (after Hulen, 1978). 

sec P-wave delay is not conv ini: ing. The gravity 
data are relatively fealiureless in the region 
between Devil's Kitchen and Coso Hot Springs. The 
tel luric data are too much, affected by Coso Basin 
to be of good quality In the region of interest . 
Micr-oearthquakes were, highly sc atter'ed throughout 
the area as Figure 14 Il lustrates (after Combs and 
Ro;tstein, 1975), No major faults v^re deduced 
from the data by Conbs and Rotstein, However, the 
important contribution of .microearthquakes at this ' 
prospect lies In calculation of a Poisson's Ratio 

Figure 13. Earth noise power expressed In 
decibels, Coso. (after Gombs, 1980). 
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Figure 14. Epicenters of 78 microearthquakes 
associated with the Coso geothennal 
area, (from Combs and Rotstein, 1975). 
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of 0.16, an indicator of a vapor^-doni nated 
system. Based oh current knowledge, the shallower 
parts of the .reservoir appear to be vapor 
dominated (J.A. Whelan. 1983, pers. con,). The 
refraction methbd was useful at Coso in suggesting 
"the existence of a localized body of low velocity 
material at depth, possibly a raagma chamber.' 
(Combs arid Jarzabek, 1977) 

Roosevelt Hot.,..Spririge 

Figure 15 portrays the generalized geology at 
the Roosevelt Hot Springs KGRA (after Sibbett arid 
Nielson, 1980). From Ross et a l . (1982) we 
extract the quotations whlcifi fol low. 

"The geothermal system Is a high-temperature 
water-dprainated resource, and i s structural ly 

contrblled with' permeability localized by faul ts 
and fractures cutt ing plutonic ' and metamorphic 
rocks." 

"The oldest unit exposed in the area of the 
geothennal system is a banded gneiss which was 
forraed frcm regionally metambr'phosed quartzp-
feldspathlc sediments," "The rock is 
compositional ly heterogeneous and .contains thick 
sequences of quartzo-feldspathic rocks. The uriit 
also contairis metaquartzite and s i l l imani te schist 
layers which have been differeri t iated in the more 
detailed geologic study (Nielson et a l , , 1978)," 

"The Miner'al Mountains intrusive complex is 
the largest intrusive body exposed in Utah, 
Potassium-Argon dating and regional relationships 
stiggest that the intrusive sequence is middle to 
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Figure 15. Geologic map of Roosevelt Hot Springs KGRA and vicinity, 
(after Sibbett and Nielson, 1980). 
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late Tertiary in age. In the v ic in i ty of the 
geothennal system, the l i thologies range frora 
d ior i te and granodiorite thrpugh granite and 
syenite in cdmpositiori, 

"Rhyolite flows, pyroclastics,, arid domes were 
extruded along the sp in t of the Mineral Mountains 
aOOiOOO to 500,000 years ago" (Lipraan e t a l , , 
1977). The flows and domes are glassy, 
p henoc ry st- poor , r hyol i tes . The pyr ocl ast i c roc ks 
are represented by al r-f al t t u f f and nonwelded 
ash-flow t u f f s , " 

"Hot spring deposits In the v ic in i ty of the, 
geotherraal system have been mapped as sil iceous 
s in ter , silica-cemented alluvium, hematite-
cemented alluviura, and manganese-cenented 
alluvlLin. The pri ric Ipal areas of hot-spring, 
deposition are along the Opal Mound fault-and at 
the old Roosevelt Hot Springs. In both of thesEi 
areas, the deposits consist o f both opaline and 
chalcedonic s inter," 

The hot spring deposits are depicted in 
Figure 16. A so'il survey within the area of 
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Figure 16. Hot spririg deposits, Roosevelt Hot 
Springs, ( a f t e r Baraford et a l . , 1980). 

Figure • 16 revealed ariomalous mercury and 
arseriic, HydrotherTn'al al terat ion in the 
geothenna] systera and the adjacent Mineral 
Mountains Is localized along faul ts and fractures. 

"The hydrothennal al terat ion produced 
assemblages of quartz * ch lor i te + epidote •*• 
hematite. Hematite is comraonly found as 
specularite veinlets and, where genetic 
relationships can be observed, henatite 
mirieral izat ion follows sulf ide raineral izat ion. " 

"The hydrbthermal al terat ion assemblages 
associated with the present geothermal system are 
crudely 'zoned with depth. The uppermost 
asserablage, occurring around the hot-spring 
deposits and fumaroles, is characterized by 
quartz. a lun i te , kaol in i te , mon tinoril lonite', 
hanati te. and rauscovlte. Parry et a l , (1980) have 
studied the near-surface al terat ion and suggest 
that these minerals have formed above the water 
table by downward-percolating acid sulfate 
waters. Upward-convecting geothennal brines have 
prodxed, with Increasing depth, al terat ion 
assemblages characterized t-^ raontraorillonite + 
mixed layer clays -*• ser ic i te -•- quartz -K heinatite 
and chlor i te ^ ser ic i te ••• calc i te + pyrite •̂  
quartz -i- anhydrite (Ballantyne, 1978). 
Thermochemical calculations and petrologic 
observations suggest that the brines are in 
equilibrium with the al terat ion assemblages 
produced by the upward-migrating f lu ids (Capuano 
and Cole, 1982)." 

Figure 17 shows the heat flow contours, 
expressed In mHni*^, over the main prospect area at 
Roosevelt Hot Springs KGRA, The southern lobe, up 
to Negro Mag f a u l t , is a legit imate expression ,bf 
the geothermal reservoir as i t Is currently 
known. The northern lobe, northwest of the 
intersection of the ftegro Hag faul t and the Opal 
Mound f a u l t , may in part be an expression of 
leakage of hot water northwestward out of the 
reservoir. Wells 82^33 and 24-36 are dry, y^ i le 
well 12-35 is productive. 

The res i s t i v i t y contours of Figure 18 
correspond with the heat flow high very nicely. 
The res i s t i v i t y low Is primarily due to surface 
conductivity of clay minerals produced in 
hydro'thermal al terat ion (Ward, S.H. and S i l l ; 
1976). Leakage of brine northwestward out of the 
reservoir would appear to be satur^ating valley 
aVluvitmi leading to low res i s t i v i t i es beyond the 
heat flow high. The/ CSAMT apparent res is t i v i t i es 
at 32 Hz, shown in Figure 19, also d i rect ly 
correlate with the zone of high heat flow. 
Quantitative two-dimensional modeling of the 
res i s t i v i t y and CSAMT data has yielded high-
resolution targets for d r i l l i n g ; such resolution 
Is ' not afforded by modeling the heat flow data. 

The self-potent ial map of Figure 2Q reveals a 
nLtnber of closures, some of which are positive and 
some negative. Quantitative Interpretation of the 
self-potent ial data has not yet been made and i ts 
contribution to understanding the reservoir is not 
known. 
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Figure. 17. Thennal studies' map, Roosevelt Hot Springs KGRA. (fran Ross et a l . 
i.?S2). 

Very few microearthquakes have been found 
beneath wells currently known to be productive. 
Act iv i ty 1n the region is episodic, Duririg one 
episode of increased ac t i v i t y , the numerous 
hypocenters of Figure 21 were located; raost occur 
at a depth of about 5 kin^ They seen to depict an 
east-west faul t alohg 8-B',, Whether the 
hypocenters l ie - on a southward dipping Negro Hag 
f a u l t i or whether-they are associated with another 
east-v*est f a u l t , is" unknown. Research on these 
microearthquakes and the i r structural significance 
is continuing. The Wadati diagram of Figure 22 

was deVieloped fron the origin times and S- and P-
arr lvai times; A 'Poisson's Ratio of 0,̂ 25 
results., ' Hypocenters occurring beneath the 
reservoir as currently known, while few in number, 
yielded -a Poisson's Ratio of 0,24. ThJs the 
Poisson's Ratio does not ref lect the fact that the 
reservoir is l iqu id dominated. I t Is top early to 
say whether raicroearthquakes w i l l contribute to; 
knowledge of the reservoir; to this date they have 
riot, 

Douze and Laster (1979) detected no earth 
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Figure I8>. First separation res i s t i v i t y map fron 
300 m dipole-dipole survey, Roosevelt 
Hot Springs KGRA, (af ter Ward and S i l l , 
1976). 
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Figure 19. The CSAMT 32 Hz apparent res is t i v i t y 
map of Roosevelt Hot Springs KGRA. 
(fron Sandberg and Hohmann, 1982). 

noise that could be related to the geothennal 
reservoir, Robinson and Iyer'(1981) make a nx)dest 
clalra that there I s telesielsmlc evidence for a 
part ial melt at abput 15 km depth. Wechsler and 
Smith (l979)' cast doubt on th is inter pretation and 
I am inclined to agree with them. Reflection and 
refract ion surveys have yielded Information on 
range front faul t ing and ian depth of valley 
alluvium, but they have not given any useful 
inforraation on the reservoir (Ross e t a l . , 1982). 

Gravity and raagnetic-methods; haye aided in 

understanding the structure in the v ic in i ty of 
Roosevelt Hot Springs, but the i r contribution to 
understanding the reservoir is n i l . 

The magnetotelluric method detected the 
shallow r e s i s t i v i t y structure but at great 
expense. I t also detected a par t ia l melt in the 
upper mantle. Research is continuing to delirieate 
the lateral extent of the part ia l melt and to 
determine whether or not I t has any significance 
tb the occurrence of the gebthermal reservoir. No 
deep geotherraal systeni arid no magma body were 
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Figure 20. The self-potent ial map of Roosevelt 
Hot Springs, KGRA (courtesy W. R, S i l l ) . 

detected by the HT sur-vey. Detectabil i ty of raagma 
charabers by HT is a questionable enterprise as 
Newman et a l , (1983) have demonstrated, 

TuacaiH3ra 

Pilkington et a l , (1980) and. Sibbett (1982) 
have described the geology of the Tuscarora 
geothermal prospect in Elko County, Nevada, 
Figure 23 portrays the simplif ied representatiori 
of the geology of the prospect according to 
Sibbett, who states, "The Tuscarora geotherraal 
prospect is located at the north" end of 
Independence Valley in northern Hevada. thermal 
springs issue fl-om Oligocene tuffaceous sediments 
near the center of an area of high thennal 
gradient, The spririgs are associated with a large 
siliceous sinter mound and are currently 
depositing si Ilea and calcium carbonate. Measured 

Figure 21. Microearthquakes pccurring during 
swarm, July 1981. (after Zandt et a l , , 
1982). 

t u y^ iiju 

Figure, 22, Wadati diagram derived fron earth
quakes otrcurririg at Roosevelt Hot 
Springs KGRA during July, 1981. 
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f igure 23; Generalized geology, Tuscarora. (from Sibbett, 1982). 

f l u id tenperatures range up-td 95''C, and chemical 
geothermometers .indicate a reservoir temperature 
of 2l6''C. The independence Valley contains 35- to 
39-m.y.-old tu f fs and tuffaceous sedimerits which 
overlie Paleozoic clast ic arxi volcanic rocks and 
are overlain by Miocene lava and pyroclastic 
flows. The rocks have- been deformed by normal 
faults trending north-south and northwest' and by 
folds trending north-south which have been active 
iri the Pleistocene." 

The heat flow anonaly at the Tuscarora 
prospect i s centered on Hot ^Sulphur Springs as' 
Figure 24 111'ustrates (from pilkington et a ] , , 
1980), the' north-south fau l t ing is-evident In the 
gravity map of Figure 25 frora Pilkington et a l . , 
1980), fteldav and Tonani (1975) observed "that 
both microearthquake- act iv i ty and thermal spring 
occurrences are more ccmmpnly associated with that 
side of the basin >*>ich has the steeper gravity 
gradient". I f th is is an observation upon which 
we can r e l y , l e t us test i t with the available 
data. From Figure 25 i t is evident that the east 
side of Independence Valley has the steepest 
gradierit of gravity,. 'The range lines In Figures 
23 and 25 permit ready correlation of the gravity 

R.51E R 52E. 

Figure 24. Contours of heat flow at Tuscarora 
(in,HFU). (from Pilkington et al., 
1980), 
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Figure 25, Contours of Botiguer gravity at Tusca
rora. (from Pilkington et a l . . 1980). 
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Figure 26. Distr ibut ion of microearthquakes and 
contours of Poisson's ra t io , (from 
Pilkington et al.-.- 1980), 

data with the geology.- The microearthquakes of 
Figure 26, as documented by Pilkington et a l , 
(1980), are scattered but clearly follow a range 
front faul t suggested by the steep gravity 
contours of Figure 25, Contrariwise, Hot Sulphur 
Springs occur well west of th is presumed faul t 
l i ne . 

As concluded by Sibbett (1982), 

"The surface expression of °the Hot Sulphur 
Springs thennal systan is- controlled by a fault 
zone trending N20*'E. Exposed a r g i l l i c al terat ion 
produced by the thermal system i s liraited to the 
spring area. Quartz-sericite alterat ion which 
predates the present thermal systan is present 
alongthe ^ault zone,"' 

"The subsurface character of the geotherraal 
systen is not known, but the geophysical and 
geological data are consistent with an 
interpretat ion that the reservoir^ is 3 to 5 km 
southeast of the hot springs. In this model, 
meteoric water circulates down along the range-
front faul t system and is heated at depth. The 
thermal water's r ise .along major fractures, perhaps 
the intersection of the NIO'E and N30°W fault 
zones, into e i t h e r ' a solution reservoir in the 
lower-plate- carbonates or a fracture reservoir in 
the overlying Valmy Group quartzi te. The fracture 
reservoir and feeder channelways may have been 
fonned by, brecciation along the thrust fau l t and 
by formation of the deep graben. The reservoir 
cap consists of the incompetent and less permeable 
Tertiary tuf fs and tuffaceous sedimentary rocks, 
the base being 1,200 m or more below the 
.surface. Some of the thermal f lu ids migrate up 
majpr fractures within the Paleozoic shale, chert 
and greenstone u n i t which overlies the Valmy Group 
quartzi te. The f luids probably move updip to the 
northwest along gravel aquifers either at the base 
of or within the tuffaceous sedimentary rocks, 
ult imately reaching the surface along the faults 
at the hot springs. Cold water aquifers in the 
thick quartzite gravel overlying the ttjffaceous 
sedimentary rocks apparently mask the thennal 
anomaly d i rect ly above the reservoir." 

Dr i l l i ng on th is prospect has been confined 
t o the general v ic in i ty of the heat flow high 
surrounding Hot Sulphur Springs, I f Sibbett's 
model is correct, and res is t i v i t y data 
(Hackelprang, 1982) would tend to support I t , then 
d r i l l i n g might recommence along the zone of the 
eastern range front depicted by the gravity arid 
microearthquake data. In this region, the 
contoured values of Poisson's Ratio shown ih 
Figure 26 are prpbabiy not indicative of the 
characteristics of the reservoir but rather of the 
f l u id saturated alluvium of Independence Valley 
(Berkman and Lange, 1980). 

BeaitKBlie 

Figure 27 depicts the generalized geologic, 
map at Beowawe (from Sibbett. 1983). The Beowawe 
Geysers have formed a. 850 m long sinter terrace at 
the base of the Malpais scarp. 
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Figure 27', Generalized geology-, Beowawe. (fran Sibbett , 1983). 

"The Seowawe. geothermal system In northern 
Nevada Is a str-ucturally cori trol led, water-
dorninated resource with a ineasured temperature of 
212''C (^U^F). Surface expression of the system 
consists of a large, active opaline sinter terrace 
that is pf-esent along a Tertiary to Quaternary 
normal faul t escarpnient. The thermal systsn 
appears to be controlled by the subsurface 
intersection of the east-northeast trending, north 
dipping Malpais faul t with a pre-existing 
northwest trending fau l t which dips south and has 
884 m of vert ical displacenent. 

Surface alterat ion associated with the 
geothermal system is ver t ica l ly zoned along the 
Malpais escarpment wi th , from base to top: 
hematite stained, arg i l l i zed rock along the fau l t 
t race; s n i c i f i c a t l o n and quartz veining; and 
a r g i l l i c . acid leach zone at the top. Subsurface 
alterat ion generally Increases with depth in the 
vplcanic rocks and i s most intense i n basalt ic-
andesite lava-flows which are capped by tuffaceous 
sedimentary rock." (Sibbett, 1983} 

Figure 28 presents the contoured heat flow 
values, which provi'de a focus for attention to the 

f lexure in the Malpais Fault near well 85-18. 
Smith (1983) discusses the thermal hydrology and 
heat flow at Beowawe, Swift (1979) outlined the 
area of low r e s i s t i v i t y , as in Figure 29, and th is 
out l ine passes through the center of the heat flow 
high. A dipolar self-potent ia l anomaly, shown in 
FiguT^e 30, best delineates the convective systera 
at Beowawe (Swif t , 1979), 

According to Swift (1979), gravity and 
•magnetic data delineate the Malpais Fault and the 
Important north-northwest structures which may 
control the reservoir at depth. Seismic 
ref lect ion data are- too noisy, because of the 
interbedded volcanic section,. to provide 
de f in i t i ve structural iriformation. In coritrast, 
:SVf1ft (1979) reports that the Geysers area at 
Beowawe appears as an earth noise sourcei 
Magnetotellur'lc data seem to have yielded only 
regional information at Beowawe, based on Swift 's 
remark Sii 

6,0 COMPARATIVE CASE HISTORIES 

An evaluation has been made, in Table 3, of 
the contribution made by each of 14 geophysical 
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Figure 23. Contours bf heat flow at Beowawe ( in 
HFU). (courtesy 6. S. Sibbett) . 

Figure 30. Contours of self-potentia-1 at Seowawe. 
(from DeMoulley and Corwin, 1980). 
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Figure 29. OutllnEi of zone of low res i s t i v i t y at 
Beowawe. (af ter Swif t , 19,79), 

methods to understanding the known or postulated 
reservoir at each of 13 geothennal prospects. 
Each nethod has been rated from 1 (good) through 4 
(poor).. The rating is subjective, but a serious 
attanpt has been made to apply the, rating 
uniformly throughout the matrix of Table, 3, The 
surprising results of th is analysis are that : a) 
geophysical methods are uniformly inconsistent in 
perfonnance, b) no geophysical method ranks one, 
f ive methods r'ank about two, eight rank between 
two and one half and three, while none î anks four, 
c) no combination of any four methods has been 

successful at more than one s i te where 
"successful" means a rariking of one or two. d) the 
most useful of the methods., judging, by the i r mean 
rankings, are heat flow, microearthquakes, 
gravi ty , r e s i s t i v i t y , and se l f -potent ia l , e) the 
least ef fect ive methods are earth noise, 
magnetics, and magnetotellurics. The CSAHT method 
has been included with CSEM for purposes of the 
conparative study. There are 23 entries of good 
(1) , 29 of f a i r (2) , 4 8 of questionable (3), and 
10 entries of poor ("4) in Table, 3. Thus 531t of 
the time the results of geophysical surveys In 
geothermal exploration are either questionable or 
poor. 

Overal l , t h i s study provides a somewhat 
discouragirjg picture.; I would tend to use heat 
f low, microearthquakes,, grav i ty , resl 's t lv i ty (or 
CSAMT), and self-potent ial methods at al l 
prospects, Once these data were Interpreted and 
correlated, I would, then decide whether or not 
additional geophysical surveyirtg was j u s t i f i e d . 
Al l geophysical suryeys should be designed with 
one or more conceptual geological models in mind 
and the density and extent of the geophysical 
coverage should be compatible: with the range of 
conceptual geologic imdels. 

Clearly the reader wi l t want to know why each, 
method has performed poorly or questionably under 
some circumstances, to attempt to satisfy the 
reader's cur ios i ty , I have prepared Table 4 in 
which I haye Indicated my assessment of why a 
method Yated a 3 or a 4 iri Table 3, Six 
categories of answers seem to be suf f ic ient . 
These are: 
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and 

TJ - technology def ic ient , but has since been 
improved, 

T2 - technology def ic ient , and has not yet 
been Improved, 

I - interpretat ion procedure questionable, 
D - data set incomplete, 
H - no recognizable signature over reservoir, 

• relationship to reservoir uncertain. 

Table 4 contains 6 T,., l Tj,, 12 N, 28 R. 8 I , and 
3 0 entr ies. The I ^ . I and D entries total 17 
(29S)i Indicating that iraproveraent in 'equipment or 
Interpretation has or can be made. Unfortunately, 
m can do nothing about the poor ratings asso
ciated with the, 41 entries (71%) reporting T^, N. 
and R, 

The following comhwnts follow on each method: 

ear th noia^-

The technology has improved so that the 
method should perform better when advantage is 
taken of f-k processing, 

nricroeaiithquakea 

Some geothermal reservoirs do not yield 
suf f ic ient nunters of microearthquakes to permit 
the method to be successful, 

te leaeisms 

The nethod does not always produce useful 
resul ts , 

refract ion aeiamology 

The raethod. is not always applicable to 
reiservoir delineation. I t should be used la te 1n 
the exploration-sequence^ 

ref lect i isn aeiamology 

Data processing advances in ref lect ion 
seismology may u l t i r a te l y permit us to work in 
volcanic environmerits and efforts should be 
dir'ected t 6« rd that end. However, the method 
w i l l not always be applicable to reservoir^ 
delineation and shpuld be used late in the 
exploration sequence. 

g-pavity and maghetioa 

The main use of the gravity and magnetic 
rethods w i l l coritinue to be as aids in geological 
mapping* of structure. Gravity seens to be quite 
useful i n inapping range front faul ts with which 
sane geothermal reservoirs are associated. The 
magnetic method occasionally wi l l prove useful, I r i 
mapping zones of magnetite destruction. 

rea^iativi-ty 

The technology of data acquis i t ion, 
processing, and interpretation has been much 
Improved for Schlunterger arid dipole-dipole 

res i s t i v i t y surveys''. Algorithms fdr 20 model Ino 
of r es i s t i v i t y data are now used routinely t 
Algorithms for 3D modeling are available. The 
bipole-dlffflle 'method has not proven i t se l f to be 
satisfactory for reservoir dell nea t ion In most 
cases. 

csm/csAMf 

These methods have not been suf f ic ient ly 
tested In tgeothennal environments to be.certain of 
the i r future, Iriterpretation procedures for CSAMT 
are capable of encompassing 2-Q and 3-D earth 
models, although there has been a reluctance on 
the part of Industry to use them. Reliable 
computer algorithms to permit 2fi raodeling of CSEM 
data are orily now emerging. Algorithms for '3n 
modeling ar'e s t i l l on the drawing boards. 

acatar AMT 

Scalar AHT doesn't always produce results 
that are as good as we prefer and i t s use should 
be restr icted to reconnaissance surveys., 

fiT/AMT 

There Is a tendency to use 10 inversion, 
only, in interpretat ion of MT/AMT data. 
Algorithms for 20 and 3D interpretation are 
available but Industry seems reluctant to use 
them, this is the weakest l ink in application of 
the inethod. Data acquisit ion and processing have 
Imprbved greatly In recent years, to the extent 
that there is no excuse for tfata of poor qual i ty , 

Ttiere is also a tendency by Indiistry to use 
HT/AHT when I t is not varranted. I t should be 
reseryed for special s i tuat ions, usually late in 
the exploration sequence. 

