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ABSTRACT 

Williams; D.L., 1976. Submarine geothermal resources. J. Voleanol. Geotherm. Res., 1: 
85-100. 

Approximately 20% of the earth's heat loss (or 2 X 10 12 calls) is released through 1 % 
of the earth's surface area and takes the form of hydrothermal discharge from young 
(Pleistocene or younger) rocks adjacent to active seafloor-spreading centers and submarine 
volcanic areas. This amount is roughly equivalent to man's present gross energy consumption 
rate. 

A sub·seafloor geothermal reservoir, to be exploitable under future economic con­
ditions, will have to be hot, porous, permeable, large, shallow, and nell!" an energy-deficient, 
populated land mass. Furthermore, the energy must be recoverable using technology 
achievable at a competitive cost and numerous environmental, legal and institutional 
problems will have to be overcome. 

The highest-temperature reservoirs should be found adjacent to the zones of the sea­
floor extension or volcanism that are subject to high sedimentation rates. The relatively 
impermeable sediments reduce hydrothermal-discharge flow rates, forcing the heat to be 
either conducted away or released by high-temperature fluids, both of which lead to 
reservoir temperatures that can exceed 300 0 C. There is evidence that the oceanic crust is 
quite permeable and porous and that it was amenable to deep (3-5 km) penetration by 
seawater at least some time in the early stages of its evolution. 

Most of the heat escapes far from land, but there are notable exceptiuns. For example, 
in parts of the Gulf of California, thermal gradients in the bottom sediments exceed 10 C/m. 
In the coastal areas of the Gulf of California, where electricity and fresh water are at a 
premium, this potential resource lies in shallow water « 200 m) and within sight of land. 
Other interesting areas include the Sea of Japan, the Sea of Okhotsk and the Andaman 
Sea along the margins of the western Pacific, the Tyrrhenian Sea west of Italy, and the 
southern California borderland and west flank of the Juan de Fuca Ridge off the west 
coast of the United States. 

Many questions remain to be answered about the physical and other characteristics of 
these systems before they can be considered a viable resource. Until several of the most 
promising areas are carefully defined and drilled, the problem will remain unresolved. 

INTRODUCTION 

In the quest to explore and develop the geothemlal resources of the earth, 
very little consideration has been given to submarine resources. The magnitUde 
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of these resources may be many times greater'than on the continents, but at 
present this is only a tantalizing prospect. Because they occur beneath the 
bottom of the sea, submarine geothermal resources aTe poorly understood. 
This remote, hostile, high-pressure, and corrosiJe environment does not 
attract many geothermal prospectors, especially when so many promising 
subaerial regions remain to be explored. 

Nevertheless, Lawver et al. (1975) predict that hydrothermal fluid temper­
atures exceeding 200

0 

C may be found throughout the Gulf of California 
(> 100,000 km2) just beneath the nominally 1 km deep basement-sediment 
interface. This zone is in addition to more localized zones that Lawver et al. 
(1975) interpreted to be recent intrusions and where measured temperature 
gradients exceed 1

0 

C/m. In the coastal areas of the Gulf of California, where 
electricity and fresh water are at a premium, this potential resource lies within 
sight of laneL 

The estimated total rate of heat loss from the earth is 10.2 X 10 12 calls 
(Williams and Von Herzen, 1974). Of this amount, approximately 4 X 10 12 calls 
is a direct result of seafloor spreading. Most of the heat is released through 
young (Pleistocene or younger) rocks adjacent to the earth's 55,000 km long 
spreading system (Fig. 1). By this process, more than 20% of the earth's heat 
loss occurs through only 1% of the earth's surface area. This amount (2 X 1012 
calls) is roughly equivalent to man's present gross energy consumption rate. 
Besides the seafloor-spreading centers, numerous volcanically active seamounts 
m:d several marginal seas (e.g., Sea of Japan or Andaman Sea) display unusually 
hIgh rates of heat loss. Volcanic islands, island arcs, and geopressured zones 
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Fig. 1. World map showing the location of spreading centers, subduction zones, and marginal 
sea<;. Marginal seas displaying high heat flow are generally behind the subduction zone and 
their adjacent island arc (e.g., Sea of Japan and Andaman Sea). 