Belf -pdtent iaI 

The self-pbtent ial method shows great 
pranise. I f the new quantitative Interpretation 
schemes- work as expected. The method doesn't 
alvays produce meaningful signatures over 
geotherma 1 syst.ans • 

te l luMca. 

Sirrce i t lacks a t ru ly quantitative scheme 
for interpretat ior i , the inethod should be used only 
in reconrialssance. 

heat flou 

As Blackwell (1983) has indicated, heat flow 
as measured at surface Is not always a r-ellable 
1nd1i:ator of a high qual i ty geothermal resource. 
Reference should be made to Blackwell's paper for 
cognizance of the advantages and l imitat ions of 
heat flow 1n geotherrnal applications., 

7.0 CONCLUSIONS 

Th'e performance of 14 di f ferent geophysical 
methods used at 13 high teraperature geotherral 
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sites i n the Northern Basin and Range Province has 
been somewhat disappointing. Heat flow, 
microearthquakes, grav i ty , res is t i v i t y and "se l f -
potential inethods appear to be the most 
consistently' useful, although none of them 
performs up to expectations a l l bf the t ime. 
Recent improvements in interpretat ion procedures 
aî e expected to benefit the res is t i v i t y and sel f-
potential methods. The least effect ive methods at 
the preserit time are earth noise, ref lect ion 
seismology, magnetics i magnetotellurics, and 
tellur1c;S, Recent improvements- in survey design 
w i l l make the earth noise method much raore 
effective for- those reservoirs which emit earth 
noise. Accomplished improvements in interpre
tat ion of magnetotelluric data, i f adopted by 
industry, w i l l improve that method's perfor
mance. However, the magnetotelluric method otjght 
to be r.eserved for those special prospects to 
which i t Is applicable. Improvements in 

processing ref lect ion seisraic data in volcanic 
covered areas may make that method more generally 
applicable in the late stages of an exploration 
sequence. The teleseismic method, developed to a, 
reasonable degree of sophist icat ion, may 
occasionally contribute, i n a broad sense, to 
understanding the r'eservolr. The refract ion 
seisraic raethod probably ought to be considered a, 
subset of cent ined ref lect ion-ref ract ion surveys 
for optiraura resolution of subsurface velocity 
structures. However, refract ion seismic surveys 
should be considered also as an adjunct to 
microearthquake surveys since they can provide 3D 
velocity distr ibut ions necessary for interpreta
t ion of microearthquake data. Coritrolled source 
electromagnetic and control led source audi ona g-
netotel l uric methods require much raore exposure in 
geothermal exploration before they can be, 
evaluated properly. However, the c,ont rol led 
source audiofrequency magnetotelluric method looks 
very promising, and i t may replace r e s i s t i v i t y 
surveying i f i t s cost-effectiveness can be 
established as is expected. Scalar AHT and 
te l l u r i cs sean destined for use as inexpensive 
reconnaissance techniques which w i l l * ' f ind 
occasional application. 

There Is evidence of need for improvement in 
survey design, data acquis i t ion, data processing, 
and data interpretation fn geothermal exploration 
in the Northern Basin and Range Province.- Yet the 
predominant problems with application o,f 
geophysical methods in this" envirbftfwnt are 
related to fundamental l imitat ions of the methods 
as have been described In the tex t . 

Of the f ive case histories presented for-
comparlson in th is a r t i c l e , we f ind the follbwing 
resul ts. 

Long Valley 

While no high temperature reservoir has bSeen 
defined, there is a chance that ult imately the 
teleseismic, microearthquake and self-pot'eritial 
methods may prove to be valuable in delineating a 
postulated fracture-control led reseryoir beneath 
the medial graben in the resurgent dome. The 

exi^tenije o f . such a reservoir probably requires 
regiona.] faul t ing through the resurgent dome 
f o i l owing the graben, and subsequent extension 
produced by recent but g.l ng of the dorae. 
Refraction seismology and .gravity have been 
exceptionally useful in quantifying the potential 
reservoir, advocatEid by the USGS, to be the Bishop 
Tuff within the Long Valley caldera. The heat 
flow anomaly at th is s i te riiay be raisleading. 

Coaa 

The combination of r e s i s t i v i t y , scalar AMT, 
shallow heat flow, and airborne magnetic data, 
when added t o the knpwledce of hydrot he rrvt 1 
a l terat ibn provided by ca ref ijl geological mapping, 
have clear ly defined the d r i l l i n g targets. 
Teleseismic P-wave delays and refraction 
seismology are methods which have provided 
information of secondary importance, 

Roosevelt Hot Springs 

The heat flow pattern at Roosevelt Hot 
Springs has been fundamental in outl ining the 
reservoir. Howeveî , careful application of the 
res i s t i v i t y and. CSAHT techniques has provided the 
detail necessary ' to s i te wells. Self-pot ential 
data at th is s i te haye not yet been interpreted 
quanti tat ively but ultimately i t may prove to be 
useful in understanding and delineating the 
reservoir. 

Titscarora 

Hicroearthquakes and gravity draw attention 
to the eastern margin of Independence Valley, 
while heat flow and surface manifestations draw 
attention to a region around Hot Sulphur Springs 
about 4 km to the west. n r i I l i ng has been 
concentrated in the v ic in i ty of Hot Sulphur 
Springs whereas our speculation dictates that the 
reservoir might be along the range' front faul t 
bounding the eastern margin of Independence 
Valley, Dipole-dipole res is t i v i t y interpretations 
would tend to confirm this notion. The heat flow 
data at th i s s i te may be misleading. 

Beooai^e 

The self-potent ial method has been the best 
confl rma t ion of the heat flow anoraaly which seems 
to be centered over the shallow reservoir,' 
Dipole-dipole res is t i v i t y has provided supporting 
evidence for the location of the d r i l l i n g 
target. Gravity and magnetics have helped t d 
define the Malpais Fault zone while application of 
HT/AMT ves necessary to attempt tp delineate the 
deep reservoir. 

From the above comments i t should be evident 
that ther'e -Is no coramon dentwiinator of geophysical 
methpds which raight lead us to a better record of 
discovery and dellneatlori of geothennal 
reservoirs'. Exploration for igneous-related 
geothermal systems is no dif ferent fron those 
geothermal systems of no obvious igneous 
relatlonsri lp. .Exploration for geothermal 



Ward 

resources of any type , those w i th sur-face 
manifestat ions, or those- w i t hou t , i s d i f f i c u l t , 
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Reconnaissance geophysics of a known geothermal 
resource area, Weiser, Idaho and Vale, Oregon 

C. L. Long* and H. E. Kaufmann* 

Audio-magnetolelluric (AMT) and telluric current soundings were made in a study ofthe geothermal poten
tial of the area between Weiser, Idaho and Vale, Oregon, during the spring and fall of 1974. The electrical 
surveys covered an area on the westem edge ofthe Snake River plain of approximately 3500 km* with 89 AMT 
and 31 telluric current stations at approximately 6-km spacings. 

The AMT method used the natural electromagnetic (EM) field from 7.5 Hz to 6.7 kHz (10 frequencies) 
with two VLF radio sources at 10.2 and 18.6 kHz, while the telluric method utilized geomagnetic micropul
sations, band-limited from 0.02 to 0.1 Hz. Maps were compiled using both methods to outline major high-
and low-resistivity features. 

Major high-resistivity zones appear to trend northwest on the AMT apparent resistivity maps. These zones 
parallel structural trends between Vale and Weiser. The lowest apparent resistivities are associated with the 
known geothermal hot springs in the Vale and Weiser areas. 

The telluric ratio map shows lowest values at the eastem side ofthe area, and a low trend extending through 
Vale and to the northeast. 

INTRODUCTION 

During a period of 14 days ih the spring and 10 days 
in the fall of 1974, 89 audio-magnetotelluric (AMT) 
and 32 telluric current soundings at a station spacing 
of approximately 6 km were made in a study of the 
geothermal potential of the area between Weiser, 
Idaho and Vale, Oregon. Combining these two geo
electric methods improved.daia correlation and inter
pretation of the geophysical trends. The areas near 
Weiser, Idaho and Vale, Oregon have now been 
designated as Known Geothennal Resource Areas 
(KGRAs). The electrical surveys cover an area on 
the westem edge of the Snake River plain of approxi
mately 3500 km*. 

GEOLOGY 

The geomorphic setting in this area is a terrain of 
alluvial terraces with low gentle slopes dissected by 
many drainage systems, as shown in the map of Fig
ure 1 adapted from Newton and Corcoran (1963). The 

westem Snake River plain is underiain by a thick 
section of principally nonmarine Cenozoic sediments 
and sedimentary rocks. The area covered by the 
electrical surveys, as shown on Figure 1, is mostly 
the Pliocene and Pleistocene Idaho group which con
tains gravel, sand, silt, clay, and ash. The Idaho 
group isat least 1.2 to 1.5 km thick in the center of the 
survey area; these depths were taken from logs of a 
number of petroleum exploration'wells drilled in the 
basin. Older rocks outcrop around the edges of this 
region with the principal unit being the Miocene and 
Pliocene Columbia River basalt group. In Oregon 
the Deer Butte formation (Kittleman et al, 1965) and 
in Idaho its equivalent (the Poison Creek formation), 
both of the Idaho group, vary from place to place; 
however, in general each contains a section of fine
grained tuffaceous sediments with a few intercalated 
basalt flows in their lower part, grading upward into 
the sandstone layers and conglomerates. Vales Buttes 
and Mitchell Butte are fonned by massive sandstones 
(Figure 1) in the Poison Creek formation. In the sur-
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very area, structural trends are northwesteriy, with a 
few exceptions which are north to south as shown in 
Figure 1. 

AMT RESISTIVITY 

For the AMT method the natural electromagnetic 
(EM) field from 7.5 Hz to 6.7 kHz (10 frequencies) 
with two VLF radio sources at 10.2 and 18.6 kHz was 
used. The AMT method is useful in searching for 

conductive bodies such as hot saline water concen
trations because it is an inductive method. The 
method itself has been described by Strangway et al 
(1973) in relation to mineral exploration, and the 
reader is referred to this paper for more details and 
references. A description ofa reconnaissance method 
similar to the one used in this study was given by 
Hoover and Long (1975). Three methods of AMT 
data presentation are given below, namely, resis-
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tivity maps, resistivity soundings, and theoretical 
"one-dimensional (1-D) models, 

Figure 2 is a 7.5-Hz AMT apparent resistivity map 
of the Vale-Weiser area. The apparent resistivity 
values on this map are computed from the logarithmic 
average of the north-south and east-west scalar imped
ances. Averaging of values for the two sounding 
directions is necessitated by a fairiy high degree of 
scatter in the scalar impedances and as a means of 
summarizing the data at 7.5 Hz. The maximum pene

tration depth, in meters, of the survey is given 
approximately by "skin depth" = 503'\/po / / , 
where p„ is apparent resistivity and / is the fre
quency. Due to the low resistivities in the basin, at 
7.5 Hz the maximum penetration depth was approxi
mately 200-300 m, which in most cases is much 
less than the thickness of the sediments. The map 
(Figure 2) shows the highest resistivities in the north
em part of the area. The large resistivity gradients are 
related to thinning of conductive sediments and to the 
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FIG. 2. Audio-magnetotelluric (7.5-Hz) apparent resistivity map, Weiser, Idaho to Vale, Oregon. 



I I7 '30 ' 
4 4 * 

117*13' 117*00' 118*30 

RG. 3a. North-south telluric line (27-Hz) and audio-magnetotelluric apparent resistivity map, Weiser, 
Idaho to Vale, Oregon. 

presence of near-surface Columbia River basalts and 
intrusives. Within the basin there is a general trend 
of low resistivities from south of Vale, Oregon 
extending to the Crane Creek area in Idaho. Small 
highs finger into this low and have a northwesterly 
orientation similar to the structural trend on the geo
logic map. Despite the low station density, the trends 
are very descriptive of the local features. The station 
density is not adequate to define all the lows, and the 

details of the contouring would be different with 
more stations. 

Comparing the two AMT 27-Hz apparent resis
tivity maps in Figure 3, one sees that the low-resis
tivity trend covere the same areas as were shown on 
the 7.5-Hz AMT map (Figure 2). On the 27-Hz east-
west telluric line orientation (Figure 3b), we can see 
some of the nearer surface lateral effects described 
by Strangway et al (1973). The best example of this 



effect is a localized 16 n^m high, which is an expres
sion of the higher-resistiv ity material comprising 
Malheur Butte. The volcanic material of Malheur 
Butte may be structurally related to a dike in Alkali 
Flat to the northwest; there is a genera! high-resistivity 
trend in that direction as can be seen on both 27-Hz 
maps as well as the 7.5-Hz'map (Figure 2 .̂ At 27 Hz, 
thie skin depth is atxjut 120 m in the basin areas and 

increases to a maximum of about 2-3 km near the 
northem edge of the project area. 

Figure 4 illustrates three bidirectional AMT sound
ings taken, respectively, at stations 53, 54, and 69; 
the station locations, are shown on Figure I. These 
soundings are representative of the AMT data of 
this survey. On Figure 4a, station 69 shows the simi
larity in apparent resistivity at the lower frequencies 
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FIG. 3b. East-west telluric line (27-Hz) and audio-magnetotelluric apparent resistivity map, Weiser, 
Idaho to Vale, Oregon. 
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ofthe two sounding orientations (north-south, east-
west). There is little evidence of lateral effects, and 
the variation between soundings is not much greater 
than the standard deviation (described in Hoover and 
Long, 1975) shown by the vertical bars. 

The sounding curves for station 53 (Figure 4b) 
show almost no separation, but there is a definite 
break in the trend of the curves, perhaps due to a 
vertical dike located a few hundred meters from the 

station. The strike of the dike is at a 45-degree angle 
to both telluric lines, affecting the two telluric direc
tional measurements equally. 

In Figure 4c (station 54), we see evidence of a 
lateral effect which is almost constant at the lower 
frequencies, due to the inhomogeneity near Malheur 
Butte. The dip in the east-west sounding ciirve at 
76 Hz is due to changing polarization of the incident 
field over inhomogeneous media. The separation 
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between the curves is less at 10.2 and 18.6 kHz, 
indicating niinimal lateral effects in the near-surface. 

Assuming a I-D model, we inverted data along 
profile B-B' (Figure 1) by computer (Smith, 1975) 
to obtain an electrical cross-section (Figure 5). Well 
logs along the profile pro.vided information on rbck 
depth and tyi^s. The rectangular area below each 
AMT station is the skin depth at 7.5 Hz plotted to 
scale vertically and horizontally to show roughly the 
maximum area sampled by the AMT method. The 
vertical scale exaggeration is about 60 to 1. The base
ment, indicated by the material of resistivity greater 
than 200 O-m, is a basaltic layer which was identi
fied from welMogs. With the depth to the basalt fixed 
from various well logs and for an assurned resistivity 
of greater than 200 H-m for the basalt, the other layer 
thicknesses and resistivities were allowed, to vary 
until a good fit to each sounding curve was found. A 
qualitative comparison of AMT and tellurie current 

data (Figure 8) was used for additional guidance in 
preparing this resistivity seelion. In most cases, a 
four-layer model was required; however, for station 
52, a three-layer rriodel fit was aidequate. In general 
the AMT method was unable to penetrate the low-
i^sistivity layer of sediments shown by less than I. 
O-m rnaterial on the section (Figure 5), except at 
station 85 where basement of resistivity greater than 
200 O-ra was detected. Model fits to most of the 
sounding curves were very good, except at station 53 
near the dike. The dike seemed to influence the model 
as evidenced by thê  zone of 1-5 fl-m material. 

TELLURIC CURRENT RESULTS 

The tellurie current method utilized micropulsafion 
data, band-limited from .02 to .1 Hz and recorded 
using jc-y plotters (Yungul, 1966). A contoured tel
luric current .map of } values is shown in Figure 6. 
The J values were obtained by taking a ratio of rover 
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to b.ase statioii (fixed position) ellipse areas (Yungul, 
I%8). As seen.in Figure 6, the / values of less than 
10 indicate an area of lower resistivity relative to the 
base. The lowest resistivities are found in the east-
central part of the area, near Ontario, and extend west 
across the map and just north of Vale. The most out
standing anomaly on Figure 6 is a ridge of higher 
resistivity trending to the north and west from Vale. 
This trend follows the basic grain of the geologic 

structures and reflects basement topography, but does 
not agree with the overall trends displayed by the 
7,5-Hz AMT rfiap (Figure 2), The low surface resis
tivities (shown by AMT data) do influence the telluric 
ciirrent data, but the deeper part of thie section has 
enough influence on the telluric current results to 
change the trend of the contpurs. 

In Figure 7 we show the noriiialized ellipses for 11 
telluric stations in the Vale-Weiser area. At each 

IIT'19' 117*00' 116*49' 116*30' 

Flo. 6. Telluric anomaly map at 20-30 sec period. Contour interval in J values varies from 2.5 to 5, Weiser, 
Idaho to Vale, Oregon. 
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FIG. 7. Correlations of rover-to-base orientations and current amplitudes, Weiser, Idaho to Vale, Oregon. 

rover station, the. relative area and estimated orienta
tion of base and rover ellipses are indicated. The 
rover ellipse outline is dashed, and, the base ellipse 
outline is solid. At three stations west of Weiser, the 
axis of the rover eilipse is shifted almost 90 degrees 
with resjKct to that of the base ellipse, and larger 
amplitudes are indicated by the larger size of the 
form. This implies a major structure td the iiorth, 
changing direction of telluric current, and also a 
decreasing distiance to basement. The three large 

foyer ellipses in the northwest comer reveal very 
large changes iri electric field current with respect to 
the base station. The three stations along highway 26 
show a significant shift of the electrical axis from 
Vale to the northwest; This may be indicative of 
local features related to the noithwest-tiending resis
tivity high seen on Figure 2 between Malheur Butte 
and Alkali Gulch. The rover ellipse with the small 
amplitude and large electrical axis shift with respect 
to the base, seen near Malheur Butte northeast of 
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Vale, is another good example of a local effect of 
Kigh-resistivity material. South and east of Vale,_ we 
see numerous changes in orientations.and amplitudes. 
While most of the changes are smaller than the ones 
described to the north, they help illustrate the com
plexity of the local area. 

• Figure 8 illustrates a qualitative comparison of the 
A M T and telluric current data along the same profile 
as the AMT I-D section. The apparent resistivity 
profile was computed from the AMT horizontally 
layered model for a frequericy of.04 Hz. The telluric 
profile was bbtiained direetly from the contoured tel
luric current J value rtiap (Figure 6). The telluric 
current and AMT data correlate well on this profile, 
despite the lateral variation iri the electrical section 
at depths greater thari those probed by the AMT 
method. 

CONCLUSIONS 

Highly conductive sediments restricted the explo
ration depth of the AMT method lo a few hundred 
meters over niuch of the area. Nevertheless, high-
conductivity anomalies weremapped wilh the meihod 
in an area near prominent hot springs. The limited 
extent of these anomalies suggests; that near-surface 
thermal waters are restricted to a few narrow fault 
zones in the immediate-vicinity df the hot springs. 
Scattered dikes and volcanic roeks which cut through 
the sediments and are exposed at the surface locally 
cause large differences between the nprth-sputh and 
eatst-west scalar resistivities. 

The telluric current data are. strongly influenced by 
the highly conductive near-surface layers which affect 
the AMT results, but the telluric current results do 
reflect the presence of deeper structures and basement 
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topography, at least in the northwest part of the area. 
The station density for both niethods was too sparse 

to locate and define accurately all of the small anom
alies which exist in the area. In particular, additional 
measurements are needed in the Crane Creek, Weiser, 
and Vale Hot Springs areas: to delineate more closely 
the low-resistivity anomalies associated with those 
"hot spots," Despite the need for some additional 
work, the AMT and telluric current methods were 
effective in covering a large area rapidly and at low 
cost. 
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A Coordinated Exploration Program for Geothermal Sources 

on the Island of Hawaii 

AUGUSTINE S. FURUMOTO 

Hawaii Institute of Geophysics, University of Hawaii, 2525 Correa Road, Honolulu, Hawaii 96822, USA 

ABSTRACT 

Staff member.s of Ihe Hawaii Institute of Geophysics 
carried out an exploration program for geothermal sources 
on the island of Hawaii by using all relevant geophysical 
and geochemical methods. Infrared scanning surveys by 
aircraft followed by reconnais.sance-type electrical surveys 
and ground-noise surveys narrowed down the promising area 
to the east rift of Kilauea. 

The surveys carried out over the east rift included mag
netic, gravity, and electrical surveys by various methods; 
microearthquake surveillance; temperature profiling of 
wells; and chemical analysis of water samples. Aeromagnet
ic. regional gravity, and crustal seismic refraction data were 
available in the published literature. 

A model of the thermal structure of the east rift was 
put together to account for the data. The dike complex 
through which magma from the central vent of Kilauea 
travels laterally occupies a zone 3 km wide extending from 
a depth of 1 to 5 km. On the south side of the dike complex, 
there may be a self-sealing geothermal reservoir where 
ground water heated by the dike complex is trapped. Not 
all of the dike complex is hot; hot sections seem to occur 
in patches. 

INTRODUCTION 

The active volcanoes of Kilauea and Mauna Loa on the 
island of Hawaii indicate the existence of a large amount 
of thermal energy. Because these volcanoes are surface 
manifestations of thermal processes, geologists and laymen 
have speculated whether that energy could be harnessed 
for the generation of electrical power. The high porosity 
and permeability of the basaltic rock that makes up the 
volcanoes has been the major obstacle so far. As the lateral 
flow of ground water is consequently rather swift, even 
with the existence of fumaroles and warm springs, it has 
been generally considered that geothermal reservoirs do not 
exist in the Hawaiian Islands. 

Most of the world's geothermal power development is 
located in continental areas. Even the geothermal field in 
Iceland is located among acidic volcanoes which resemble 
continental rather than oceanic volcanoes. Because of these 
negative facts, it was deemed necessary to do rather 
comprehensive research on the volcanoes on the island of 
Hawaii to see whether geothermal sources do exist there. 

On the other hand, there are some encouraging specula

tions that have been proposed since the mid-60s. The concept 
of a self-sealing geothermal"reservoir (Facca and Tonani, 
1967) could very well apply to basaltic rocks in Hawaii. 
Furthermore, in- recent years we have seen progress in 
experiments attempting to utilize hot rock or magma. Be
cause of these developments, a research program was 
conceived to determine whether Hawaii had a conventional 
type of geothermal reservoir brought about by a self-sealing 
mechanism or whether thermal energy was limited to hot 
rock and magma. If the latter were the case, then the research 
program should determirie the utilizable energy content of 
the sources. 

Although Hawaiian volcanoes have been investigated more 
than any others in the world, examination of the literature 
showed it would be necessary to carry out a coordinated 
series of surveys in order to define the thermal processes 
associated with the volcanoes. With this in mind, a proposal 
was submitted to the U.S. National Science Foundation 
for support of the research. The proposal was accepted 
and funded. 

EXPLORATION PROGRAM 

The coordinated exploration program as carried out is 
shown in schematic form in Figure 1. The actual program 
differed from that planned because of the funding level, 
and the slow delivery of equipment and instruments from 
manufacturers. When the program was begun in May 1973, 
the USA was facing an acute shortage of material, especially 
electronic and electrical components and parts. 

The persons involved in the exploration program from 
the Hawaii Institute of Geophysics (HIG) were: Professors 
A. S. Furumoto and A. T. Abbott; Associate Professor 
P. F. Fan; Graduate Assistants W. Suyenaga, D. P. Klein, 
J. Halunen, E. Epp, G. McMurtry, and J. Kauahikaua; 
Research Associate R. Norris; and Electronics Technician 
C. Dodd. 

In addition, G. V. Keller of the Colorado School of Mines 
was engaged to conduct an electrical resistivity survey over 
the summit area and east rift of Kilauea. Throughout the 
survey he kept in contaci with the HIG group and provided 
timely inputs. Independent of the HIG effort, C. Zablocki 
ofthe U.S. Geological Survey was carrying out self-potential 
surveys in areas of mutual interest. In exchange for field 
assistance, Zablocki made his data available to the HIG 
exploration program. 

The island of Hawaii is composed of five volcanoes. 
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Figure 1. Exploration scheme. 

namely Kohala, Hualalai, Mauna Kea, Mauna Lx)a, and 
Kilauea (Fig. 2). Of these, Mauna Loa and Kilauea are 
considered active. Associated with each volcano are rift 
zones that are named for the direction in which they extend. 
The exploration program started out with infrared scanning 
surveys over the rift zones. The results showed that temper
atures over the east and southwest rifts of Kilauea and 
the southwest rift of Mauna Loa were above normal. The 
other rift zones of the active volcanoes as well as those 
of the inactive volcanoes showed no temperature anomaly. 

With the information provided by the infrared surveys, 
the three prospective rift zones were examined by recon
naissance-type electrical and ground-noise surveys. The 
results showed that the east rift of Kilauea was by far 
the best prospect as a geothermal source. In the spring 
of 1974 we therefore decided to concentrate on the east 
rift of Kilauea, which is located in the Puna district. The 
central vents of Kilauea and Mauna Loa volcanoes were 
excluded from consideration because they are within the 
confines of the Hawaii National Park. 

Upon making the decision to concentrate on the east rift 
of Kilauea, electrical surveys were carried out in greater 
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Figure 2. Map of the island of Hawaii showing volcanoes 
and associated rift zones. 

detail. However, after the anomalous areas of low resistivity 
were delineated, we found it difficult to interpret the data 
in terms of thermal processes because of our limited know
ledge of the structure of the east rift. Hence, gravity, 
magnetic, and microearthquake surveys were carried out. 
The exploration scheme of Figure 1 shows the manner in 
which the results from one survey provided information 
or incentive for the others. From time to time, data were 
assessed and plans were revised. 

At this writing (May 1975), the active exploration program 
has come to a pause, but not necessarily to completion. 
Although enough data have been gathered to justify a drilling 
program, further surveys are being planned—especially 
seismic refraction, gravity, and magnetic surveys—in order 
to better understand the hydrothermal process. " 

As part of the broader geothermal project for the island, 
a site selection committee for-a drilling program was set^ 
up independent of the exploration program. Although the-
committee did consider input from the exploration program, , ^ 
it selected a drill site at an early stage before the exploration 
program could satisfactorily analyze the data collected. 
There are some misgivings concerning the site chosen. 

The next section will present a brief summary of the 
geophysical data obtained to date. 

GEOPHYSICAL DATA 

• • ^ . Ourdiscussion is limited to data on the east rift of Kilauea, .-̂ ^̂  
as the east rift is the only area adequately surveyed so ^ 

Electrical Surveys 

The electrical surveys were conducted by Keller (1973) 
and Klein and Kauahikaua (1975). The techniques used 
included dipole-bipole mapping, line-loop time-domain in-' 
ductive sounding, galvanic sounding, and loop-loop fre-

-.-M.-
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* Proposed d r i l l i ng Site 

Trend of Ri f t Zone 

Resistivity Lows 

Figure 3, Contour map of Puna area showing trend of rift zone and areas of low electrical resistivity. 

quency-domain sounding. The composite results of the 
surveys given in Figure 3 show five areas (A, B, C, D, 
and E) of low resistivity. Also shown is the generalized 
trend of the line of vents to illustrate the geographical 
relationship of the rift with the areas of low resistivity. 
Of these, area E is considered the result of cultural sources 
such as water pipes, sewer pipes, and cables. The low-re
sistivity zone in area B, which was outlined by Keller (1973), 
was estimated to exist from a depth of 700 to 2100 m. 
As outlined by Keller the original area for B was larger; 
in the map it has been trimmed to exclude those portions 
thought to be caused by salt water intrusions from the sea. 
Even so, area B is slill much larger than area A. 

Attempts have been made to interpret the resistivity data 
in terms of Archie's Law. The conclusion, although admit
tedly hazardous, is that the upper limit of the temperature 
of hot water in the areas under consideration is about 140°C. 

Gravity Survey 

The available Bouguer gravity map of the island published 
by Kinoshita (1965) was not particularly useful to the 
geothermal project because the gravity stations were con
fined to highways and were spaced at 2-km intervals; for 
this reason, a more detailed survey was carried out in April 
1974 over a stretch of Highway 13 in the Puna district (Fig. 
4). For analysis of the data, Bouguer corrections were added 
and the values were projected along a line that ran perpen
dicular to the line of vents along the Puna east rift. On 
incorporating Kinoshita's data, a gravity profile crossing 

the east rift was obtained, as shown in Figure 5. 
To analyze the data, we assumed that the subsurface 

feature causing the gravity profile was a two-dimensional 
_ body. Also, in order to use simplified methods of analysis, 
we considered the body to cause a symmetrical profile around 
the maximum value which is shown as 275.3 mgal in Figure 
5. We assumed the high gravity values to the right of that 
point to be caused by a separate body. Upon using the 
simplified methods as proposed by Skeels (1%3) we obtained 
the values for the gravity anomaly shown in Table I. 

Of the density contrast values given in Table 1, we prefer 
the value of 0.6 g/cm' since this is the value Strange et 
al. (1%5) chose for analysis of volcanic intrusives in the 
Hawaiian Islands. From the gravity surveys the following 
conclusions can be drawn: 

1. The width of the anomalous body, which we identify 
as a dike complex, is 3.2 km. This agrees with topographic 
expression. 
2. The vertical dimension of the anomaly is about 3 to 
4 km. The anomaly extends from a depth of I km to about 
4 km. 
3. The dike complex exists below the line of vents known 
as the east rift of Kilauea and trends N65°E. 

Magnetic Surveys 

An airborne magnetic survey map published by Malahoff 
and Woollard (1%5) showed the east rift as a magnetic 
low of about 100 gammas trending in an east-west direction. 
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HOmZONtAL SCALE.FECT 

Figure 4. Survey area and gravity stations. 

As data are sparse over the Puna district, a ground survey 
was carried out in January 1975 (Fig. 6). Although the amount 
of data gathered was large, only the traverse between the 
areas of Pahoa and Kaimu (Fig. 6) has been processed to 
date. The profile is given in Figure 7, and its interpretation 
in Figure 8. 

In the interpretation of the data, we assumed that non
magnetic areas are regions whose temperatures are above 
the Curie point, and areas of intense magnetization are 
relatively cool regions. This meant that along the line f rom 
Pahoa to Kaimu, only the southern section of the dike 
complex has temperatures above the Curie point and that 
some of the adjacent nondike rocks arc also hot. Data from 
other traverses also showed that not all of the dike complex 
is hot, and that hot sections occur in patches. Of particular 

Table 1. 

Density 
conlr.ist 
( g / c m ' ) 

0.6 
0.5 
0.4 

Dimensions 

Depth to 
top 
(km) 

1.0 
.87 
.69 

of an asSL 
anoma ly . 

Depth to 
bollom 

(km) 

3.4 
3.6 
4.0 

med rectangu 

Width 
(km) 

3.2 
3.2 
3.2 

ar prism 

Depth to 
cenier 
(km) 

2.2 
2.2 
2.3 w 

concern to the project is that the spot which the dril l ing 
committee has selected for its first dril l hole is in one of 
the relatively cool areas. 

Temperature Measurements in Wel ls 

In 1%I three wells were drilled in the Puna district in 
- search of geothermal. sources. Al l threer together with-: 

irrigation wells were measured with a temperature probe 
to obtain thermal profiles with depth. The location of the 
wells is shown in Figure 9 and temperature profiles of five 
of these wells in Figure 10. The most prominent profile 
is that obtained from geothermal test well No. 3. The 
temperature in the well rises to a high of 92°C, but the 
hot water layer is rather thin and the water table practically 
at sea level. This thinness of the hot water layer confirms 
the rather high permeability of the rocks in the area, which 
is due not so much to.porosity, but to the cracks between 
successive layers of volcanic f lows. 

Mic roear thquake Surveys 

An array of seven geophones was set up over the Puna 
district with signals from all seven telemetered to one central 
recording station, three of them by hard wire and the other 
four by radio. The survey covered a period of two weeks 
and the number of earthquakes detected was not large. Figure 
11 shows epicenteral locations and Figure 12, focal depths 
projected onto cross section A A ' of Figure 11. On the left 
side of the latter figure is given the velocity structure which 
we have used to obtain epicenters and focal depths. Notice 
in Figure 12 that there is a cluster of earthquakes concentrat
ed in the shallow depth between the surface to 5 km. Below 
the 5-km depth earthquakes are few. One interpretation 
from these data is that the dike complex, or the active 
part of the dike complex, is limited to a depth of 5 km. 
This inference is in accord with our gravity survey which 
determined the bottom of the dike complex at about 4 km. 

I 20 18 
Seashore 

12 10 8 6 4 2 0 
DISTANCE IN FEET x lOOQ 
Figure 5. Gravity profile. 
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Figure 6. Tracks of magnetic measuremenis in Puna area. 
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Figure 7. Space-filtered magnetic profile from Kaimu to 
Pahoa. 

Ground-Noise Survey 

A ground-noise survey using a I-Hz geophone was carried 
oul in August 1974. Recording was done on an FM tape 
recorder. After taking into consideration such things as 
diurnal variation, meteorological factors, and so for th, a 
ground-noise intensity map centering on 4 Hz was obtained 
as shown in Figure 13. Other frequency ranges were analyzed 
wi lh similar results. 

Geochemica l Surveys 

Water samples from the wells throughout the Puna area 
were collected and analyzed for oxygen isotope content. 
Chemical analysis showed that silica content in some of 

the wells was rather high although the basaltic rock is 
undersaturated in silica. The significance of the chemical 
survey is not ful ly understood al the present lime because 
the use of i.sotope dala as a geothermomeler has nol been 
worked out for basaltic rocks. We are seriously looking 
into this problem. 

INTEGRATION OF GEOPHYSICAL DATA 

Each of the geophysical tasks provides, in its own way, 
part of the structure of the east rift of Kilauea and the 
hydrothermal processes associated with it. When the parts 
are assembled, a composite picture of the thermal processes 
emerges. However, the picture obtained is nol entirely clear. 

The location, shape, and size of the dike complex were 
determined by gravity and seismic data. Interpretation of 
magnetic data led to the conclusion thai only parts of the 
dike complex are hot enough to be above the Curie point, 
but a hot section can heat up adjacent nondike rocks to 
lempcralures above the Curie point. The dike complex in 
Figure 14 is shown in its geographical relation to the line 
of vents of the east rift and to the electrically anomalous 
areas. One of the hot sections inferred from magnetic data 
is also shown in the figure. 

The map of Figure 15 shows that although the dike complex 
and the line of vents trend N65°E, the magnetic lineaments 
trend east-west. The magnetic data are from the aeromagnet
ic surveys of Malahoff and Woollard (1965). The east-west 
trends are probably ancient remnants of the Molokai fracture 
zone, as mapped by Malahoff and Woollard (1968). These 
lineaments are disturbed by hot intrusives, a good example 
of which is the summit area of Kilauea (Fig. 2). The hot 
area which we have found by surface surveys also disturbs 
the lineaments. 
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14 16 

Figure 9. Location in Puna area of wells discussed in the 
text. 

Let us consider first the hot area of Figures 14 and 15 
which also corresponds lo area B of low eleclrical resistivity. 
Keller (1973) calculated that the low-resistivity zone here 
extends from a depth of 700 m to a depth of 2100 m. Keller 
(personal commun., 1975) also found from earthquake data 
that rocks in this area have high Poisson's ratio, about 0.4, 
and also that small earthquakes here have fault plane 
solutions which dip southward at angles f rom 45 to 70 
degrees. A high Poisson's ratio is indicative of fractured 
rocks. Anolher bit of geophysical dala for this area is that 

of Hi l l ( l%9) who, using seismic refraction methods, found 
a layer with a seismic velocity of 3.1 km/sec at a depth 
of 700 m, coinciding wilh the low-resistivity layer of Keller. 

We shall now attempt lo assemble these seemingly dis
parate bits of geophysical parameters into a coherent model, 
which is shown in Figure 16. The source of heat for the 
r i f t zone is the dike complex, but hot material whether 
magma or hot waler leaks off into the soulhern flank of 
the r i f l zone. The fractured rocks have cracks dipping south 
45 lo 70 degrees, as the fault plane solutions indicate. The 
hot material heats up brine seeping in from the sea, in 
the manner of the Ghyben-Herzberg hypothesis. Now if 
the brine is heated, how are we to account for the low 
resistivity al 700 m depth? We account for it by saying _ 
that the 3. l -km/sec seismic velocity represents a pore-filled 
rock layer. The 3. l -km/sec velocity is peculiar in lhat it 
cannot be produced by compressing low-velocity surface 
basalts with pressures equivalent to 700 m depth. Since 
some other mechanism is needed, we propose that f i l l ing 
of rock pores and crevices by precipitates from the hot 
brine changed the seismic velocity to 3.1 in analogy to the 
self-sealing theory of Facca and Tonani (1967). The pore-
filled layer then acts as a caprock to confine the hot brine 
below 700 m. The pore-filled layer is nol very thick, perhaps 
just thick enough lo be a wave guide for seismic waves. 
In brief, we propose a self-sealing geothermal reservoir for 
area B. 

The model proposed here then accounts for electrical, 
seismic, magnetic, and gravity data. Admittedly it is highly 
speculative; the association of the 3. l -km/sec velocity with 
a pore-filled layer is the weakest link in the series of 
arguments. But the self-sealing geothermal reservoir model 
is compatible with all the data that we have so far gathered 
over this area. 

One hazy point in this model is that we do not know 
how far we can extend it laterally, since eleclrical data 
become diffused because of the proximity of this section 
to the sea. 
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There are olher low-resistivity areas in Figure 14, such 
as areas A, C, D, and E. Area E can be explained by 
cultural sources such as r.ewer pipes and cables; area C 
is quite similar to area B and may be an extension of area 
B; area A and C are on the dike complex. Area A has 
been chosen for a drill site by the site selection committee 
of the geothermal projecl. It has the following favorable 
geophysical data: a self-potential anomaly, a low-resistivity 
area, a ground-noise high, and hot water (92°C) in a nearby 
well. But the drawbacks are several: aeromagnetic and 
surface magnetic surveys do not indicate hot intrusions; 
Ihe low resistivity occupies relatively a small area so that 
even if a hot water or vapor system were present, the volume 
would not be commercially viable; the hot water in the 
nearby well is limited to a thin layer of about 7 m, and 
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Figure 12. Depth of foci of earthquakes as projected onto 
plane A-A ' shown in Figure 11. 

below that the water temperature drops off considerably. 
The motivation of the site selection committee seems to 
be the hope of hilling hot rock or magma, but even this 
hope may turn out to be in vain, as magnetic data would 
appear to forecast. 
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^ • 1 - Figure 15. Magnetic map of Kilauea and Puna areas wilh dike complex and hot area of Figure 14 superimposed. 
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Figure 16. Hydrothermal process of area B. The model is 
very conjectural. 

CONCLUSIONS 

Electrical methods are generally considered the most 
powerful tool for geothermal exploration. But for basaltic 
rocks with high permeability, the nature of low resistivity 
;ireas found by electrical methods cannot be determined 
unless the ultimate source of heat is found. Usually the 
source is a dike complex or plug, which can be clearly 
outlined by gravity and seismic methods. The dike complex 
i.'i not uniformly hot; hot areas occur in patches which can 
l̂ *-' found by magnetic methods. Surface magnetic surveys 
are more effective than aeromagnetic surveys. 

We are still assessing the value of geochemical data for 
resource location. 

ACKNOWLEDGEMENTS 

Gratitude is hereby expressed to the projecl participants 
P. F. Fan, D. P. Klein, J. Kauahikaua, W. Suyenaga, R. 
Norris, and G. McMurtry, who made their data available 
for this paper. All of the illustrations used in this paper, 
except Figure 15, have appeared in a final report to the 
National Science Foundation under Grant Gl 38319. This 
grant is gratefully acknowledged. This paper constitutes 
Hawaii Institute of Geophysics"Contribution No. 673. 

REFERENCES CITED 

Facca, G., and Tonani, F., 1967, Self-sealing geothermal 
field: Bull. Volcano., v. 30, p. 271-273. 

Hill, D., I%9, Crustal structure of the island of Hawaii 
from seismic refraction measurements: Seismol. Soc. 
America Bull. v. 50, p. 101-130. 

Keller, G. V., 1973, An electrical resistivity survey of the 
Puna and Kau districts: Report submitted by Group 
7 lo the Research Corporation of the University of 
Hawaii. 

Kinoshita, W. T., 1965, A gravity survey of the island of 
Hawaii: Pacific Sci., v. 19, p. 339-340. 

Klein, D. P., and Kauahikaua, J., 1975, Geothermal-geoelec-
tric exploration on Hawaii Island, preliminary report: 
Hawaii Inst. Geophysics Report, HIG 75-6. 

Malahoff, A., and Woollard, G. P., 1965, Magnetic surveys 
over the Hawaiian ridge: Hawaii Inst. Geophysics 
Report, HIG-65-ll. 

Malahoff, A., and Woollard, G. P., 1968, Magnetic and 
tectonic trends over the Hawaiian ridge: Am. Geophys. 
Union Geophys. Mon. 12, p. 241-276. 

Skeels, D. C., 1963, An approximate solution of the island 
of Hawaii: Pacific Sci., v. 19, p. 339-340. 

Strange, W. E., Woollard, G. P., and Rose, R. C , 1965, 
An analysis of gravity field over the Hawaiian Islands 
in lerms of crustal structure: Pacific Sci., v. 19. p. 
381-389. 



^ 
•^ I ^ ^ n u a P 

Geotherma l Explorat ion Sess ion 

Thursday Morn ing 

Geothennal Energy Resources In the Eastem GE.1 
United States: Atlantic Coastal Plain 
lohn K. Costain and Lynn Clover, III, Virginia 
Polytech Inst, and State Univ. 

Optimum sites for the development of geothermal energy re
sources in the eastem United States will probably be associated 
with the Atlantic coastal plain sediments. The low thermal conduc
tivity of these sediments requires relatively high geothermal gra
dients even for normal heat flow. 'Where these sediments are thick 
and where they blanket radioactive, heat-producing granitoids in 
the basement rocks, isotherms are waiped upward and higher 
temperatures occur at shallower depths. During 1976-80, heat flow 
determinations were made at drill sites, in the Piedmont and on the 
Atlantic coastal plain from New Jersey to North Carolina. On the 
Atlantic coastal plain, gradients between Crisfield, Maryland and 
Oak Hall, Virginia are greater than 40° C/km; the thickness of the 
sediments here is more than 1.2 km. 

Geothermal resources in the Appalachian Mountain system and 
the Atlantic coastal plain can be grouped into four types: (1) 
radioactive heat-producing granite buried beneath a thick blanket 
of sediments of low thermal conductivity (a sedimentary in
sulator), (2) normal geothermal gradient resources, (3) warm 
water emanating from fault zones, and (4) hot-dry-rock in regions 
of abnormal geolhermal gradients without associated water reser-

Resource 1 is the principal subject of this abstract. Resource 2 
(nonnal gradient) is widely availaWf throughout much ofthe U.S. 
(Sammel, 1979). Resource 3 (hot springs) could be important 
locally in lhe eastem U.S. Perry et al (1979) proposed a model for 
the origin of the hot springs in Virginia that may apply to many of 
the hot springs in the eastem U.S. In this model, meteoric water at 
high elevations enters nearly vertical permeable Silurian quartzites 
and possibly adjacent fractured carbonate units along steep to ver
tical bedding, extends lo depths (3 km) sufficient to heat water, 
and then rises rapidly along local east trending transverse fracture 
zones which intersect the bedding permeability at depth. Ground
water flow lines are essentially vertical beneath the recharge areas 
and diverge at depth to intersect the transverse fracture zones. 
Resource 4 (hot-dry-rock) is described by Pettitt (1979). It is 
unlikely to be economic in the near future for the eastem U.S. 