(e.g. Texas and Louisiana Gulf Coast) are also possible energy resources but 
will not be considered within the scope of this discussion. 

HYDROTHERMAL HEAT LOSS 

Evidence for the existence and importance of hydrothermal circulation 

{.< 

Most of the heat escaping from the earth's surface is lost by thermal con-
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duction. However, near active submarine volcanic areas, the crustal rocks are 
apparently permeable enough to allow large quantities of heat to be los~ 
through hydrothermal convection. Williams and Von Herzen (1974) estlmated 
that more than 20% of the earth's heat may escape by this process. When a 
solidified, but hot, igneous rock is cooled, it contracts. The vertical component 
of contraction can be absorbed by subsidence, but contraction in the horizontal 
plane will result in fracturing, as long as the rock is strong enough to propagate 
fractures (cf. Lister, 1974). These fractures might be equivalent in volume to 
several percent of the total rock volume. Flow and dik~ contacts will add ~o 
the bulk porosity. Finally, tectonic faulting, prevalent 111 these a~eas, provIdes 
access for seawater between the porous strata and sea bottom. GIven these 
conditions and a substantial input of heat, it is difficult to envision a system 
in which hydrothermal convection would not at some time be important. 

There is much evidence to substantiate the existence of submarine hydro­
thermal convection. Elevated heat flow and bottom-water temperatures 
apparently related to hydrothermal discharge have been reported i? the Red 
Sea by Erickson and Simmons (1969) and in the Galapagos spread111~ center 
by Williams et al. (1974). Numerous investigators have dredged or dnll.e~ 
hydrothermal metamorphic rocks from the oceanic crust (e.g., serpent1l1Ite, 
greenschists, and greenstones) and use hydrothermal circulation of seawater 
to explain the alteration (e.g., Aumento et al., 1971; Muehlen~achs and. 
Clayton, 1971; and Hart, 1973). Mineral deposits (e.g., metallIferous sedIments) 
from hydrothermal exhalations have been described (Corliss, 1971; R.oss et 
al., 1972; Scott et al., 1974). Vertical profiles taken by the GeochemIcal Ocean 
Sections Program (Geosecs) of suspended matter ai1d dissolved g~ses ir: the 
mid-depths have been related to hydrothermal processes. ExtenSIve eVIdence 
of hydrothermal circulation has been found in ophiolitic rock~ (cf. SpoOl:er 
and Fyfe, 1973), and these rocks have been interpreted as uplIfted oceal1lC 
crust. Drill holes as deep as 0.5 km have revealed evidence of hydrothermal 
cirCUlation, such as alteration and precipitation in and near joints and shear 
zones and flowing water (e.g., Melson, Aumento and others, 1974; Hyndman 
et al.,'1976). Lister (1974) argues that results of seismic refraction are incom­
patible with pure conductive cooling of a ~ewly crea~e~ litho.sphere. He also 
contends that the sheeted dike complexes 111 the ophIOlIte sUItes and the fact 
that the magnetic anomaly layer accurately records geomagnetic reversals 
are also inconsistent with pure conductive cooling. 

The most compelling evidence of the importance of hydrothermal circulation 
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Fig. 2. Profile of hea~ flow, topography (corrected meters), and thickness of sediments in 
the Gal~pagos spreadmg center survey area (from Williams et aI., 1974). Dashed line is the 
the.orehcal curve ~or pure co.nductive cooling. Heat-flow points are projected to a single 
nOl.th'lo:lth sectIOn ap~roxlmately perpendicular to the spreading axis. Thickness of 
se?l;nent IS shown by stippling. Dots are actual measured heat-flow values and triangles are 
mll1l111Um values. 

comes from the disparity between the conductive heat flow measured near 
seafloor-s~reading centers and that predicted by theoretical conductive cooling 
models. WIth reasonable values for input parameters, the models all predict 
heat-flow v~lues near the spreading axis (within a few tens of kilometers) that 
are much hIgher than are measured (Fig. 2). Furthermore, they do not predict 
the scatter or general pattern of conductive heat flow that is observed 
Williams et al. (1974) argue that this discrepancy is due to the loss of heat 
through hydrothermal ~onvection. Sclater et al. (1974; 1976), correlating 
heat ?ow. and outcroppmg basement, find that on seafloor of almost any age, 
outclOppmg .b~ement depresses the observed heat flow within a large adjacent 
area by provldmg a vent for hydrothermal waters. This implies lateral transfer 
of water over substantial distances (tens of kilometers?) even in old oceanic 
crust. 