Resource I has been the principal focus of the geothermal pro
gram at VPI&SU, and we explain its existence by the "radiogenic 
model" (Figure I), (Costain et al. 1980). For the development ofa 
geothermal resource, the combination of high heat flow, low 
Ihermal conduciivity, and low rates of groundwater flow will result 
in the highest subsurface temperature al the shallowest depths. 
High heat flow in the eastem U.S. is associated with relatively 
young, unmetamorphosed granite plutons. Birch et al (1968) 
showed that the local heat flow has a well-deflned relation to the 
concentration of uranium (U), thorium (Th), and potassium (K) in 

fRteharge/ 'o t /y 
i,iM!iiiXi!!m$ 

Vertieol Rtchorgt . . 
th ru , Itoky .oquifert ? (n 

FlO. 1. The radiogenic model. 
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the upper cmst. The distribution of U and Th in the upper 10 km or 
so of the earth's crust is primarily responsible for lateral variations 
in surface heat flow in the eastem U.S. Most of the heat produced 
comes from U and Th; only about 10-15 percent comes from K. 
Optimum sites for the development of geothennal energy in the 
eastem U.S. are associated wilh the flat-lying, relalively unconsol
idated sedimenlary blanket beneath the Atlantic Coastal Plain thai 
overiies heat-producing granitoids in the basement. At many loca
tions, the overiying sediments yield large quantities of water that 
can be used for the effective transfer of heat lo the surface. 

One of the principal objectives of the geothermal program at 
VPI&SU has been lo locate and study relatively young, (254-330 
Ma.) unmetamorphosed heat-producing U- and Th-bearing grani
toids such as those in the exposed basement rocks of the Piedmont 
province adjacent to the Atlantic coastal plain (Glover, 1979). 
Results of studies of the granite pelrology were reported by Speer 
et al (1980) and Speer et al (in press). 

The basement rocks are, concealed to the southeast by the sedi
ments of the Atlantic coastal plain which comprise lhe seaward-
thickening sedimentary insulator. Sediment thickness is known lo 
be about 3 km at Cape Hatteras, NC. 

Figure 2 illusu-ates the effect on subsurface temperature where 
crystalline rocks are blanketed by a sedimentaiy insulator. The 
leftmost curve in Figure 2 is the temperature-depth profile in 
unblanketed basement crystalline rocks devoid of U and Th. As U 
and Th are added to produce 10 HGU (I HGU = I heat generation 
unit = 10 - " cal/cm') and 20 HGU, the subsurface temperatur* 
and geothermal gradient increase. Finally, if U- and Th-bearing 
granite is blanketed by sediments that have a relalively low ther
mal conductivity, the subsurface temperature is increased further. 

The locations of our heal flow sites in the eastem U.S. were 
chosen on the basis of gravity data, magnetic data, thickness of 
coastal plain sediments, apparent Ihermal anomalies, available 
basement core data, suitable sites for the evaluation of the radio
genic pluton model, and proximity to energy markets. 

Lambiase et al (1980) discussed the distribution and values of 
geothennal gradients obtained in the holes drilled on the northem 
Atlantic coastal plain. One promising area appears to be between 
Crisfield, Maryland and Oak Hall, Virginia, on the Eastem Shore. 
Higher gradients (48°C/Km) were found elsewhere, for example, 
on the west side of Chesapeake Bay within the large negative 
gravity anomaly in the vicinity of the bay, but the depth to base
ment there is less. A test hole was drilled on the Eastem Shore at 
Crisfield. 

The temperature predicted at the base of the coastal plain sedi
ments (1.42 km) at Crisfield was about 16 percent less than the 
actual temperature as a result of the uncertainty in predicting the 
thennal conductivity of coastal plain sediments at depths below the 
drill hole. Limited pump tests were made at Crisfield to estimate 
potential fluid production. Laczniak (1980) modeled the response 
of a leaky aquifer sysiem to be a single dipole (pumping plus 
injection well) using the results from the Crisfield tests. The model 
was run for a simulated period of 15 years or until steady-state 
thermal and fluid flow were reached. 

Important conclusions of Laczniak's study were: (a) direct in
jection back into the reservoir may be necessary to maintain suf
ficient fluid pressure at the production well for systems with a low 
permeabilily, (b) temperature distribution within the system is 
only slightly affected by changes in permeability in the range 
10-100 md, (c) resting the system for periods of 6 monihs does not 
result in a significant recovery of heat at the production well, and 
(d) a doublet system with ihermal and hydrologic conditions simi 
lar to those encountered at Crisfield, a well spacing of IOOO m, a 
permeabilily of IOO md, and a pumping-injeciion stress of 500 
gpm (injection temperature 44° C) could produce 5.5 million Btu's 
per hour over a period greater than 15 years. 
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Search for Geothermal Heat Sources In the GE.2 
Oregon Cascades by Means of Teleseismic 
P-Residual Technique 

H. M. Iyer, A. Rite, Chevron International Oil Co. : and 
S. M. Green, U.S.G.S. 

The geothermal potential of the Oregon Cascades is considered 
to be high in view of its tectonic setting, the presence of young 
volcanoes, and high heat flow. Geophysical techniques, however, 
have failed to provide unambiguous evidence for the presence of 
large crustal magma bodies, unlike at some olher rhyolitic vol
canic ceniers in the wesiem United States. Teleseismic residual 
studies at Mount Hood and Newberry volcano show no evidence 
for crustal magma chambers of delectable size under these vol-
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canoes; the same situation seems to prevail in the Caiifomia Cas
cades as well. However, results of drilling at Newberry indicate 
that high-temperature water is present at a depth of 1 km and 
suggest lhat a magmatic heat source exists. Teleseismic-residual 
studies, using a 32-station seismic network encompassing the 
whole of the Oregon Cascades, give some clues as to the nature of 
the heat sources in the region. A velocity model derived from the 
teleseismic data shows a zone of relatively low velocity in the crust 
and upper mantle under the High Cascades, in comparison with 
higher velocities beneath the Western Cascades. We interpret 
these results as indicating the presence of low-density high-
temperature rock to great depths. Intrusion of magma related to 
subduction of the Juan de Fuca plate is apparently responsible for 
this and results in the observed high heat flow. The presence of 
numerous small pockefs of magma, as well as favorable hydro-
logic circulation patterns, may give rise to high-temperature water 
at shallow depths, such as at Newberry volcano. 

It is generally believed that the Oregon Cascades have high 
geothermal potential. The tectonic setting of Oregcn-sver the sub
ducting Juan de Fuca plate, the abundance of Quaternary vol
canism, the presence of numerous hot springs, and high measured 
heat flow suggest that an extensive geothermal resource may exist. 
However, unlike at many other geothermal areas in the Westem 
United States where detectable low-velocity anomalies that can be 
interpreted as magma bodies seem to be present in the crusl (Iyer, 
1980), our efforts to detect such bodies in the Oregon Cascades 
have consistently met with negative results. The fact that magma 
is, indeed, locally present at shallow depths is evidenced by the 
receni emption of Mount St. Helens and the building of a massive 
lava dome in the newly formed crater. 

In this paper we present results of teleseismic P-residual mea
surements around Mount Hood and Newberry volcano in Oregon. 
In addition, we also present a three-dimensional /'-wave-velocity 
model for the whole of the Oregon Cascades. These results, to
gether wilh other available geophysical data, are interpreted to 
explain the geolhermal enigma of the Oregon Cascades, namely, 
high apparent geothennal potential but the absence of detectable 
magma chambers. 

Mount Hood 

A detailed analysis of /'-wave residuals from 55 teleseisms re
corded by a I6-stalion seismic network around Mount Hood show 
a total regional variation of 0.7 sec (Figure la). There is no evi
dence, however, for a localized high or low-velocity anomaly 
(negative or positive relative residuals) that could be related to a 
magma chamber under the volcano (The teleseismic technique is 
capable of detecting magma bodies of 5 km or more in diameter.). 
Analysis of gravity data by Couch and Gemperle (1979), although 
showing regional structural trends and lateral and vertical vari
ations in the density of pyroclastic flows, also shows no evidence 
for a magma chamber. Several drill holes around Mount Hood do 
not show any abnormally high bottom-hole temperatures or ther
mal gradients (Robinson et al, 1981; Ehni, 1981). Mount Hood, 
however, like other Qualemary volcanoes in the Oregon Cascades, 
is situated on a ridge of high heat flow that coincides with the High 
Cascades. Heat flow jumps by a factor of almost 2.5 from 40 
mW/m* (1 HFU) in the Westem Cascades to 105 mW/m^ (2.5 
HFU) in the High Cascades (Blackwell et al, 1978). 

Newberry volcano 

Newberry volcano in west-central Oregon presents a more 
promising geothennal picture than the Mount Hood area. Test 
drilling by the U.S. Geological Survey near the center of New-
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berry caldera encountered high temperatures (265°C) al a depth of 
930 m (Sammel, I98I). A teleseismic study by the U.S.G.S., 
however, showed no evidence for a low-velocity anomaly lhat 
could be interpreted as a magma body under the volcano. Tele
seismic residuals were generally of low amplitude and independent 
of azimuth. The average relative residuals, contoured in Figure Ib, 
show only a negative residual anomaly of about 0.2 sec to the west 
of the caldera. This can be interpreted as a shallow high-velocity 
intrusion and is somewhat similar to an interpretation of gravity 
dala by Williams and Finn (1981). 

Oregon Cascades 

Available evidence from several other cascade volcanoes, such 
as Mount St. Helens, Mount Shasta, and Lassen Peak (personal 
communication from various individuals), also seems to follow the 

1;̂  pattem at Mount Hood and Newberry volcano, in that no detect-
"" able magma chambers of finite dimensions (diameter greater than 

5 km) seem to be present- m the crust or mantle. The obvious 
question, therefore. is:*'ATKiC is the nature of the geothennal heat 
source responsible for the elevated regional heat flow in the High 
Cascades (see Figure 2)? 

The regional nature of the High Cascade heal source is corrobo
rated by a teleseismic study using a 32-station seismic network 
being operated in Oregon by the U.S.G.S., under its Volcano 
Hazards Program. The teleseismic residuals show large azi-
mulhally dependent variations with amplitudes of about 0.5 sec. 
The relative-residuals (average of 82 teleseisms) contoured in Fig
ure 2 reveal the following features: (1) a ridge of positive residuals 
(indicating lower than norraal velocities) over the High Cascades; 
(2) a sharp west-to-east transition from an average of -0 .3 to 
-F0.3 sec in the central area; and (3) a large regional delay (posi
tive residuals) around Newberry volcano. The region of high heal 
flow (greaier than IOO mW/m') is shaded in Figure 2 for com
parison with the area of positive residuals. 

We have used the inversion technique developed by Aki et al 
(1977) to obtain a 3-D velocity model of the area contoured in 
Figure 2. The block sizes used in the inversion are 50 km x 50 km 
horizontally and 20, 20, 75, 100, 100 km, vertically. The results 
(not shown here) indicate considerable complexity in stivclure of 

the nonhem Oregon Cascades within the top 20 km of the cmst. In 
the central and southem cascades there is a change in velocity 
from higher to lower values by about a 10 percent from west 
to east. In the lower crust and upper mantle, the main feature 
throughout the model is this west-to-east change from high to low 
velocities. There is also some indication lhat this transition bound
ary migrates eastward with increasing depth. Figure 3 is a north
westeriy cross-section of a highly idealized velocity model. Two 
important features of this model are relevant to volcanism in Ore
gon: (1) the inclined boundary between the high- and low-velocity 
zones suggests a subducting plate, and (2) the entire High Cas
cades region seems to be underlain by relatively low velocity 
material (Note lhat the cross-section is perpendicular to the direc
tion of plate convergence and at 45 degrees to the axis of the 
volcanic chain.). 

Regional-gravity data in Oregon also show this deficiency 
in mass under the High Cascades. Dehlinger et al (1968) and 
Thiruvathukal et al (1970) interpreted this phenomenon as due to 
a drastic increase in cmstal thickness under the High Cascades. 
Cmstal thickening would also result in a pattem of residuals simi
lar to that shown in Figure 2. However, inversion of residual data 
computed using reasonable crustal-ihickening models show that 
this effect alone cannot explain the results summarized in Figure 3. 
We conclude that the velocities in the crust and lower mantle are 
indeed lower in the High Cascades compared to the Westem Cas
cades. We interpret this contrast as due to the presence of hot rock 
and pockets of magma. 

Thus, our model for the deep stmcture of the High Cascades 
resembles that proposed by Karig (1971) for marginal basins be
hind island arcs. In such regions, above the underthmsting litho
sphere, shear-heated material rises buoyantly and results in a 
wedge of low-density high-temperature upper mantle. A petro
genetic model, in which intmsion of calc-alkaline magmas occurs 
in the wedge-shaped region above a subducting plale, was p)ostu-
lated by Ringwood (1977). Further confirmation for the existence 
of such a stmcture under the High Cascades will require seismic-
refraction surveys to constrain cmstal effects and Q measurements 
on a regional scale. Magma pockets under the volcanoes may 
themselves be too small to be detectable by existing teleseismic 
techniques and other high-resolution seismic techniques will be 
needed to locale them. 

W A S H I N G T O N 

Sr 

C A L I F O R N I A 

FlC. 2. Relative teleseismic residual contours in westem Oregon. 
Units are in seconds. Stippling, area where heat flow exceeds 100 
mW/m' (adapted from Blackwell et al, 1978). Dots denote se
lected volcanoes. Velocity cross-section shown in Figure 3 is 
along north west-southeast line. 

NEWBERRY CRATER 

FlC. 3. Velocity cross-section along a northwest-southeast profile 
indicated in Figure 2. Numbers show relative velocity variation (in 
percent). Contour interval is 2 percent. Cells show block sizes 
used in inversion. Shaded area is where velocity decrease is 
greater than 2 percent. 
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Compresslonal-Wave Velocity Structure of the GE.3 
Medicine Lake Volcano and Vicinity from 
Teleseismic Relative Traveltime Residuals 

John R. Evans, U.S.G.S. 

Teleseismic P-wave relative traveltime residuals from an array 
spanning the Medicine Lake volcano, Caiifomia, reveal high-
velocity anomalies in the cmst and upper mantle extending from 
very shallow depths to at least 100 km beneath the volcano. These 
preliminary data also suggest the presence of a shallow low-veloc
ity feature beneath a young lava flow on the southeast flank of the 
volcano. This low-velocity feature may be associated with the 
source of the flow and is the most promising geothermal prospect 
Seen from these preliminary data. The absence of any other signifi
cant low-velocity region, of even a mantle low-velocity source 
anomaly, suggests that any mell or partial-melt pockets forming 
prior to an emption must either be very small, very short lived, or 
both. The high-velocity main anomaly contrasts sharply with those 
in other volcanic areas such as Yellowstone and The Geysers. 

Method 

Teleseismic P-wave relative traveltime residuals have been used 
in many areas to map the 2-D or 3-D compressional-velocity stmc
ture of the cmst and upper mantle (for example, Iyer et al, 1981; 
Steeples and Iyer, 1976; Evans, 1982; Reasenberg et al, 1980; 
Oppenheimer and Herkenhoff, 1981). This technique can resolve 
features al least as small as a few kilometers across (Stauber, 
1982) and has the unique ability to resolve complex stmcture to 
depths exceeding several hundred kilometers. In addition, resolu
tion of the study volume is relatively uniform and is quantitatively 
descr[bed_through a damped least-squares inversion technique 
(Aki et al. 1977). 

Expected 
Times 

Observed 
TimeA/ 

SECONDS 

Fio. 1. An example of teleseismic data aligned by picks to show 
signal coherence across the array. The differences between these 
observed relative times and the expected arrival limes (less the 
average difference for the event) are relative traveltime residuals. 
Picks were actually made in the first half cycle of narrow band-
filtered copies of these traces. 

Relative residuals are computed as follows: 
(1) Accurate relative arrival times are determined for numerous 

teleseisms (As25 degrees) al the stations in a I-D or 2-D array. 
First peak, trough or zero-crossing limes (Figure 1) of nanow 
band-filtered traces provide relative times usually accurate to 
±0.05 sec. 

(2) Theoretical arrival times based on a standard earth model 
(e.g., Herrin, 1968) and on hypocenters determined from worid
wide networks (e.g.. Preliminary Determinations of Epicenters, a 
regular publication of the U.S. Geological Survey) are subu^cted 
from the observed times lo produce traveltime residuals. 

(3) Errors in hypocenters, departures from the standard earth 
model (including some large-scale stmctures near the array), and 
use of different earth models for locating the events and calculat
ing expected arrival times all introduce large traveltime residuals. 
Since these effects are the same or nearly the same at all stations 
within a compact array, the average traveltime residual for each 
event is subtracted from e'ach residual to give relative residuals. 

Relative residuals contain information on relative-velocity 
structures smaller than the sampled volume under the anay. In
formation on absolute velocities and on uniform stmctures span
ning the sampled volume is lost when an event's average residual 
is removed, whereas infonnation on velocity variations is retained. 
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FIG. 2. Schematic illuslration of the means of vertical resolution 
with teleseismic relative residuals. The relative residual pattems 
move roughly as far horizontally as the body is deep when the 
azimuth of ray approach is reversed. 

DISTANCE (km) NW 

FIG. 4. Relative residuals for each of three ray azimuths plotted as 
a function of positions of stations in the array. Directions of ray 
travel are indicated by the arrow. Solid dots are good quality data, 
open circles are lesser quality data. Heavy lines connect the me
dian relative residual at each station; narrow lines connect mean 
relative residuals weighted in favor of the better dala. Lines are 
dashed where based on a single datum. Positive (slow) direction is 
up on all traces. 

Horizontal resolution of anomalous bodies is better than vertical 
resolution because raypaths are wiihin 30 degrees of vertical in the 
upper cmst. Nevertheless, substantial vertical resolution is ob
tained, as illustrated in Figure 2. For a low-velocity body, for 
example, the peak in relative residuals occurs at different parts of 
the array for differenl ray azimuths and for different distances to 
the events (different incidence angles). This peak in relative re
siduals moves farther if the body is deeper. 

Results 

The Medicine Lake volcano in central northem Caiifomia, 40 
km east of Mt. Shasta, is a broad shield volcano with numerous 
flow and cone features. It exhibits basaltic, andesitic, dacitic, and 
rhyolitic volcanism of Pliocene through Holocene age (Anderson, 
1941). It is underlain by a shallow high-density, high-velocity 
body previously observed with gravity and seismic refraction 
technique (C. Finn, personal communication, 1982; J. Zucca, per
sonal communication, 1982). In order to explore deeper cmstal 
and upper-mantle stmcture associated with the volcano, a IOO 
km-long 1-D anray was deployed across the area during June and 

July 1981 (Figure 3). Three-kilometer station spacing in the center 
of the array was sufficient to resolve features 3 km across or 
smaller at any depth in the cmst; larger station spacing at the ends 
of the array provide reconnaissance of larger features to a depth of 
100 km. The array was oriented northwest to southeast to take 
advantage of the distribution of teleseismic events and allow inver
sion of these data for a 2-D section of velocity stmcture. 

Preliminary data from this an-ay are shown in Figure 4 for each 
of three ray azimuths. Several features are clearly shown: 

(1) A large high-.velocity feature (negative relative residuals) 
between distance 35 to 80 km coincides with the topographic ex
pression of the volcano. The minimum residual (distance 60 to 70 
km), centered just nonhwest of the Medicine Lake caldera, moves 
only slightly with changing ray azimuth and is iherefore caused 
largely by features shallower than about 3 to 6 km. 

(2) The region between 40 and 50 km distance is of lower 
velocity than areas on either side and produces a relatively positive 
residual. This feature is also independent of azimuth and therefore 
caused by a shallow body. Coincidentally, it occurs near one of the 
youngest lava flows on the volcano (J. Donnelly-Nolan, personal 
communication, 1982) and is the only candidate for a currently hot 
volcanic source region yet seen with these data. 

(3) Although sparse northwest of the volcano, these data com-
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FlO. 3 . The 110 km long Medicine Lake array (triangles) showing the array's location relative to towns and other features. Open triangle S is 
location of smoked paper monitor; dots are stations of permanent network. Station spacing in the center of the array averages 3 km; it strikes 

northwest to take advantage of the uneven distribution of teleseisms. 

bined with data from stations southeast ofthe volcano suggest that 
the shallow pan of the high-velocity body is confined to the area 
directly under the volcano. - . , . . ; . . 
>. (4) Relative residual features ^with large linear dimensions indi
cate the presence of high-velocity material, in the lower cmst and 
upper mantle as well. Events from the southeast (bottom of Figure 
4) generate earlier ani vals nonhwest ofthe volcano than southeast 
of it; events from the southwest (center of Figure 4) give about 
equal relative residuals on both ends of the array; and northwestem 
eventS!(top of Figure<4) generate larger residuals northwest of the 
volcano. This/'seesawyT.patteni^suggestsa large, high-velocity 
body extending to depths.of at least 100 km.T^ •.... -. . , * ". ̂ rvtr-
K- In most volcanic regions, volumes thought to be composed of 
melt or partial meh produce low-velocity bodies (e.g.^ Iyer et al, 
.1981). With the possible exception of the small, shallow feature 
between 40 and:50 km distance^Vno such low-velocity volcanic 
source volume has yet been identified :under'the Medicine. Lake 
volcano. The ubiquitous high-velocity features may represent melt 
residuum (in the mantle) and cooled mafic material emplaeed into 
the cmst. These results do suggest that any melt or partial-melt 
pockets that form prior to emptions must either be very small, very 
short lived, or both. . • . , .- r-. 

Firm results await processing of the rest of the available data 
and inversion of the final data set; this inversion is expected to 
reveal any subtle velocity stmctures not readily visible in the rela
tive residual data. Additional data from other networks in the area 
will also be inverted with the Medicine Lake volcano dala to 
produce a (less-detailed) 3-D model of the Mt. Shasta-Medicine 
Lake region.. 
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Induced Seismicity at The Geysers, California GE^ 
David Oppenheimer and Donna Eberhart-Phillips, U.S.G.S. 

A simultaneous inversion for hypocenters, velocity, and station 
delays was performed from P-w&ve arrival times of microearth
quakes and explosions at The Geysers geothermal area in nonhem 
Caiifomia. The resulting 1-D layered model was used to relocate 
over 5000 earthquakes occurring May 1975 through December 
1981. The relocated hypocenters are spatially clustered near pro
duction wells in the steam field, not apparent in earlier studies. 
Following the expansion of power production in 1979-80, new 
seismic activity is observed near the new, previously aseismic 
production areas. Statistical correlations of seismicity rate and 
both steam wididrawal and injection volume rates were calculated. 
Significant negative correlations were found between steam pro^ 
duction and seisniicity rate with a one month time lag. Both nega-. 
tive and positive conelatjons were found for injection volume rate/. 
The most significant correlatioh coefficient, 0.68, was obtained for. 
seismicity surrounding.a well that coiiunei\ce(l injection in Apiil'f 
1979. We infer frotn the spatial and temporal pattem of seismicity 
that earthquakes at The Geysera are' induced by geothermal-pnv 
duction activities, but neither steam production nor fluid injection 
can directly be shown to be the inducing mechanism. 

The Geysers geothermal steam field, located 130 km north-
northwest of San Francisco is one of the more seismically active 
regions in Caiifomia, with on average 10 microearthquakes M ^ 
0.5 occurring each day and 8 earthquakes Af ^ 3 occurring during 
the past 10 years. Previous studies of the seismicity in the area 
noted an apparent coincidence between earthquake locations and 
geothermal steam production sites (Marks, et al, 1978; Ludwin 
and Bufe, 1980) and suggested that the seismicity may be induced 
by geothermal steam production activities. However, adequate 
seismic coverage existed only after 1975, 15 years after active 
steam withdrawal began, and the preproduction seismicity is un
known. Peppin and Bufe (1980) failed to see a distinction in the 
seismic source characteristics between "induced" earthquakes at 
The Geysers and "tectonic" earthquakes occurring outside The 
Geysers. In this study we pursue the question of induced seismic
ity at The Geysers by precisely relocating the seismicity at The 
Geysers and examining the spatial-temporal correlations of the 
seismicity tq the geolhermal production activities. 

Relocations 

To precisely relocate microearthquakes in the study area, an 
improved velocity model, was determined from simultaneous in-
veraion of P-wave arrival times from local microearthquakes and 
explosions following Crosson (1976). The model consists of six 
constant velocity, layers with velocity increasing with depth from 
4.4 km/sec at the-surfacc to 5.9 km/scc at 8 km depth and delay 
terms for each station. The model reduces the variance of travel-
time residuals by approximately 70 percent in comparison to that 
of locations obtained from previous velocity models. Comparison 
of computed localions of explosions with their known coordinates 
indicates mislocation biases less than 0.3 km using this model. 

Figure 1 shows the relocated seismicity for Af ^ 1.2 occurring at 
The Geysers during 1976 and 1981. In 1976 the areas about power 
units 13, 14, and 15 were essentially aseismic. In 1979 and 1980 
steam production began near these units, and within 6 months after 
production commenced microseismicity appeared near these units. 
By contrast, the seismicity near unit 12 which also began produc
tion in 1979 did not increase. Since unit 12 is located in a region of 
the steam field wilh production dating to 1972, the lack of new 
seismicity may indicate that this area has already adjusted to pre
vious steam withdrawal. 

Seismicity at The Geysers does not generally exceed 6 km depth 
(Figiue 1). This unusually shallow range of earthquake depths may 
reflect elevated temperatures at depth, such that deformation oc
curs aseismically. Altematively, if the seismicity is induced by 
production activities, then this depth may indicate the maximum 
depth of influence of pioduction. Projections of surface locations 
of the Sleam and fluid injection wells to their reported total depths 
show a marked correspondence between hypocenters and well lo
cation. Equally significant is the absence of seismicity observed in 
areas of no production. Most events occur in clusters with hori
zontal and vertical dimensions of O.S and 1.0 km, at corresponding 
depths of well penetration (0.5-3.0 km), except for one cluster at a 
depth of 3.0-S.O km beneath units 7 and 8, which is deeper than 
the total depths of all wells. 

Correlations '',>", . • • ' ' . . . - , ,-
-.. ~— ' * • • - _ . . . - I 

To quantify the apparent, conespondence between microseis
micity and geothennal production, statistical conelations ( Q were 
calculated between the irionthly number of earthquakes and fluid' 
injection and steam production volume (State of Caiifomia, Divi
sion of Oil and Gas open-file information). Injection volume cone
lations with microseismicity located within a 1 km radius of 8 
injection wells are significant (-.037 i C £ 0.68) at 5 of the 8 
wells. The largest correlation (0.68) occura for a well which began 
injection in 1979. From the change in sign of C we conclude that 
either the correlation results are spurious or indicate that the mi
croseismicity is not simply dependent on fluid injection volume. In 
fact, the seismicity about all injection wells has increased with 
time, while the monthly variability of injection volume explains 
the difference in sign of correlation. 

Similar analyses were performed using the monthly volume of 
steani withdrawn from 80 percent of the wells about units 1-10, the 
oldest steam-producing region of The Geysers. Significant nega
tive correlations occur only for one month time lag of seismicity 
following steam withdrawal. The negative conelations reflect the 
steady increase in seismiciiy in contrast to the overall decline in 
volume of steam withdrawn due to the corresponding decline in 
steam pressure (Lipman et al, 1978). The negative correlations 
also conflict with the observation that seismicity conmiences in 
new production areas (Figure I). A more reasonable inteqjretation 

. is that the seismic response to variations in.steam withdrawal in 
these areas of.long-staiiding.piDductira can no longer be recog
nized. • •• • — ; ' i c - : " .J.-. . 

• - •> ' ' . . • . - " - • ; ( 

Conclusions 

; We infer from the spatial and temporal pattem of seismicity that 
earthquakes are induced by geothermal production activities at The 
Geysers. However, the mechanism responsible for inducing seis
micity is not clear. Thermal contraction ofthe reservoir rock due to 
steam withdrawal or fluid injection may be a foctor (Denlinger, 
1980), but we observe little positive correlation between the vol
ume of cold water injected or steam withdrawn and the number of 
earthquakes per month. Similarly, seismicity resulting from a vol-
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umetric change assoiiiaited'with"steam withdrawal (Majer and 
McEvilly, 1979) is not directly observable in the data. Altemative
ly, Allis (1981) proposed hardening of the reservoir rock due to 
pore pressure decline or increase.'in the coefficient of friction, 
thereby favoring unstable sliding to.deformation by creep. The 

° present'data are insufficient to, distinguish between these hypothe-
' ses, but'do clearly"demonstrate tlut the seismicity at The Geysers 

is induced .by production-related activities! 

• ReferericM- : ' ' " ' ' ' ' i t '. ' '. ' ' , . ' . ••• '•"''•' 

'Allis)!R^ C.!''l981, Comparison of mechanismi proposed for induced 
••.'!4rsei3nucify''of'-The'Geysers"geoth'enral'field:-Pix>c. 1981 New Zealand 

"geother, workshop; p. 57-61. * .• 
Bufe, C. G., Marks, S. M., Lester, F. W., Ludwin, R. S., and StickneyV 

M..C., 1981, Seismicity of The Geysers-Clear Lake region: U.S.G.S. 
. prof, paper 1141, p. 129-137. 

vCrosson,:Ri ,S., 1976,';,Crustal structiire,modeling of earthquake data I. 
. ...Simultaneous least squares estimation of hypocenter and velocity 

'̂ '̂  parameteis: j ! Geophys.' Res.,-v.-8i-, p. 3036-3046. 
Denlinger,:R.<P., and Bufe', C. G.,< 1980, Seismicity induced by steam 
' production at The Geysers steam field in northem Caiifomia: Trans. 

! AGU, V. 61, p: 1051. 
Lipman, S.C; Strobel. C. J., and Gulati, M. S., 1978, Reservoir perfonn

ance of The Geysers field: Geothermics, v. 7, p. 209-212. 
Ludwin, R. S., and Bufe, C. G., 1980 Continued seismic monitoring of 

The Geysers, California geothermal area: U.S.G.S. open-file rep. 80-
ir 1060;- ^ - • - •• - . 

Majer, E. L;, and McEvilly, T. V., 1979, Seismological investigations at 
The Geysers geothermal field: Geophysics, v. 44, p. 246-269. 

Marks, S. M., Ludwin, R. S., Louie, K. B., and Bufe, C. C., 1978, 
Seismic monitoring at The Geysers geothermal field: U.S.G.S. open-file 
rep. 78-798. --.-•--

Peppin, W. A., and Bufe, C. G., 1980, Induced (?) versus natural earth-
- quakes: search for a seismic discurainant: Bull. SSA, v. 70. p. 269-281. 

Detection of Geothermal Microtremors Using GE.5 
Seismic Arrays -irf -.*•• 
Alfred Liaw and Wayne,-Suyenaga, Arco Oil and Gas 

Two passive seismic studies were conducted in the Basin and 
Range province df the wesiem United Slates, using state-of-the-art 
multichannel.seismic array data acquisition and frequency-wave
number processing techniques. The purpose of our studies is to 
investigate the correlation berween low frequency microtremor 
activity and existing geothennal reservoirs. A 2S6-element modi
fied eight-arm geophone anay, with 1823 ft diameter, was de
ployed to monitor microtremors in the vicinity of Roosevelt Hot 
Springs, Utah. Coherent 2Hz microtremors were detected inter
mittently in four of the six recording sites; however, directions of 
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microtremor propagation did not indicate the existing production 
reservoir system to be the common source. The microtremor data 
in Beowawe geothermal area, Nevada, were acquired by a 120-
element 2000 ft diameter cross" array located tothe west of the 
geyser. Low frequency (2 to 10 Hz) microtremore clearly appear 
on every record. These microtremor activities are associated with 
the geothermal system at depth, as indicated by seismic body wave 
components propagating with extremely high apparent velocities. 

Microtremor, or seismic noise generated by a geothermal re
servoir, has been considered a direct indicator in geothermal ex
ploration. But in spite of a number of studies on this lopic, the 
subject is still controversial.' It is clear lhat a prime assumption has 
yet lo be proved: that geothennal reservoirs produce a detectable 
seismic signal. Physical mechanisms that might produce seismic 
noise include pressure variations, wilh or without changes of stale, 
and microcracking. These mechanisms seem plausible but will 
remain pure speculation until there is an unambiguous recording of 
microtremors originating from a geothermal reservoir. Experi
ments designed to detect microtremors with geophone array and -
frequency-wavenumber (f-k) processing have been conducted in 
several geolhermal areas in the westem U.S. Not all studies were 
successful in' correlating microtremor with a geothermal reservoir, 
however. In this paper we present results of the use of state-of-the-
an data acquisition capabilities, with the potential of using several 
hundred data channels, and/-it: processing techniques to correlate 
microtremor activities in two known geothermal areas, Roosevelt., . 
Hot-Springs;-Utah and Beowawe,' Nevada. ''. —..,-»• .•.•;;» 

' i i / 9 ' J i i 5 > t . • ! « . .-•;,•'. • J . i _•.-•..•..•, J. .i is.-- . 1 - . : . • ' ' • ..;.i . • . : : . - • ' , . ' ' .'.'t".- ! 

^RcioseV l̂t hotsprings.'area. ^ ...-' '!.;. , ,. •/, - . j ; , , 
• ^-The geothermal field at Roosevelt Hot Springs is delineated by 
production tests which agree with geophysical and geochemical 
data. The top of the geothermal reservoir ranges between 3000 to 
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- • MICROTREMOR TEST SnE 

Fio. 1. Geologic map of Roosevelt Hot Springs geothennal area, 
depicting locations of seismic anay as well as azimuths and ap
parent velocities of 2 Hz microtremor wave field. Lines radiating 
from sites have length proportional to velocity. 

FlG. 2. Sample record.of microtremor showing 2 Hz component 
. , and the geometry of seismic array. . 

SOOO ft deep.;Figure l.shows approximate limits of the Roosevelt 
field as defined by .well tests; alsoshown are. six sites "selectecl for. 
the microtremor field tes^. Two sites are directly over the reser-
voir,' three are just outside the boundaries of the field,'and the liast 
site'is about? miles south-southwest of the.pnxlucing field. The 
microtremor field test took place while the 'field was' shut down 
during January and Febmary 1980. A 256-element, modified. 
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VELOCrTY = 6500 FT./SEC. 
AZIMUTH = 360° 

FIG. 3. 2-D wavenumber power spectral densily contour plot at 2 
Hz for microtremors recorded at Roosevelt Site no. 3. Arrow 
points toward source of wavefront. 
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eight-arm array (Figure 2), with 1823 ft diameter, was deployed at 
each reconling site. Data were recorded by a GUS-BUS system 
during the-early morning when wind noise waŝ  geiierally at a 
miiiimum. ~ ' ' , " , ; \ 

After editing, array data, were. transformed, to the. frequency-
wavenumber domain. The apparent velocit); and azimuthal angle 
of the propagating wave fields were detennined according to the 
peak of the power spectral contours on the two-dimensional wave-
number domain for the dominant frequency component. The 
dominant frequencies of the seismic noise field recorded in the 
Rooseveh area are at 15,40, and 78.Hz. The/-Jt analysis indicates 
coherence is significant but apparent velocities are low, implying 
surface waves. The 2 Hz coherent microtremors were observed 
sporadically at sites 1, 2, 3, and 4. Figure 2 is a saraple record 
from site 3, showing coherent 2 Hz microtreraor. For site 3, the 
azimuth ranged from 350 to 53 degrees, and apparent velocities 
ranged from 5590 to 6910 ft/sec. Figure 3 shows one ofthe power 
spectral contours plotted in tenns of wavenumbers for the 2 Hz 
compoiient. Similar observations were mada.ai: olher sites: the 2 
Hz'component came in a duration of several minutes sporadically 
during the recording period but, with one exception, at consistent 
wavenumber and azimuth. However, the 2 Hz signal was not 
observed at all of the sites, and at those that it was, the incoming 
azimuth did not indicate a cbinmon source! On Figure 1, we see 
that at site 1, the 2 Hz component came in at widely varying 

.azimuths. At site S, which was located directly over the geother
mal. field,, no significant, 2 Hz .was recorded. --- , -.:, .V. 

. 1 : 1 ^ - ! •.-IHi'tTCT"';'' ,• • • • . ' • . ^ i ' : ; . - . i - t t - i j i l t - ' , " i * '̂  ' ••• . . . • . • • • • • ' t r . V 

!̂l|eoî awe geottteimalarea.; 
r.riThe Beowawe. geothermal.. area, is/located within the Battle 
Mountain heat flow high in notth-ceniEfal Nevada. The geothermal 

III IOI 01 01 ri ei 61 41 31 31 11 I 

FlG. 5. Sample record of microtremor showing low frequency 
components and the geometry of seismic array.-

system consists bf a shallow aquifer atabout .lOOÔ ft depth which 
! directly feeds the.geysers aiid. hot springs there. .The shallow hy
drothermai system is cotmectesid by faults to a reservoir at several 
thousand feet depth.- The deep reservoir is'probably infractiired 
Paleozoic .cartxinates, with heat supplied by. the enhanced sub-
crustal heat flow._ ••. .-r, !i •;. ^ . '•.-_ . ...-,-, ^ -

NEVADA — .— — FAULTS 

0 QEOTHERMAL w k a 

.^ X OEOPHONE ARRAY FOR 
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THE GEYSERS / 
a t • 
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ii 
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2 KILOMETERS 

Fio. 4. Geologic map of Beowawe geothennal area, showing loca
tion of microtremor test sites. 

Kx (CYCLES/KFT.) 

VELOCrrY = 17,600 FT./SEC. 

AZIMUTH = 245° 

FIG. 6. 2-D wavenumber power spectral density contour plot at 4 
Hz for microtreraors recorded al Beowawe test site. Anow points 
toward source of wavefront. 
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The microtremor experiment was conducted by Chevron Re-
sources.Co. in August 1978, at a site about a half mile northeast of 
exploration well Ginn 1-13, (Figiie 4). The test site was occupied 
by a.l20-element cross array, with 2000 ft diameter (Figure 5). 
Data were "recorded witli a 120^:hanne^pFS y sjistem.' . 

The raicrotremors at the Beowawe test' site are" consistently 
domiliiated by 2 to 10 Hz coherent'seismic noise (Figure ,5). The 
results of f-k analyis reveal that the predominant coherent micro
tremors propagate through the test site with azimuths ranging from 
225 and 333 degrees. The apparent velocities of 2, 3, and 4 Hz 
components range from 10,000 to 20,000 ft/sec across the geo
phone anay. On the other hand, the 10 Hz components propagate 
with apparent velocities from 15,000 to 69,000 ft/sec. Figure 6 
shows a typical contour plot of two-dimensional wavenumber 
power spectra] density for a 4 Hz microtremor coining from 245 
degree azimuth with 17,600 ft/sec velocity. Azimuthal angles for 
incoming microtremors do not conelate with any surface geother
mal manifestation. 'The extremely high apparent velocity indicates 
lhat the detected microtremors are largely body wave components 
emanating from the buried sources. 

Conclusions 

The spurces of the intermittent 2 Hz component microtremor in 
the libosevelt area are not clear. One thing is definite: it does not 
originate^frpm the existing geothermal.system.._.The/-t.analysis 

'with anay used in tliis study should have.been sufficient to detects 
'body waves eriiaiiatin'g from the geo^ermial.reservoir..,We con-, 

îciiide uat the 'geothermal ieservoir at Robs^yelt either (a)'does "not 
produce aiiy'riucrotremor everit, or (b) it produces one that is'too 
s i i i^ to be detected by tht j ^ method.!'rhe low fr»)uency raicro-

'tiremors.detected in Beowawe gieotheimal. area do not coirelate 
with surface manifestation. The high apparent velocity body wave 
compoiients imply that those microtremors are emanating from the 
buried sources at depth. 
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Deep Electromagnetic Sounding In GE.6 
Central Nevada 
Af. WiltiN. E. Goldstein, J. Fl^Haught, andH. F. Morrison, 
Lawrence Berkeley Lab -

Sixteen shaUow and deep controlled source 'electromagnetic 
soundings were performed in Buena Vista Valley,' near 'Winne
mucca, Nevada, to investigate ah intrabasement conductor pre
viously detected with magnetotellurics. The survey was carrinl out 
with' the LBL EM-60 system using a remote magnetic reference for 
low-frequency geomagnetic noise cancellation, 100 m and 2.8 km 
diameter transmitter loops, and a miniconiputer for in-field pro
cessing. EM soundings were made at distances fiom 0.5 to 30 km 
from three loops over the frequency range 0.02 to 500 Hz. Data 
were interpreted by means of 1-D inversions and the resulting 
layered models were pieced together to yield an approximate 2-D 
geoelectric model along the north-south axis ofthe valley. The EM 
soundings and one MT sounding show a 3 to 7 H-ra zone at a 
depth of 4 to 7 km. The conductor appears to be deepest al the 
northem end of the yalley.and shallovvest beneath a basement ridge 

that seems to divide Buena Vista Valley into two basinal stmc
tures. Similar intrabasement conductors are also reported 50-75 
miles south in the Carson Sink-Fallon areas, suggesting a common 
source, probably related to an anomalously hot, thin cmst. 

During the Spring of 1981 a.deep electromagnetic sounding 
survey was undertaken by Lawrence Berkeley Laboratory (LBL) 
in Buena Vista Valley, Nevada to confirm the presence of a rela
tively shallow intrabasement conductor, first detected with mag
netotelluric measurements, and to delineate the conductor by 
means of the LBL controlled-source sysiem, modified for deep 
sounding work. Shallow cmstal conductors have been reported at 
various places wiihin the Basin and Range province and they are 
presumed related to the heat source that causes numerous hot 
springs, high regional heat flow, and widespread epithermal gold 
and mercuiy mineralization. 

Sixteen controlled-source electroraagnetic soundings and one 
magnetotelluric sounding were made in Buena Vista Valley, 
Pershing County, Nevada (Figure 1). The EM soundings were 
made relative to three loop sources with source-receiver separa
tions ranging from 0.5 to 30 km. Two of the loops were four-turns 
and 100 m in diaraeter, sirailar to those we used previously for 
investigations to depths of about 2 km. The other was a 6.25 ion*, 
single-tura large-moment source capable of providing signal for 
deeper exploration. This large-diameter source had a moment of 2 
X 10° mks, appibximately'80 times greater than the smaller loops. 

Features'of the system, shown schematically in Figure 2, in
clude an'^'S^hannel.inidtiplMa',''a'2-chai^ digital 'oscilloscope 
for digitization, storage and dU^lay, and an HP 9835 minicom
puter, for data processing. Pfaise'reference between loop current 
and'observed magnetic'fields was maintained by means of oven-
controlled quartz clocks. ' \ 

Fio. 1. Location raap of the deep electromagnetic soundings, 
Buena Vista Vailey, Pershing County, Nevada, 
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Fio. 2. Schematic diagram of the EM-60 controlled-source EM 
• ̂  system. ==̂  

A 'remote reference magnetoineter, shown in the upper right 
,.: comer of Figure 2, was used for noise cancellation during both the 
• MT Wd'controlled-soi^ EM surveys. The MT noise cancellation 
, 't^hhiqire.was described by Gamble et al (1979). Iii thtfcdhtrolled-' 
'^ source^work, a distmit reference tnagnetometer provides signals to 

tmckK)utthe natural geomagnetic variations at the receiver station. 
.•-.Our experience'siiows'that a simple procedure of-analpg~scalar 

subtraction performed with the transmitter off will reduce the 
geomagnetic "noise" by about 20 dB, thereby extending the use
ful frequency range dovwi to ~0.02 Hz. The more elegant noise 
cancellation technique based.on finding the tensor coefficients did 
not woik as well because of the. large amount of time needed to 
obtain the coefficients, and the instability of the coefficients over 
longer time intervals. "" ' ' ' . , 

Fio. 3. Geoelectric cross-section showing interpreted resistivities 
along the axis of Buena Vista Valley, Pershing County, Nevada. 
Error bars are the standard error for the layer thickness. 

Results '•• - .- • -

' We performed 1-D inversions oh all 16 EM soundings and the 
one MTsoundihg. The data for most stations fitted well to 1-D 
models, and these layered models were reasonably consistent firom 
station to statiwi (Figure 3). -
• The low resistivity (10-20 fl-m) of the upper km presents some 
problems for deep eiectibraagnetic sounding. Although signals 
could be received at up to 30 km from the source, the higher 
frequencies were severely attenuated by the conductive surface 
layer, making it impossible for us to get useable data above about 
5 Hz when source-receiver separations exceeded 15 km. The low 
resistivity surface also limited penetration of EM waves, thus 
making low frequency data collection mandatory. Without noise 
cancellation, collection at low frequency data would have been 
very difficult. 