Magnitude of hydrothermal heat loss 

With present technology it is not possible to measure directly the hydro­
ther~al heat .loss from large submarine systems. The only method so far 
ap?lJ~d to tl1!S problem has been to estimate the total rate of heat loss 
l~tJhzmg .~heoreti.cal.conductive cooling models for seafloor-spreading systems. 
From thIS quantIty IS subtracted the observed conductive component of the 
heat flow and the estimated heat loss resulting from the quenching of 

\ 89 

\ 
\ 

extrusive lavas. The remainder is assumed to be the minimum hydrothermal 
heat flow (Williams et al., 1974). It is a minimum because a combination of 
hydrothermal and conductive cooling is more effic1ent than cond:lctive 
cooling alone, therefore, more heat will be remove8 near a spreadmg center 
than is predicted by the theoretical cooling models. 

Near the a,'(is of the Galapagos spreading center (within 35 km) the hydro­
thermal component amounts to approximately 80% of the total heat loss. 
Thus 2.6 X 107 calls is being released by hydrothermal water per kilometer 
of ridge length. At most spreading centers this convected percentage should 
be somewhat larger, because the conductive component at the Galapagos is 
unusually high (Williams et al., 1974). 

For non-seafloor spreading systems (e.g., volcanic seamounts), estimates 
of the hydrothermal component of heat loss are not available, primarily be­
cause the physical system is poorly understood and no attempt has been made 
to develop adequate theoretical models for predicting the total heat loss. 

PROBABLE RESERVOIR CHARACTERISTICS 

General 

In the broad sense, a submarine geothermal reservoir is a natural sub-seafloor 
container of hot water. To be economically exploitable, it must be possible 
to withdraw large volumes of hot water from the reservoir (i.e., remove heat 
at a much greater rate than the natural heat loss, even where this heat loss is 
very high). This procedure requires the accumulation of a relatively large 
volume of hot water. The evidence that there are such reservoirs seems persuasive, 
but none have been drilled; thus, their existence is admittedly debatable. Kever­
theless, it is possible at this time to make some useful observations concerning 
potential reservoirs related to seafloor-spreading systems, including inter-arc 
basins. 

The deep seafloor can be characterized as a nearly isothermal boundary, which, 
given sufficient permeability, allows free motion for discharge and recha~ge 
of fluids. Owing to the presence of the ocean above the seafloor, terrestnal 
system concepts such as the water table, hydrologic head differences, and 
boiling must be reexamined. 

Temperature 

Factors affecting reservoir temperatures. The highest heat input in a spreading 
ridge will be into the young rocks near the a,'(is. As described in a later section, 
these rocks should also have the highest porosity and permeability, and on 
most spreading centers they will have little or no sediment cover. This com­
bination of properties should lead to a situation in which the hydrothermal 
circulation flow rates are large, the recirculation ratio (flux of water moved 
out of the system divided by the average flux of water within the system) 
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and water residence time is small, and the cooling is so efficient that the circu­
lating water is scarcely heated. As the crust ages, sediment begins to blanket 
the seafloor, and deposition and precipitation reduce the permeability of the 
system. The heat input is decreasing at the same time, but apparently this 
ef.fec~t does not become dominant for several million years. Lower permeability 
w1thm the system and especially at the seafloor will tend to decrease flow 
rates and increase the recirculation ratio and residence time, resulting in an 
increase in the average reservoir temperature. These higher temperatures are 
most readily seen in the measurem,qnt of conductive heat flow which usually 
reaches a ma.\:imum between an age of 1.5-3.0 m.y. (e.g., Fig. 3). 