Figuie 3 is a composite of 1-D interpretations along a north-
south line paralleling the valley. According to our convention, the 
layered-fnodel inteipretation is plotted at a point midway between 
the transmitter and the re'ceiver. The resistivity cross-section re
veals that tlie shallow portion of the cmst beneath Buena Vista 
Valley can be approximated by 4 or 5 layers. The parameters of 
the top layer are resistivity of 20 fl-m and a thickness of between 
50 and 200 m..These parameters seem to be fairly consistent at 
most'locations in'the valley. This layer most likely represents 

. p ^ a l l y saturated Quaternary alluvium. "The second layer is sonie 
,.>.,2(X) to 5()0'mJ t̂hick Md approximately ^ 
.:!-'unit is thickest iin the northern and southem pans ofthe Valley aind 
^may.Be'abseht inthe center of. the=valley; it likely represents 

• > . . . • • • « •-;• . ^ - T - : ' . ' r i t . i j ! • •••• - - , . . • - " • ' • ; • - • ' - • . ' - w ^ - ' < : : : . ' - • ; • . 

- .satiirated Temary. sediments and volcamcs. Deeper parts of. the 
,.sectipn indicate conductive sediments overiying resistive base-
'ment.'BaMinent depth'faiiges froni 0.5 to 2.5 km witH a'.basement 
high which'suggests that the valley raay be subdivided stmcturally 
into'two basins, a northern one 1 to 1.5 kih deep and a southem 
one 2 to 2.5 km deep. The resistivity of the basement is poorly 
resolved with EM and MT soundings because it carries relatively 
little current and therefore does not contribute greatly to the re
ceived signals. . . .- ' 

Evidence for a conductor within the basement was found on 
three EM soundings and the MT sounding. For the EM soundings, 
a good electrical conductor (3 to 7 Xl-m) was indicated 4 to 7 km 
beneath the centra] portion of the valley. The MT sounding indi
cated a good conductor (approximately 25 fl-m) 11 km in depth 
beneath the northem end of the valley. Fifty to 75 miles to the 
south in the Carson Sink, experiments by Keller et al (1981) and 
by the U.S.G.S. (Stanley et al, 1976) have indicated conductors.at 
about 5 km in depth. It is. tempting, therefore, to speculate on 
whether the conductors are related geologically,, constituting a 
regipnal featiue. On the basis of geothermal evidence, Stanley et 
al (1979) projxKe*!. that tHe conductor is caused, by Tertiary and 
pre-Teniaiy marine sediments" saturated with water at 150° C or 
greatei:'and.>vith salinities of.about 20,000 ppm. 'The widespread 
dccuite'nce^f the conductor seems to confirm thaTa broad area of 

.•..V i , , ' • • , ' . • • • " • • n . t ' . j ^ . I •; , - •• . •-••i; -- .J: ; • , . • : i - . . . • .- . ' , . . , • • . 
the.sliallow crust IS anomalously hot.. 

. i j - ' i - s ' . , • - : , ' - . . - : . - . . - . - • . - - . - . . -r - ••. 

J. Although there are other surveys supportmg the intrabasement 
.conductor, our suteurface electrical moklel is only preliminary. 
'The irregular valley .shape, variable basement depth, and. the 
anomalously small radial fields and large tangential fields observed 

.suggest_3.-Dcomplexities. 2-D moideling suggests that the depth to 
the conductor'may be underestimated in the 1-D inversions. 
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Depth to Curie Isotherm In Arizona by Magnetic GE.7 
Anomaly Inversion 
Af. R. Hong, C. L. V. Aiken, Univ. of Texas al Dallas; and 
W. J. Peeples, Univ. of Texas^at El Paso 

Modeling sources of magnetic anoraalies as variable raagnetic 
layers with lateral susceptibility changes allow the depth to the 
Curie isotherra to be interpreted. If the Curie temperature isotherm 
depths are mapped, information as to the present thermal condition 
of the cmst is obtained. A Backus-Gilbert raethod is used to solve 
for the lower'boundary of 2-D bodies (raodels) which cause mag
netic, anomailies and to assess vertical accuracy (variance) and. 
lateral "resolution (spread)! "Ilie io'wCTboiin'dary CM te ::. 
a continuoiis function'̂  A depth'to Curie isotherm map oif Arizona 
is^obtained'from'analysis'of ttie state aerotiugneticmap: Results 
aie compared to-other Curie deptlFstudies'W well as'available 
geologic and geophysical data; The,resujts.agree in general with 
Curie depth"investigations which employed spectral matching, but 
hot with other types of magnedc. anomaly analyses.. Shallow 
depths (5-9 km below sea level) are indicated along the transition ~ 
between the Colorado plateau'and the Basin aiid Range provinces, 
in the .White Mountaiiis in east-central Arizona, in southwest Ari
zona, and in the Tucson area of southeast Arizona. Curie depths in 
central and south-central Arizona are 20 km below sea level which 
is unexpectedly deep for the Basin and Range. The results can be 
an aid in determining geothermal potential of the area when used 
in an integrated analysis; 

Estimates of the thickness of the magnetized portion of the 
earth's cnist suggest that magnetization boundaries can correspond 
to changes in composition within the cmst or higher temperatures 
at depth which cause the rocks to lose their magnetism (the depth 
to Curie isothenn). It may be possible to locate a point on the 
isothermal surface by determining the depth at which the rock is no 
longer magnetic. If a sufficient number :of Curie depths are 
obtained in an aiea, an isothermal surface at the Curie temperature 
would be defined and temperatures al other depths could be 
detennined. 

The general linear geophysical problem relates observation data 
with the unknown function and its defining kernels through an 
integral transform equation!'A solution is estimated by the'method 
suggested, by Backus and Gilbert (1970). The quality of the solu
tion can be expressed by the trade-off! of spread versus variance 
and the average solution for the model .'This approach is liseid for 
inversion of magnetic anomalies,'; being'applied directly to the 
observed magnetic data with no iifianipulation of the data, such as 
reduction-to-pole processing. A known variable upper boundary of 
the magnetic body can be used to take into account magnetic 
lenain effects and different magnetic survey parameters. Lateral 
susceptibility contrast variations can be incorporated so that adja
cent body interference'can be^considered. 
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FIG. 1. Inversion of magnetic anomaly of-synthetic model with 
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Synthetic data were calculated for raodels and then inverted to 
detennine. the lowef bountlaiy solution. In Figure 1,-boundaries 
and values ofthe lateral susceptibility contrasts, were incorrectly 
placed. Tbe'fit between synthetic noise-free^data and computed 
magnetic effects is considered insufficient. A change of suscepti
bility contrasts and block widths is considered necessary by the 
radical thinning of the lower boundary. 
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«r-,S:iif*'a-«TJ'»j,r'Kt;;tsistiSv*i''fe*iî  rs-jf}Ct̂ -!4si5'ift'i.s''j4t:?:..v:i's,'i:-;.:̂ ^ •—• 
^.« A!!,good fit.occursi^wilh,cbrrectiiSusceptibilitjr,^describing.tlie 
!.stracture(Figtire_2).jJhe solution hasiastandani'devi^ 
thaij 0;3 km. Only wten all the free paraihelers were correctly 
supplied can the Backus-Gilben method converge closely to the 
sotution.7- . 'T - i --liJu^iL" .;:••. •-i • ' s ' : . " : : •' 'H-.-.. . 

,FIO. 5!!vtnveision for, Curifc depth estimation in Colorkito. Plateau 
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spectral matching (Byerly and Stolt, 1977), anomaly aoofplitudes 
(Sauck, 1972). and spccCral analysis (Shuey et al, 1973)! C3on-
straints on the lip^r boundaric of the sources of magnetic anom
alies are bken from geologic maps, depths to bedrock mapsi drill 
bole infonnation, and geophysical'interpretations. "The deepest 
part ofthe resultant model from' inv^ipo is then chosen as a point 
estimate for the depth to the Curie isotherm within a vertical ac-
cluacy deternutied ^y statistics. A total of 58 profiles over the state 
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; i have been inverted to date,-and/areas of deep and shallow Curie 
depths haye been defined (Figure 3). The Curie map in this study 
covers a larger area than the Byerly and Stolt (1977) map, extend
ing into tlie southem part of the state.This new map shows more 
variations than the Byerly and Stoit (1977) map, but their region of 
shallow Curie depth in central Arizona does correspond well with 
this new map. ,' - •—•-
- A profile located near the Sienita Mountains to the south of 

Tucson ill the Basin and Range province was inverted, and a 
solution was first obtained assuming that the model had a flat upper 
boundary (Figure 4). The result is an abmptiy irregular lower 
boundary, and computed values do not fit the observations very 
closely. The upper boundary of this magnetic block was then 
determined by geophysical analysis and drill hole control (see 
dotted upper boundary). The final depth to Curie isotherm solution 
is similar (dotted lower boundary), about 12 kra below sea 
level, but the lower boundary is reraarkably flat and the fit to 
the observed anomaly is significantly better, within less.:than one 
gamraa. • « . • 

" Figure 5 shows a typical anoinaly in the Colorado plateau near 
the Juniper Mountains.-The source apparently is an intmsive body 
below a relatively flat'ciystalline basement.The depth to the (Zurie 
'temperature i | defined with a fiat surface. Also note the extremely 
large effective susceptibility, 0.0059 cgs, indicating a very mafic 
•rock type?.-: Vi?^ .^ '?^ i^>^Mi^^. - - ' - ' ^^ • •-' -;-\:̂ <i':f\-":x^g4t . 
'd.̂ A profile^extending^fn>m?southwest.<Arizona' northeastward! tb'-
jjtah'is 'shown'in'Figure! 6.=i In^"gravity;'analysis pf-ArizoM 
prominentreSdiial-gfavity lo'ws-occur::<l)':innorthwest Arizona, 
the Aquariiis area,'and'(2) in'slbuthwestrAriizoiia,'the Castle Dome 
area~(Aiken'^aiid :AA(ier,~^1981).."niese have been inteipreted as 
possibly related to high temperatures,, but the sources oif the anom
alies are modeled as low-density lower crust.These two gravity 
lows agree in general with the location ofthe shallow Curie depths 
on the new map. The shallow Curie depth in the southwest corre
lates'with the < so-called subdued.zone thought.to be related to 
shallow Curie depths (Sauck, 1972). The other supposed subdued 
zone.(near 34°N. latitude) thought by some to be.related to.a 
shallow isotherra does not correlate with an interpreted shallow 
Curie depth or.gravity lows. .These lower magnetic anomaly 
araplitudes reflect a lithologic change in the crust, not significanUy 
higher crustal temperatures. Other seismic information between 
the Castie.Dome and Aquarius areas indicate an anomalously low 
P-wave velocity, of 7.65 km/sec, possibly related to melt condi
tions (Sinnoet al, 1980). Heat flow maps frora Shearer (1980) and 
others show'the relatively lowef heat-flow of the inner Colorado 
plateau and higher heat flow of the Basin and Range province, but 
the data coverage is sparse and uncorrected:'The corabined geo
physical information seeras to indicate the possibility of shallow 
geothennal resources at both the Castle Dome and Aquarius areas, 
biit the shallow depth at" the iiorth end'near the Grand Canyon ih 
the Colorado plateau.could be related to a lithologic lower bound
ary. Whether the raagnetic layer is defined lithologically or ther
raally is dependent on ah integrated analysis. 

References .y. J j , , . >.̂ ..-.. . .-;•.,,. •.«-.-::.-
Aiken, C- L-.-.'y.-, and Ander, M. .E., 1981. A regional s&ategy:for explora

tion with emjphasis'on gravity and magnetotellurics: I: Volcano: .Geoth. 
K e s . , y . S: - '^- '?^^--K:! , '^ - : . - - • ' I , • ' - . - • •"• i . ->" . ' • . : - - '^ ' , . -

Byerly, P. E., and Stolt,' R., H., 1977, An atteinpt to define the Curie 
isotherm in nonhem and central Arizona: Geophysics, v. 42, p. 1394-
1400. 

Lysonski, J., Sumner, I. S., Aiken, C. L. V., and Schmidi. J. S., 1980, 
Complete residual Bouguer gravity map of Arizona: Bur. Geol. and 
Min. Tech., Tucson. 

Sauck, W. A., and Sumner,"-J.'S.-, 1970, Residual aeromagnetic map of 
Arizona: Univ. of Arizona,- Tucson., . ' . . .:' --:; 

Sauck, W. A., 1972,-Compilation and preliminary inteipretation of Ari
zona aeromagnetic map: Unpublished doctoral dissertation, Univ. of 
Arizona, Tucson. 

Shearer, C , 1980, A regional terrestrial heat flow study in Arizona: Un
published doctoral dissertation. New Mexico Institute of Mining and 
Technology, Socorro. 

Sinno, Y. A., Keller, G. R., and Sbar, M. L., 1981, A crustal seismic 
refraction study in west central'Arizona: J. Geophys. Res., v. 86, p. 
5023-5038. 

Shuey, R. T, Schellinger, D. K., Johnson, E. H., and Alley, L. B., 
1973, Aeromagnetics and the transition between the Colorado Plateau 
and Basin and Range provinces: Geology, v.-1, p. 107-110. 

Terrane Correction for Terrestrial Heat Flow GE.8 
Steven G. Henry, Conoco Inc.; and Henry N. Pollack, 
Univ. of Michigan 

We present a raethod of estiraating tme regional heat flow in the 
presence pf perturbing topography, variable surface-temperatures, 
and subsurface thennal conductivity contrasts. The method in
volves the solution of the sieady-state.three-dimensional heat con
duction equation by finite diH'erence numerical techniques. The 
topography is represented by an irregular upper boundary and the 
variable surface teraperature as a boundary condition along the 
irregular iippex surface. Internal stmctural configurations and con
ductivity contrasts are easily accommodated..The principal vari
able input into the. system is the basal unperturbed heat flow. Hie 
best value of .heat flow is obtained by. minimizing, in a least-

- s(]uares sense'i differences between, observed and calculated tem
peratures. Temperature obseryations commonly.are distributed. 
-throughout tlie near-siuface (perturbed) envirorunent,, in multiple 
boreholes, tiiimels",!and/or raine'galleries. The method is particu!-
larly suited to the simultaneous analysis of an ensemble of dis
tributed observations, in contrast to other methods that focus on 
perturbation tb the tennperature gradient in the vicinity of a single 
borehole. We have used the method to reduce data obtained at 15 
newly established heat flow sites' in the' Bolivian and Pemvian 
Andes. We illiistrate the application ofthe method to observations 
raade in the Bolivar inine in Bolivia! Teraperature measurements 
there were obtained in two vertical and two inclined boreholes 
drilled firom within the underground mine. The observations were 
distributed horizontally over 1200 ra and vertically from 100 to 
650 m beneath the topographic surface. 

We present here the results of an investigation into a method of 
terrane correction which models the subsurface temperature dis
tribution ahd provides'an estimate ofthe reliability ofthe heat flow 
determined by the method. The necessity of terrane corrections to 
measured temperature gradients in-regions of topographically per
turbed heat flow has long been recognized- as a problera in geo
therraal investigations. A recent treatment of the terrane correction 
by Blackwell et.al (1980) prbvides references to all the major 
investigations' of the topographic disturbance to the near surface 
temperature distribution:rThe eariy methods'of terrane correction 
involved an-approximation of the-actual topography with a geo
metric form for which an exact solution to the heat conduction 
equation could be determined. Birch (1950) developed an im
proved meihod which.,allpwed .for a numerical .representation of 
the[t6ix)graphy.;His metiiod ihyplyes'defining a reference plane bn 
which the tempieratiufe varies in proportion to the overlying toi^g-
raphy: Recerft" raethods of calculating terrane corrections utilize 
modem computational power and are able to calculate the entire 
subsurface temperature field. The method of Blackwell et al, for 
example, represents the local topography and surface temperature, 
distribution by Fo.urier.series, and via'polential theory solves for 
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temperatures in the subsurface, "rhe method which we present is 
similar to that of Blackwell et al, except that the heat conduction 
equation is solved by finite difference numerical techniques under 
more general conditions. -• ' •.'.'- • - - _ • ' • • • ' 

In order to deal withlerrane corrections numerically, sufficient 
infonnation must be collected from the field area of the heat flow 
sites. Data which enter into terrane calculations are the topo
graphic configuration, the temperature distribution over the sur
face, and the distribution of thennal conductivity. A model is 
constmcted by partitioning the region surrounding the site with a 
2-D or 3-D rectangular grid. The local topography may be ap
proximated by a series of steps up or down in the grid. The tera
peratures on this irregular surface then define an upper boundary 
condition to which the subsurface temperature distribution most 
come into equilibriurh. The subsurface temperature distribution is 
determined by the heat flow which enters the region from below 
(an experimental input variable), the distribution of thermal con
ductivities, and the surface temperature boundary condition. Sub
surface temperatures are calculated'.iteratively, and as the itera
tions proceed, the effect of the surface boundary condition relaxes 
into the subsurface until an equilibrium temperature distribution is 
achieved. - . ' » ' . . ^ . • 
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Fio..l,..Above,.Cross;Sedti6h through the Bolivar mine,.Bolivia! 
Regiona) cro^s-sectioii is shown above mine cross-section. Mine 
section shows location of boreholes as- solid heavy lines. Eleva
tions on left are> in meters with no vertical exaggeration; grid 
element numbers are on right. Below, open circles are calculated 
temperatures, solid circles are observed temperatures. For each 
borehole, dashed line to left is for basal heat flow of IOO mW m"^, 
dashed line to right is for 150 mW m"*, solid line is a close fit of 
125 mWm- ' . -

Computing the differences between observed and calculated 
temperatures and minimizing these differences in a least-squares 
sense allows for establishment, of the basal heat flow which best 
satisfies the observed temperatures. The ability to mateh closely 
the calculated temperature field to measured temperatures [spri-
marily a function of the quality and distribution of the field obser
vations. • . . 

The following illustrative example is frora one of 15 newly 
established heat flow sites in the Bolivian and Pemvian Andes 
(Henry, 1981). All of these sites required terrane corrections, and 
most required 3-D models'. The Bolivar mine in Bolivia, however, 
is adequately represented with a 2-D model due to the stmcturally 
controlled topography which follows the long axial anticlines and 
synclines in folded Devonian shales. The topographic profile and 
measured temperature-depth plots are shown in Figure 1. Effects 
of varying the basal heat flow are illustrated by the temperatures 
shown witii open circles. However, to detennine precisely the best 
fitting value of basal heat flow,, it is necessaiy to calculate the 
mean-squared differences of the observed and computed terapera
tures. The mean difference between the 15 observed and the corre
sponding computed temperatures, for basal heat flows of 100 and 
150 mW ra"* are approximately 1.6°C, whereas for 125 mW m"', 
the mean difference is about 0.5X1. The computed best fit was 128 
mW m"*, with abouLO-St] mean deviation, indicating the sensi
tivity of the method. If the observed temperatures are of moderate 

.-to poorireliability, then a larger range of basal heat flow will yield 
.-calculateditemperature distribution^which liiatoh the.'Observations 

roughly equally, resulting ina broad minimum of differences., We 
-estimate thcquality of a heat flow site!on tbe basis of the range, of 
basal heat flow which results.in*a doubling of the minimum mean 
deviation. Detennination of the quality of the site ailours for better 
evaluation and can provide the necessaiy basis for the elimination 
of sites with possible disturbed or unreliable temperature measure
ments. ' ' , • - •̂•. ---••' . :, •: ' •-• 

The modeling procedure presented here has proven useful in 
interpreting subsurface temperatiue distributions in regions-which 
require terrane corrections. The best fitting basal heat flows deter
mined by terrane raodeling in a nuraber of different areas revealed 
that the. regional, variability of heat flow in the. Andes was much 
less than uncorrected heat flow estimates had suggested. r°: 
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Thermal hydrology and heat flow of Beowawe 
geothermal area, Nevada 

Christian Smith* 

AB.STRACr 

Inflections in temperature-depth profiles from forty 
150 m thermal gradient holes define a shallow thermal 
flow system in the Whirlwind Valley near the Beowawe 
Geysers. U.S. Geological Survey hydrologic data reveal 
the vertical and west-to-east components of cold water 
flow at the water table above the thermal flow system. 
The temperature inflections break most abruptly in 
areas with a downward component of flow at the water 
table. The inflections are thought to indicate the level 
where the buoyant thermal water maintains a dynamic 
equilibrium with the overlying cold water. Combining 
these geophysical and hydrologic data suggests areas 
away from The Geysers vyhere thermal water may rise 
from the deep reservoir into the alluvium. These leakage 
areas may be viable geothermal exploration targets. 
Even if the temperatures of the leakage were subecono
mic, knowledge of where upwelling occurs could be 
helpful in assessing the potential for energy production. 
The systematic acquisition of hydrologic data js recom
mended as a standard component of hydrolhermal re
source exploration programs. 

Measuremenis of thermal conductivity from chip 
samples from the shallow holes and from Chevron Re
sources Company's Ginn 1-13 geothermal exploration 
hole (2917 m T.D.) enable inferences based on heat flow. 
The average heat flow east of the Dunphy Pass fault 
zone, 110 mW/m^, may be representativp of background 
in this portion of the Battle Mountain high heat flow 
province. Thermal gradient and conductivity data from 
the deep well have a wide range of values (65-
144°CAm, 1.59-5.95 W m - ' K " ' ) but produce a rela
tively constant heat flow of 235 mW/m^ above a depth 
of 1600 m. The shallow data indicate that the area with 
similarly high surficial heat flow extends as far east as 
the Dunphy Pass fault zone, suggesting lhat this Mio
cene rift boundary may form the eastern margin of the 
Beowawe hydrothermal system. 

INTRODUCTION 

The geysering aclion of vandalized wells drilled in the late 
1950s for geothermal exploralion at Beowawe, Nevada, may 
have been the most spectacular hydrothermal phenomenon 
created artificially in the United Stales. The location of the 
blowing wells, known as The Geysers, is shown in Figure I. 
They were spudded in a I km long opaline sinter terrace on the 
south flank of the Whirlwind Valley in Eureka and Lander 
Counties, Nevada, approximately 50 km cast of the town of 
Battle Mountain. Al this time (spring 1981), The Geysers play 
intermittently. 

Struhsacker (1980) gave the most thorough description ofthe 
stratigraphic and structural framework of the Beowawe area. 
Other recent geologic summaries were given in Zoback (1979) 
and Garside and Schilling (1979). As shown in Figure 1, The 
Geysers lie along the Malpais fault zone at the base of the 
Malpais Rim. The steep fault-scarp slope faces north-northwest 
towards the Whirlwind Valley. Tertiary lava flows and tuffa
ceous sediments crop out on the Malpais dip slope. The Mal
pais scarp exposes an older normal fault system, the Dunphy 
Pass fault zone, that has a northwest trend. This Oligocene to 
Miocene fault zone forms the eastern margin of a major 
northwest-trending graben that is part of the southern exten
sion of a 750 km long linear aeromagnetic and structural 
feature called the Oregon-Nevada lineament (Stewart et al, 
1975). 

The Tertiary volcanic section within the graben is approxi
mately 1400 m thick; east of the Dunphy Pass fault zone, it is 
only IOO m thick. The detailed volcanic stratigraphy of Struh
sacker (1980) is included in Figure 2. The underlying Ordovi
cian Valmy formation is a shattered sequence of siliceous eu
geosynclinal sediments that are part ofthe Roberts Mountains 
thrust sheet. Carbonaceous siltstone, chert, and quartzite ofthe 
Valmy formation crop out along the Malpais east of the 
Dunphy Pass fault zone and are encountered by- the deep 
geothermal test wells in the Whirlwind Valley. Tertiary diabase 
dikes that intrude both the Valmy and the volcanic rocks are 
thought to be the source for the pronounced aeromagnetic 
anomaly associated wilh the Oregon-Nevada Lineament and 

• € 
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FIG. I. Location and generalized structure ofthe Beowawe area (after Struhsacker, 1980). 

the feeders for the Tertiary volcanic sequence filling the graben 
(Robinson, 1970). 

In the 1970s, exploration for a hydrothermal resource capa
ble of sustaining eleclrical power generation was conducted by 
Chevron Resources Co. and Getty Oil Co. Much of their geo
physical data has been acquired and made available through 
the Dept. of Energy, Division of Geothermal Energy Industry 
Coupled Program (Chevron Resources Co., 1979; Getty Oil 
Co., I98I). Included in these data packages are the 
temperature-depth profiles and drill-chip cuttings from the 
forty 150 m thermal gradient holes shown in Figure 3. The 
temperature-depth profiles provide a three-dimensional (3-D) 
view of the coupled heat and water flow in the shallow subsur
face. Mapping these flows can contribute to the exploration 
elTorl by locating upflow zones or widespread horizons with 
enhanced permeabilily. 

THERMAL HYDROLOGY 

The geolhermal industry has generally neglected to include 
groundwater studies in their exploration programs even though 
water is the resource being sought. The typical program has 
looked at water only with an eye lo its chemistry. Geothermal 
exploration geophysicists can remedy this omission by includ
ing piezometers in their shallow drilling plans. 

A piezometer is a small-diameter pipe open to a waterbear

ing formalion at one depth only, generally al the bottom, as 
schematically shown in Figure 4. The annulus between the 
drilled hole and the pipe or casing is usually grouted to ensure 
that there can be no vertical fluid flow within the hole. The 
elevation at which water stands in the piezometer indicates the 
total hydraulic head al the point of measurement. The hy
draulic head H is the sum of two components, the pressure head 
P/pg and the elevation head z: 

/f = z-l-—, 
P3 

(1) 

where 2 is the elevation above an arbitrary datum (usually sea 
level), P is the fluid pressure, p the fluid density at ambient 
temperature, and g the acceleration due to gravity. 

Under nonisothermal conditions, observed head values are 
corrected for density differences. In most groundwater studies 
these differences are small enough to be neglected. At geother
mal areas with cold water aquifers, the less dense thermal water 
generally plumes upward to float on the colder water or emerge 
as hot springs. Where the thermal water is not sufficiently hot 
and buoyant, the weight ofthe overlying cold water may hold it 
down. The result can be a temperaiure inversion wiihin the 
aquifer. 

Water flows from areas of higher hydraulic head to areas of 
lower hydraulic head. Figure 4 is a sketch of the relation given 
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FIG. 2. Stratigraphy of Beowawe area with measured Ihermal conductivity values. 

by equation (1). The elevations of standing water (corrected for 
temperature where necessary) in a number of piezometers cora
pleted in the same horizon and distributed over an area, as in 
Figures 5a and 5b, are used to produce maps of hydraulic head. 
The differences in water levels seen in plan view can be used to 
compute the horizontal componenl of hydraulic gradient and, 
in isotropic media, the direction of waler flow. 

A cross-section of hydraulic heads can be generated if waler 
levels are measured in adjacent piezometers completed at differ
ent depths, illustrated by Figures 5c and 5d. The dilTerence in 
elevation of standing water in adjacent piezometers can be used 
to compute the verticai hydraulic gradient. Since elevation is 
positive upward, a negative vertical hydraulic gradient implies 
that there is a downward component of groundwater flow at 
that location. A positive value is computed wherever water rises 
from depth. 

In areas where water flow affects heat flow, hydraulic head 
data should be able lo delineate zones of upwelling hot water. 
Since hot water is the hydrothermal resource, water levels and 
vertical hydraulic gradient data should be gathered as part of 

any geothermal exploration program. Data from Beowawe 
demonstrate the utility of incorporating groundwater hydrol
ogy into Ihermal gradient surveys. 

BEOWAWE GROUNDWATER 

The U.S. Geological Survey, Water Resources Division, has 
drilled piezometers at several northern Nevada geothermal 
areas (e.g., Welch et al, 1981). Their data for the water table in 
the Whirlwind Valley are shown in Figure 3. The elevation of 
the water table appears to decrease systematically down the 
valley from west to east, reflecting the topography. It is wiihin a 
few meters ofthe surface in thecenter of the valley. Much ofthe 
groundwater in the valley is presumably discharged by evapo
transpiration at a playa lake beyond the eastern edge of Figure 
3. Some may reach the Humboldt River farther to the east. 

Water levels in the paired piezometers allow the compu
tation ofthe vertical hydraulic gradient. Near The Geysers the 
vertical gradients are negative; water at the waler tabic flows 
downward as well as toward the center of the valley. The 

Bi 
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FIG. 3. Map of Beowawe area showing ihermal gradient holes, piezometers, and elevation of water table. 
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FIG. 6. Tcmpcrature-dcplh profiles wilh similar Ihermal gradi
ents. Whirlwind Valley, with inferred depths to lop ofthermal 
(low sysiem. Lithologic symbols given in Figure 2. 

vertical gradient is positive in Ihe piezometer pairs in the center 
of the valley. In this area, water flows upward as well as 
eastward, perhaps responding to evaporation al lhe water 
lablc. 

The vertical flow measured in the shallow piezometers is 
indicated at greater depths by curvature and inflections in 
temperature-depth profiles. Figure 6 presents examples. Hole 
C-22 is near piezometer pair AH-2 which has a strong negative 
gradient; its temperature profile is concave upward, reflecting 
the downward flow of water (Sorey, 1971). Upward fluid flow is 
shown by the concave downward profile of hole C-l I near the 
center ofthe valley. 

The 68°C/km gradient in hole C-54 is similar to those in 
holes C-l 1 and C-22, but its linearity for the length of the hole 
and low temperature are unlike the other profiles in Figure 6. 
The tcmperaiure-deplh profile in hole C-54 is one of the few in 
the Whirlwind Valley that shows little disturbance by ground
water flow and may be representative of regional conductive 
heat flow. If 68°C/km were a background gradient in alluvium, 
the regional conductive heat flow would be approximately 118 
mW/m^. This heat flow is within the range of values given by 
Sass et al (1971a) for this portion of the Basin and Range 
province, allowing hole C-54 to serve as the reference for an 
arbitrary definition of coW and thermal for the Beowawe area: 
water less than 7 ^ above the temperature in C-54 at the same 
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FIG. 8. Map of temperature at top of thermal flow system, 
contours in °C. 

FIG. 9. Map of elevation at lop ofthermal flow system, contours 
in meters. 

depth is said lo be cold; water at higher temperatures is ther
mal. 

Many of the temperature-depth profiles in the Whirlwind 
Valley contain abrupt downward inflections that are diagnostic 
of vertical transport of heat by groundwater. The inflections 
occur at depths ranging between 24 and 134 m and at temper
atures from 28°C to 60°C. The relative temperature scale of 
Figure 7 is used to avoid overlap of several of these profiles. 
The inflections are keyed with their temperatures. Including the 
measured temperature at the shallowest depth permits the re
construction of the actual temperature profiles. 

The inflections in the temperature profiles are caused by fluid 
flow largely within the open annulus of these economically 
completed exploration holes. To minimize drilling costs, the 
annulus between the 0.12 m (4.75 inch) drilled hole and the 0.03 
m (1 inch) pipe was nol grouted. This method of hole com
pletion is not recommended because the open hole forms a 
conduit for vertical flow. The annulus becomes a poor piezo
meter, open to fhe formafion over fhe length ofthe hole instead 
of at one isolated interval. Differences in hydraulic head within 
the formation drive the vertical flow. The temperature inflec
tions are interpreted to occur where the buoyant head of ther
mal water balances the gravitational head ofthe column of cold 
water above. They indicate the level where a dynamic equilibri
um is maintained in the hole between rising thermal water and 
heavier cold waler. Their depths probably do not strictly corre

late to the top of a particular aquifer or fo a true hydraulic 
head. These data are not optimal but they are usable. They 
fprm a tnappabje horizon interpreted ti? represent the top of fhe 
thermal flow system. 

Figure 8 is an illustration of the temperature at the fop of the 
thermal flow system as inferred from inflections like those in 
Figures 6 and 7. The hot springs around fhe base of fhe siiifer 
terrace at The Geysers provide additional data. TTie near radial 
symmetry of the temperature distribution suggests that the area 
of The Geysers contains the principal source of thermal water 
flowing into fhe alluvium of fhe Whirlwind'Valley. This sym
metry also suggests that the temperature inflections reveal a 
single, laterally continuous flow system. 

The elevation of the fop of the thermal flow system is shown 
in Figure 9. These elevations cannot be corrected for density 
since the thermal gradient holes are not true piezometers and 
fhe inflections are not true hydraulic heads. The contours of 
Figure 9 reveal fhe levels fo which fhe buoyant water rises. 
They reflect neither fhe radial pattern of the temperature raap 
nor the west-to-east hydraulic gradient of the water tabic. 
Thermal water levels are higher within the bedrock southwest 
of The Geysers than they are in fhe adjacent alluvium. The high 
water levels may indicate that upwelling occurs in this area. If is 
also possible that water from The Geysers is perched above a 
less permeable horizon of volcanic rock. 

Relatively high thermal water levels are sustained wifhin fhe 
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alluviiim a long; the tjuried exiensipn of lhe Malpyis fault Mnc 
to the wcsl of The Geysers [Smiih, 1-979), Since waicr level and 
vcriical hydraulic gradient data arc not available therc;'il is not 
possible'to.'decipher the Ifydroldgic sysierh that sustains the 
high thermal water level.s. One plausible flow sy.stem would 
limit the source of thermal .water to The G.eysers and suggest 
lhat it prefercntially flows laterally along the fault zone. If this 
were the ca.se, vertical hydraulic gradient data would probably 
show ohly a small vertical component of groundwater flow. 

Anjalternative flow system that would account for the high 
thermal water levels in the alluvium suggests that the western 
extension of the Malpais fault,zone may be a channel for rising 
thermal water. If this buried structure were; a: local,source of 
thermal water, vertical hydraulic gradients along its trace 
would indicate an upw.ard flow of water. 

A few strategically placed piezometers could determine 
whether the western extension of the Malpais fault zone allows 

wa!cr-tp rise from'depth. If il docs,, il m;ty .prove to, be,.a viiible 
geothermal exploration I argot or ihc key to the loca lion of a 
deep permeable reservoir. 

HEAT FLOW 

Figure 2 summarizes the moan and standard deviations of 
.the measured thermal conductivities for each of the major rock 
units in the Beowawe area. All thermal conductivity values 
were deterrnirtetJ using a modified divided bar apparatus at the 
Uni versi iy of Ulah (Chapman et a I, 1981). Computations of the 
thermal conductivities of the 61 drill-chip samples were made 
using the 'al l technique gf Sa.ss et al (1971b) but were not 
correcled for in-,siiu poro.sity. Uncertainty about the in-situ 
porosity is the major- source of error in the compulation of 
surface heal flow. The porosity of the alluvial and tulTaceous 
materials may exceed 30 percent; if so, the conductivities mea-
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FIG. 10. Generalized lithology, thermal gradients and conductivities, and computed heat flow, Chevron Resources Go. Ginn 1-13 
geothermal test well, Whirlwind Valley. Lithologic symbols.given in'.Figure 2. $. 
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sured for these sedimentary units may be 20-30 percent top 
large. The matrix porosity of the competent rocks probably 
averages less than 10 percent arid the required correction less 
than 15 percent. 

The tow thermal conductivities,of the Vi trophy ric dacite flow 
and shard-rich tufTaoeous sediments reflect' their high glass 
content. The thernial conductivities of the volcanic flow and 
intrusive rocks clLister around 2 Wm " 'K " ' , but argillization of 
spmeof the dacite flows reduces their conductivity sign ifi caiitly. 
The high thermal conductivity and .statidard deviation com
puted for the Valmy formation reflect the preponderance of 
quartzite in the measured sarnple-and a highly variable lithol
ogy-

An elquilibrium temperature log ofthe Ginn 1-13 geothermal 
test weii is shown in Figure 10 (Chevron Resources Co., 1979). 
The total, depth of the well is approximately 2900 m arid the 
bottom-hole temperature 213°C. It is esSentialiy isothermal 
below a depth of 24C)0 m within the Valrriy for'rhatibn. Betweeri 
1600 and 2400' m, the temperature gradient decreases system
atically. The hole either penetrates a hot water-bearing, struc; 
tri re or a permeable formation. Given; the fractured character of 
the Valmy (Evaits and Theodore, l'978), it is likely that it could 
contain a high-ternperature hydrotherma! reservoir. 

Above 16(X) m, therriiaLgradientsrange frorii 23 to l44°°G/km 
and thermal conductivities from 1.59 to 5.79 Wm~'K~' . The 

inverse, relationship between the gra'dients arid conductivities 
produces a nearly constant conductive heat flow averaging 235 
mW/m^. The uniformity of the heat flow above the inferred 
deep reservoir indicates-that the Tertiary volcanic .section acts' 
as a relatively i rii permeable cap. The thermal water must find 
permeable structures to risefrom depth. 

Values of: surficial heat flow'were computed using liriear 
segments ofthe shallow temperature-depth profiles like those, 
shown in Figures 6 and 7, As'shgwn in Figure it , the heat flow 
generally exceeds ithe 235 mW/m^ found in the Ginn test well. 
Most of the Whirlwind Valley arid much of the Malpais Rim 
appear to receiveheat riot only from th'e deep-rMervoir but also 
from additional shallower SOLIrces. In the Whirlwind Valley, the 
shallow thermal flow systeni is a supplemental source of heat. 

-Along'the Malpais Rim, the shallow heat flow exceeds the 
value from the Girin well in the area between the two southeast-
striking cross faults shpwn irt Figure 1. While it is possible that 
this area contains cijnduits for upwelling thermal water, hy' 
draulic head data would be required to resolve whether the 
fault zone channels water to oraway from The Geysers. 

A different thermal regime is apparent east of the Dunphy 
Pass fault zone. Four of the values of heat flow along the 
Malpais Rim average 110 rriW/m^,inea/.the background value 
given by Sass et al (19'71a) for this portion of the Basin and 
Rarige province. The Duriphy Pass fault zone appears to form 

I 
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the eastern margin of Ihe Beowawe hydrothermal systeni. The 
110 mW/m^ average value may be realistic for background 
heat flow. 

RECOMMENDATIONS 

The hydraulic head of the shallow thermal flow system at 
Beowawe and most other hydrothermal exploration targets 
could be readily obtained by converting existing thermal gradi
ent holes to piezometers. The conversion would consist of 
perforating the casing below the top of the thermal aquifer. In 
addition, a shallower companion piezometer open below the 
water table would make it possible to compute the vertical 
hydraulic gradient at these locations. Even if conduits for up
welling hot water were not located, the hydrologic dala would 
surely augment the existing thermal data and refine the concep
tual model ofthe resoiirce. 

Converting uhgrouted thermal gradient holes to piezometers 
may not provide reliable hydraulic head values because of the 
difficulty of ensuring that the perforated interval is open to only 
an isolated portion ofthe aquifer (Benson et al, 1980). However, 
it should be possible to obtain both hydrologic and thermal 
data from piezometers that are later converted to thermal 
gradient holes. In areas where shallow drilling is planned, holes 
that intersect an aquifer could be initially completed as piezom
eters. A screen ahd a wellpoint would be attached to pipe and 
set al the bottom of the hole, the annulus filled with gravel to 
the top of the screen and grouted to the surface. After the static 
hydraulic head is obtained, the screen could be plugged with 
cement and the hole filled with water, converting it to a thermal 
gradient hole. Companion piezometers would be needed to 
obtain vertical hydraulic gradient data. This procedure is re
commended as an integral part of future hydrothermal explora
tion programs. 

Al any geothermal prospect where drilling encounters wafer, 
the water is a source of data. The hydrologic-lhermal field 
procedure recommended here requires repeated site visits and 
the drilling and completion of additional shallow, thin holes. 
This expanded exploration program is predicated on the as
sumption that if is worthwhile to gather as much meaningful 
data as (>ossible af a reasonable price. The possibility of lo
cating viable deep drilling targets with groundwater hydrology 
should encourage geothermal exploralion managei's to incor
porate hydrologic data acquisition in their exploration plans. 
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C. J. Banwell 

reservoirs whose presence has been betrayed by visible 
activily. This, however, does not necessarily mean that 
important thermal reservoirs may not exist without any 
significant surface evidence, or that they should not be 
sought by more refined methods of exploration. 

World distribution 
of hydrothermal systems 

Attempts have been made by investigators (Banwell, 1967) 
to define those regions of the earlh lhat offer reasonable 
promise of geothermal exploitation. Areas believed to have 
sufficient potential to warrant power develo'pment consist 
of island arcs in the circum-Pacific belt, continental margins 
bordering the Pacific, parts of Southern Europe and Asia 
Minor, and transitional rock suites in South-west Italy, 
Sicily, Iceland, Jan Mayen, Spiizbergen and Central Africa. 
These areas are of course nol necessarily exhaustive, but 
they contain'prima facie' evidence of economic geolhermal 
potential. 

Most of these fields are associated in some way with 
volcanism, although the connection is not always very close, 
as can be seen from the following list of fields already 
explored: 

Field 

Larderello 

New Zealand ) 
Japan .) 
The Geysers, 

California 
Cerro Prieto, Mexico 
Niland, California 
Palhe, Mexico 

Iceland 

Northern Taiwan 

Fluid 

Steam 

Hot water 

Sleam 

Hot waler 

Hot water 

Hot water 

Hot waler 

Source rocks 

Fractured limestones; 
dolomite. 

Acid volcanics. 

Fractured greywacke. 

River delta sediments. 

Fractured middle ter
tiary volcanics. 

Fractured cavernous 
basaltic lavas. 

Acid volcanics and 
some sedimentaries. 

There is no clear correlation cither with particular 
rock types or with geological period, and it seems possible 
that geothennal fields are better sought on some non-
geological basis. Possibly the common factor, if one indeed 
exists, lies in processes in the upper mantle or crust which 
in turn lead to areas of high tectonic activity, where magma 
bodies are injected into the crust and where continual 
crustal fracturing provides paths by which surface water 
can penetrate freely to heating zones, and also provides 
permeable reservoirs in which large quantities of heat and 
hot fluid (steam or wafer) can be stored. Fracturing may 
also result in the escape of some of the heat to the surface, 
thus providing direct indications of the presence of a 

hydrothermal system. It should however be mentioned 
that the deposition of minerals (especially quartz and cal
cite) from hot water systems will tend to seal the escape 
paths some distance below the surface, thus increasing Ihe 
retaining capacity of the reservoir. Storage in steam systems, 
however, may sometimes be dependent on the presence of 
a pre-existing impermeable capping formation of suitable 
thickness: this possibly explains why hot water reservoirs 
of adequate size seem to be more common than steam 
systems. 

Heat flow studies made by other investigators are also 
of great interest in that they indicate certain other regions 
where geothermal activity is apparent, though not neces
sarily of sufficient intensity to justify power generation. Lee 
and Uyeda (Lee, 1965) have demarcated certain areas of 
the globe where heat flow is abnormally high. These areas 
show no evident correlation with the distribution of geo
thermal areas mentioned in the early part of this section of 
the article. The most conspicuous zone of ma.ximum heat 
flow is located over the eastern central part of the African 
continent. The maximum value is about 1.5 times the global 
average, and the maximum includes the zone of Ethiopian 
vulcanism and the Gulf of Aden, where high heat flows 
have been found on the sea floor. The thermal areas of 
Italy and Turkey lie near its northern margin, and an area 
of somewhat lower values extends into Hungary, where 
significant heat flow anomalies have also been observed. 
At the present time, little geothermal exploration data from 
Africa are available, and it •would be premature to say 
whether this major anomaly has any significance of its 
own for power production. 

Preliminary data required 

For the initial planning of geothermal exploration before 
the execution of any true geophysical work, and for the 
preliminary selection of localised fields for detailed study, 
it is extremely useful to have a catalogue of basic physical 
and geochemical dala from all the suspected fields. The 
compilation of a comprehensive catalogue of this sort 
could well be a major undertaking lhat would take too 
long to complete. But advance work in selected areas, where 
other considerations (e.g. economic, lack of altemative 
power sources, or special uses for geothermal heat) support 
early development, would greatly assist in the programming 
of further stages of the work. The preliminary data in 
question are those than can be collected fairly quickly, at 
low cost, and without the necessity for setting up an ela
borate field establishment for each promising area. The 
information required is briefly listed below: 

a) Geographical 
i) Location of field and apparent size of active area, 
ii) Topography. Access, roads, land ownership, special 

problems, 
iii) Hydrology. Drainage pattern, rivers, lakes, watersheds. 
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Geophysical methods in geolhermal exploration 

iv) Climate. Mean temperature and annual range, seasonal 
distribution of rainfall and annual total. 

i) Physical 

0 Location map of thermal features, hot springs, fuma
roles, mud volcanoes, steaming ground, hot seepages 
into rivers and lakes. 

ii) Temperatures and estimated discharges from all major 
features, overall heat and mass discharge. 

iii) Suitability of area for shallow surveys (e.g. possible 
difliculties in penetrating" hard surface rocks, disturb
ance of surface temperature pattern by surface run-
ofl", etc.). 

c) Geochemical 

i) Sampling of principal thermal features (hot springs, 
geysers, fumaroles, etc.) for the determination of con
centrations and ionic ratios of important dissolved 
and gaseous constituents; the selection of constituents 
to be determined being in accordance with the most 
recent recommendations and established methods of 
interpretation. 

ii) Preparation of geochemical maps, showing the distri
bution of the more important element concentrations 
and ionic ratios over the whole field. 

iii) Sampling of rivers and streams, where appropriate to 
determine the total rate of discharge of chemical cons
tituents from the field. 

The potential importance of the geochemical work as 
an indirect physical instrument can be very great. It has been 
shown that the concentrations of certain cornpounds and 
elements (e.g. SiO.̂  and magnesium) and ionic ratios (e.g. 
Na/K) in the hot water can give useful preliminary indica
tions of reservoir temperature. In addition, certain chem
ical equilibria (e.g. COg, Hj, CH^, HoO) in the gases dis
charged, and associated carbon isotope exchanges, are 
temperature-sensitive and can again be used for estimating 
underground temperatures. It may also be possible to use 
sulphur isotope equilibria in the same way. Thus several 
more or less independent ways of making preliminary 
estimates of reservoir temperature are available, and these 
may be used to check one another as well as the inferences 
from purely physical measurements. The presence or 
absence of certain other mineral constituents in the surface 
activity can also sometimes be used to discriminate between 
steam and hot water systems, and this kind of information 
is obviously very useful both for planning further survey 
work and for subsequent exploitation programmes. 

For the planning and conduct of the next, more 
detailed, stages of geophysical survey it is of course neces
sary to give thought to the possible or probable ultimate 
purpose to which a useful geothermal field, if discovered, 
would be put. Points to be considered include whether there 
is a need for electric power only, or whether industrial or 
other uses could be developed—at least from low grade or 
waste heat; the minimum acceptable economic life of the 
field; whether the recovery of chemical components from 
the geothermal fluids could be economic; whether any 

special problems arise in the disposal of waste water; etc. 
Consideration of these problems could influence the choice 
between two or more promising fields on which exploratory 
efforts should first be concentrated. 

First stage survey 

GENERAL 

Assuming that a review of the preliminary data has led to 
the conclusion that a potentially useful geothermal field has 
apparently been identified, the next object of exploration is 
to define its location, area and depth; also, if necessary, fo 
improve the precision of some of the preliminary data, 
such as the heat and mass flows, and to carry out more 
detailed geochemical work. 

MAPPING AND AERIAL SURVEYS 

For the efiicient performance of this stage of the work it is 
very desirable to have available good topographic maps, on 
a scale of 1 : 100,000 or larger and a set of recent stereo
scopic aerial photographs on a scale of 1 : 10,000 for survey 
planning and positional control. Normal and infra-red 
colour photographs on the same scale can also be useful 
for outlining possible hot areas in the oflice before proceed
ing to the field. If the field is situated close to large bodies 
of water (lakes or fhe sea) or on the banks of a river, long 
wave infra-red scanner images of the area may be of value 
for mapping hot water seepages as well as the areas of 
intense ground surface activity. Recent experimental 
work shows that areas having a heat discharge of about 
350 fical/cm-s (roughly 230 times normal) and upwards can 
be identified with reasonable certainty. However, it is usu
ally possible to map heat flow anomalies down to much 
lower levels by shallow surface thermometry, and a special 
aerial infra-red survey would be justified only in excep
tional circumstances. Preferably, surveys of this kind, if 
they are to be made, are best undertaken at the same time 
as other aerial mapping and photographic projects. 

At the outset of all field work it is important to set up 
a survey network and a system of benchmarks and per
manent blocks af a suflicient number of points to allow all 
maps resulting from the surveys to be related to a common 
grid. Also it is very helpful for correlating the data collected 
to have all maps either on the same scale or, if this is 
inconvenient for some surveys, on the smallest possible 
number of different scales. If a precise regional map refer
ence grid exists, maps should be related to this if practic
able; otherwise a provisional local grid should be set up 
for later tying in to the principal network. Field parties 
should be provided with copies of printed or duplicated 
map blanks with the grid and showing the positions and 
levels of all reference blocks, trig points and major topo
graphic features. 

i ' 
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SORfACE TEMPERATURE AKD SHALLOW KESISTlVnT SURVEYS 

The object of this survey isto delineate the hot area and its 
margins more precisely, with a view to determining the 
conductive heat discharge, the location of the less conspi
cuous anomalies, and the correlation of the heat flow pat
tern with local topography, drainage, dc. The choice of 
method will depend on the type of surface cover predomi
nant in the area. If it is mainly of loose pumice soil, ash 
or sediments, the 'one metre probe' method, .usi'tig a per
forating tool and bi-metallic thermometer, is both rapid and 
inexpensive. If the terrain is rocky or covered with hard 
sintered deposits it wpuld be better to substitute shallow 
resistivity measurements in place of direct temperature 
readings. Since ground resistivity is influenced by temper
ature {K«])er, 1970), the discovery of a resistivity anomaly 
can he indicative of a ternperafure anomaly. (Figures of 
only a few ohm-metres may be recorded in hot water 
reservoirs, as compared with several hundred ohm-nietres 
or more in 'norrFial' areas.) The so-called 'electromaignetic 
gun', a portable inductive device, is convenient for carry
ing out a resistivity survey with a penetration of 25 to 
30 m. 

Subject tb topography, it is generally convenient to 
carry out either typ.e of survey (temperature or resistivity) 
with station spacings of 50 to 100 m. The larger spacing 
should still be close enough to avoid missing any features 
of importanc.e. since a geothermal field .of minimum eco
nomic size is unlikely to cover less than 2 or 3 km .̂ 

The form and position of an anomalous area should 
be considered in relation to possible direction of ground 
water movement-, as indicated by the topography and gen
era! drainage direction lhrough the area. .If disiurbacces of 
this kiiid are large, the true position of the-reservoir .at 
depth may be considerably displaced upstream from the 
surface patterns, and possibly, also, frorn the are^ of surface 
activity. ... 

ESn.MATION OF ENTHALPY 

In most known hydrothernia) sysfems, surface-radiation 
and conduction account only for a negligible fraction of 
lhe total natural heat discharge from a thermal area. Prac
tically all this discharge is brought up from below by con
vecting hot water or steam. Piovided that the total rnass 
and heat content of all fluids escaping from the area are 
accurately measured, and provided that proper correction 
is made for dilution by local cold surface vvkter (and this 
can be done by chemical raeans—see Mahon, J 970), Ih'en 
il is possible to deduce4he"eDthalpy of the fluid at depth 
from the ratio of heat ftoiv to mass flow. It is important, 
for this purpose, to include the heat and mass losses from 
all warm' springs and river seepages round the margins of 
the area. Some ,of these marginal seepages iiiay l>e well 
disguised it) rivers, lakes or general ground water rriovc-
nients across tbe area.' 

Physical enth-alpy, measured in ihis way, rnay be 
compared' with the value derived from geochemica! esti

mates of reservoir temperature. If agreement is good, the 
result may be regarded as satisfactory.; but if poor, a more 
careful check should be made of a!! possible roiites of 
surface beat loss. An interesting example of this occured 
in. tiie Broadlands field in New Zealand, Enthalpy calcul
ated from observed heat and mass flows was at first much 
lower than that derived from drillhole temperature data. 
Further measurements revealed a large-additional heat flow 
into the Waikato River from warm springs discharging 
very Jow chloride water made up of ground water heated 
by sub-sijffaee steam. Because the chloride content of this 
water was much tower than that of the reservoir water, it 
had been missed iii the earJier chemical measurements 
made in the river upstream and downstream of the thermal 
area.: only the physical measiirements (precise temperature 
and flow measoremcDts in the river) revealed the missing 
heat. With this correction the differentestimates of erithalpy 
came into much closer agreement. 

Second stage su.rvey 

GENERAL 

This Stage svill probably proceed as a continuation of the 
first stage, qr may even begin before the first stage is com
pleted as soo.n as some prelirairiary data become available 
as to size and location of the shallow temperature anomaly. 

DEEP ELECTRICAL EXPLORATION 

This means resistivity measureraehts by electrical techniques 
invoJvihg current injection and voltage measurements by 
means of separate sets of electrodes in contact vvith the 
ground (as distinct from electromagnetic or induction 
methods which do not involve the drilling of any holes or 
even making electrical contact with the ground at any 
point). Most cornmonly used are the Schlumberger or 
Wenner electrode arrangements, which diflTer only in the 
spacing of the current and voltage electrodes in a single 
line. -

The. recommended method will generally be a series 
of Schlumberger traverses (van Nostrand and Cook, 1966) 
over the area of the surface thermal anomaly and as far 
outside as may t>e necessary to find Eipparently normal 
resistivity values. A ' traverse" is made by selecting a fixed 
electrode spacing and taking successive readings by shifting 
the whole set of electrodes along the survey Jibe. 

Ln addition lo the traverses a number of soundings 
should be made at selected points to determiiie the vertical 
resistivity distribution and possible layering of different 
formations. A 'sounding' is made by keeping the centre of 
the electrode systeni at a fixed point and increasing the 
linear scale of the electrode pattern from low to high 
values. 

'Traverses' are used for mapping the horizontal varia
tions ofthe mean resistivity (taken over some chosen.rangc 
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of depths depending on the electrode spacing used) over 
the sur.ey area. 'Soundings' give the variations of average 
resistivity as an increasing range of depths is included in 
the average. The graph of apparent resistivity against elec
trode spacing ('sounding curve') can be used to calculate 

'the parameters (thickness and electrical resistivity) of the 
layers of a hypothetical underground model made up of a 
series of horizontal beds. 

A supplementary geological survey may be of value at 
tills stage if it can suggest the probable thickness and com
positions of these layers. If clay, or clay-bearing formalions, 
of significant thickness are present in the survey area, these 
may give low resistivity zones which are not associated 
with thermal anomalies. A geological study which can 
predict Such formalions and give their depth and thickness 
with reasonable precision can be of considerable value for 
interpretation. 

The effective depth of penetration of resistivity tra
verses and soundings in low resistivity formations can 
sometimes be seriously limited by'skin effect' if alternating 
current, or switched direel curi-ent of too short a period, 
is used. Il is generally advisable to use direct current 
methods where possible. But if the equipment available 
pcrmils only the use of alternating current, the penelraiion 
should be calculalcd from the frequency used and the 
measured resistivity, in order lo avoid possible erroneous 
interpretations of the sounding profiles. It should also be 
noted that sounding profiles can be distorted if the sound
ings are carried out in a field of limiled size, or too close 
to lhe boundary, the en"ect usually being lo give an appa
rent increase of resisitivity at ma.ximum spread. 

Subject to these limitations the soundings should be 
carried out up to theoretical penetrations of about 3 km 
so as to obtain as complete a profile as possible. From the 
soundings it should be possible to deduce whether the 
resen'oir is filled principally with steam or with hot water, 
thus checking earlier preliminary conclusions. In a hot 
water field the resisliviiy pattern lakes the form ofa central 
' low', representing the porous rescr\'Oir rocks filled with 
hot chloride water, surrounded by a region of rapidly 
increasing resistivity outside the hot area. In a steam field, 
on the other hand, there would probably be a central 
resistivity 'high' , because the rcser\'oir rocks are now filled 
with sieam which has low electrical conductivity, sur
rounded or overlain by lower resistivity zones containing 
steam-heated ground water and condensate. In actual fields, 
things are seldom quite so simple, and resistivity alone will 
seldom give a complete answer. As already stated, the pres
ence of clay formations can behave deceptively like hot 
water reserNOirs. Resistivity 'highs' within one area of low 
values can also someiimes be due to buried masses of im
permeable rocks such as rhyolite domes, massive lava 
fiows, etc.: these can sometimes be detected and mapped 
by seismic (refracfion) surveying, by gravity or magnetic 
mapping, or from geologica! evidence. Thus evidence based 
on resistivity should always be cross checked against evid
ence based on other methods. 

An apparent hot water reser«'oir can be readily mapped 
by means of traverses, using a current electrode spacing of 
about 500 m, giving an effective penetration of some 250 m. 
With a steam reservoir it is possible lhat overlying confin
ing formations will have a lower resistivity than (he reser
voir rocks, which may therefore be identified by a resistivity 
rise in the soundings. Owing to the limitations mentioned 
above, however, checks by thermal gradient measurements 
are advisable. 

Before leaving the subject of deep re.sistivity measure
ments, it may be mentioned that variants of the electrode 
arrangement (e.g. the so-called 'dipole-dipole system') can 
be used with good effect for mapping horizontal discon
tinuities (e.g. faulls, boundaries of hydrolhermal systems, 
geological contacts, etc.) and this can often serve for check
ing proposed geological models. Geological models can 
also sometiiTies be used for the preliminary interpretation 
of sounding curves. 

Electromagnetic methods have also been proposed for 
deep resistivity sur\'eys, though rather different approaches • 
would be needed (Keller, 1970; Strangway. 1970). These 
may have useful application after further development, but 
not much use has yet been made of them for geotherinal 
exploration. (See also Meidav, 1970.) 

THER.MAL G.RAOIENT DRILLING 

Holes for thermal gradient measurement must be drilled 
deep enough to penetrate any surface formations liable to 
be disturbed by ground water movement, and they should 
extend far enough into the undisturbed zone below to give 
reliable gradients. Although it may sometimes be possible 
to estimate the thickness of the disturbed layer from geolo
gical or olher evidence, it is very desirable to check whelher 
a hole is deep enough by measuring temperatures at mul
tiple points spaced about 2A m apart over the bottom 20 m 
of the hole. If the measured temperatures fall on a straight 
line when plotted against depth, ihe deduced gradient is 
probably reliable; otherwise, the hole must be deepened or 
the area avoided. In general, very little will be learned by 
drilling gradient holes too close to the areas of surface 
activity; the gradient will be subject to disturbance by up
ward movement of hot water or steam, and the holes will 
be liable to erupt. 

If gradient holes arc drilled on a regular grid pattern 
with a spacing of 1 km, a thermal anomaly of reasonable 
size (covering, say, 10 km'), cbuld be mapped, inclusive of 
margin areas, with an array of 20 to 30 holes. A hole 
density of this order should suffice for all but the most 
detailed mapping, since experience has shown that lateral 
temperaiure variations below the surface convective zone 
are generally not very rapid. Additional holes could, how
ever, be necessary in some fields if marked discontinuities 
in the temperature pattem indicate corresponding structural 
features, such as faults, contacts, etc., which might in some 
cases also be checked against geological dala. As a general 
rule these gradicnl holes would be too shallow (30 lo 40 m) 
to provide much new information about structure, but 
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coring for geophysical or geological information could be 
profitable, at least on a trial basis, in a few holes. 

For actual temperature measurements various instru
ments may be used. For temperatures much over 100 °C 
a geothermograph or Amerada gauge is suitable. For lower 
temperatures it may be convenient to use thermo-couples, 
thermistors, platinum resistance thermometers, or even 
mercury maximum thermometers with proper precautions. 
Electrical instruments can be wired up differentially so as 
lo measure the gradient directly, though this is seldom done 
in practice. Care must be taken, with electrical instruments, 
to ensure that the cable insulation is suited to the temper
atures to which it is exposed. Nylon or pvc is suitable for 
moderate temperatures, while mineral insulation or such 
materials as "Teflon' may be required for higher temper
atures. 

Third stage survey 

SUNDRY GEOPHYSICAL AIDS 

Little or nothing .has hitherto been said of the following 
geophysical techniques which have been used or recom
mended from time to time for geothermal exploration: 

Dipole resistivity 
Magnetic 
Gravity 
Seismic (reflection or refraction) 
Microwave 
Radio-frequency interference 
Ground noise 
Micro-seismicity 

. This is because it will often be unnecessary to use any 
of these aids to bring the investigation to the point where 
a deep exploratory hole can be planned and sited. On past 
occasions there has perhaps been a tendency to undertake 
some of these specialised surveys solely in the belief that 
they may perhaps be useful in some way or another. In this 
way, considerable expenditure can be incurred of money, 
time and effort in producing maps which, though of poten
tial research value, may do little or nothing to promote the 
search for an exploitable geolhermal reservoir. 

Nevertheless, in an actual survey problems could arise 
which some of these techniques could help to resolve; they 
could perhaps account for anomalies in the temperature or 
resistivity pattems. But the choice of technique, and the 
justification for using it at all, must arise in, and be defined 
by, the progress of the basic survey. Thus a seismic survey 
could be of possible value if it permitted any discontinuities 
or other features of the resistivity soundings lo be identified 
in terms of other physical properties, or if it enabled their 
depths, extent and thickness to be checked. Seismic survey
ing could also have potential value in locating zones of low 
velocity, low wave frequency or high attenuation, which 
could be associated with a steam or hot waicr reservoir 
(Hayakawa, 1970). Similarly a ground noise survey, though 
its precise application is still under trial at present, might 

be used to check the reservoir location suggested by other 
surveys; and a geological study would be of value if it 
could provide relevant advance information about the 
physical properties of the underground formations (poro
sity, permeability, density, seismic velocity, depth thickness 
and continuity). 

ESTIMATION OF RESERVOIR CAPACfrY 

Completion of this stage of the exploration programme 
should enable a first estimate to be made of the power 
potential, using tbe family of curves published by Banwell 
(1964). Taking the area indicated by the deep resistivity 
and surface gradient measurements, and the reservoir tem
perature implied by the geochemical studies, it is possible 
to deduce from the curves the approximate field potential 
in megawatt-years. Thus, for example, a thermal anomaly 
with a horizontal area of 10 km- and an inferred reservoir 
temperature of 260 °C would have an estimated potential 
of about 4,000 MVV-years, or sufficient to maintain an out
put of 200 MW for 20 years. This estimate is believed lo be 
conservative, as it assumes a hot water sysiem with a boiling 
point/depth distribution and an energy yield of only 25% 
of the theoretical. 

Fourth stage survey: i 
deep exploratory drilling 

The foregoing programmes should have outlined the surface 
projection of the presumed steam or hot water reservoir, its 
depth and probable temperature, and the sequence of for
mations to be traversed, together with some indication of 
their physical properties. The value of a deep hole is to test 
the proposed model by providing quantitative data, first 
from cores and laler from lemperature measurements, fol
lowed by production tests if the hole taps a productive 
zone. Projected drilling depth will depend on expected 
reservoir depth and thickness, but it is suggested lhat a 
minimum of 1 km should be planned for unless special 
circumstances should suggest otherwise. 

If it is thought important that steam should be pro
duced from the first hole, it will be desirable to try to locate 
it so as to intersect permeable formations at reservoir depth. 
A connection between surface fault traces and the existence 
of {>ermeable zones has been claimed in some fields. It has 
also been suggested that the presence of both vertical and 
horizontal fissures, which could provide gas or steam paths, 
can be predicted by seismic records. The use of the surface 
fault criterion, taken alone, is api to be severely limited by 
the fact that in most areas a very large number of fractures 
and fault traces can be mapped from aerial photographs 
and surface surveys, whereas very few, if any, of these may 
prove to have any immediate connection with thermal 
activity or reservoir permeability. There may perhaps be 
some general connection between surface faulting and re
servoir permeability in that the presence of numerous 
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young faulls above the reservoir could indicate a good 
probability of drillholes intersecting permeable zones in the 
reservoir, but it would be unwise to depend on any closer 
relationship. In the absence of more definite information 
on the distribution of reservoir permeability, holes may be 
sited in relation to sui face fault traces as well as by any 
other means; but the success or failure of the first few holes, 
however sited, to give satisfactory production, can give 
only very limited information about overall reservoir 
permeability. 

Possibly, the only general criteria for the siting of deep 
exploration holes are as follows: 

(i) The sites should be far enough away from areas of 
surface activity and hot ground to avoid the risk of 
blow-outs at shallow depth in the early stages of drill
ing and casing; 

(ii) Subject to (i), most holes should be located well within 
the boundaries of the reservoir as indicated by deep 
resistivity and gradient surveying; 

(iii) Despite (ii), some test holes should be drilled well out 
on the boundary of the apparent reservoir, to check 
the correctness of its limits and the form ofthe temper
ature/depth curve near the boundary; 

(iv) Holes should be well distributed over the reservoir 
area, without too many in one line, so as to permit a 
three-dimensional 'model' of the reservoir to be pre
pared as early as possible. 
The coring programme for these holes should be plan

ned to provide enough samples to allow the relevant phy
sical properties of each of the formations identified by the 
preceding surveys to be determined. In addition, samples 
are needed from zones characterised by their physical state 
—e.g. temperature, presence of steam or water in the pores, 
or cementation by mineral deposition or transformation. 
Petrological examination of core material can also show 
significant mineral changes due to hydrothermal alteration, 
and the nature and extent of these changes can give an 
indication of the tempeiature at which they took place. 

The core data can now be used, in conjunction with 
the models derived from the previous surveys, to construct 
a series of sections showing the distribution of physical 
properties through the volume surveyed. These sections can 
then be used to interpret and refine the earlier survey data 
and possibly to suggest other surveys that could be profit
able. It could be decided, for example, whether any features 
of the density distribution are important for the further 
evaluation of the field, and whether they will give large 

enough anomalies at the surface to justify a gravity survey. 
Core data can of course also be used to construct geological 
sections if required. 

After completing each hole, temperature measurements 
should be made at regular intervals over the full depth until 
stable values are reached. Aquifer pressure measurements 
should also be made at several levels, assuming the hole is 
partly filled with water, and chemical samples taken from ' 
levels of interest. After this, the hole, if hot enough, should 
be allowed to discharge, the output should be measured, 
and the steam and water should be sampled for chemical 
analysis. 

Data from the first few holes will have an increasing 
influence on the siting of those to follow. Also, if reservoir 
conditions prove favourable, an increasing number of these 
holes will be available for production, with the result that 
the diameter, depth and placing of many new holes will be 
decided by engineering and field layout considerations. 
However, data from some of these production holes will 
still be worth gathering to improve the picture of the field 
and of reservoir geometry and conditions; while the chem
istry of the water and steam produced, and the changes in 
this chemistry that occur as exploitation proceeds, will give 
further important information about the reservoir, its rela
tion to its surroundings, and its probable useful life. 

Effects of exploitation on the field 

As the exploitation-of the field proceeds, the withdrawal 
of steam or water from the reservoir and the inflow of re
charge fluid from outside will affect the hydraulic balance 
and pressure distribution, both in the reservoir and in the 
surrounding areas. Pressure changes can be monitored by 
regular measurements in the various prospecting and pro
duction holes, while the mass balance can be checked by 
surface gravity measurements. To do this satisfactorily, it 
is advisable to set up a network of permanent gravity 
stations over the area, preferably befoie production begins, 
and to carry out precision gravity surveys (to within about 
i 0.01 milligal, or better) at intervals of approximately 
one year. Comparisons between the gravity values from 
these annual surveys will show within quite close linuts 
whether the reservoir is being depleted by draw-ofl", and 
to what extent the fluid removed by exploitation is being 
replaced. The exploitation of a field can eventually result 
in measurable ground level changes. 
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