From this analysis it seems that spreading centers and inter-arc basins having 
the highest sedimentation rate (e.g., Red Sea, Gulf of California, Sea of Japan) 
would be most apt to have the highest average reservoir temperatures. The 
proximity to land makes them especially attractive for exploration test 
dlilling, and exploitation. ' 
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Fig. 3. Heat flow (10-
6 

cal/cm' s) versus age for eight different sections of the earth's sea­
floor-spreading system. Curves are visually smoothed fits to averages taken over 2-m.y. 
intervals each 1 m.y. (where data are available) and projected normal to the spreading axis. 
1 = Galapagos spreading center at 86°W; 2 = Juan de Fuca; 3 = East Pacific Rise at 14° S; 
4 = Central Indian Ocean Ridge at 20-22° S; 5 = East Pacific Rise at 12° S; 6 = East Pacific 
Rise at 39' S; 7 = Reykjanes Ridge; 8 = Mid-Atlantic Ridge at 46° N (figure from Williams, 
1974). 

Geochemical temperatures. Reservoir temperatures can be estimated from 
the geochemical thermometers for hydrothermal metamorphic rocks. From 
estimates of mineral stabilities, it has been inferred that the temperature of 
greenstone metamorphism ranges from 200 to 3000 C (Melson and Van Andel, 
1966; Cann, 1969; Aumento et aI., 1971). Muehlenbachs and Clayton (1972), 

91 

using 180 fractionatIons between coexisting metamorphic mi~e~·a.ls of the 
greenstones, found temperatures within the sa~e range .. OphlOlItIc .rock 
sequences, which are believed to be the tectomcally uphfted oceamc crust~ 
are apparently developed over a maximum temper~ture rang:; of 18.0-400 C 
(Spooner and Fyfe, 1973), with temperatures as hIgh as 400 C havll1g occurred 
as shallow as 300 m below the seafloor. 

Geothermal temperature gradients. Great care must be taken in attempting 
downward extrapolation of the temperature gradients that have been measured 
for heat-flow determinations. These gradients are measured in the top few 
meters of sediment. In a region where convection may be important, there is 
no assurance that they persist to any great depth. For example, Lawver e~ al. 
(1975) interpreted a narrow zone of high heat flow. cent~red over a promlI1ent 
basement high in the Gulf of California as a recent mtrusIO~. If the basemen~ 
is quite permeable, lies beneath relatively impermeabl~ sedIments, and contall1S 
recirculating hot water, then the sediment-basement ll1terface may be a . 
relatively isothermal surface. In this case the measured heat flow would SImply 
be indicative of variations in the thickness of the insulating sediment blanket 
and not variations in basement temperature (Le., hot intrusion). This could be 
the cause of the Lawver et al. (1975) Gulf of California heat flow anomaly, 
since the observed thermal gradients increase by a factor of 7 coincident with 
a sediment thickness decrease of approximately the same factor. 

Another problem with extrapolating measured ther~al g~adients is. that 
many of the observations have been subject to a samplll1g bIas: On mId.-ocean 
ridges, sediment generally first collects in topographic depressIOns (sedIment 
ponds) which are commonly hydrothermal recharge areas and therefore have 
abnor~ally low heat flow (Lister, 1972). With current technology, heat-fl.ow 
measurements can only be made through an adequate sediment cover. ThIS 
results in many near-axis heat-flow mdasurements being low, having .be~n 
biased toward these sediment ponds.irhis sampling bias does not eXIst 111 areas 
of high unifom1 sediment cover (e.g., Galapagos spreadi~g ce?ter) or areas of 
high sedimentation rates (e.g., Sea of Japan, Gulf of Callforma, Sea of Okhotsk, 
and the Mediterranean Sea). . 

However, high sedimentation rates cause a similar problem. \yh~~ conductI~n 
is the dominate mode of heat tr~nsfer within the sediments, a sIgmfIcant f~actIOn 
of the equilibrium heat flow is fhsorbed in wa.rming the. rapidly accumulatll1g 
sediment. The result is that th~rmal gradients 11: the se~Iments near tl:e seafl~or 
are smaller than they would lJe without the sedImentatIOn. If th.e sedIm.entatIOn 
history is known, it is possible to make a ~airly ac.curate correctIOn .for Its .effect. 
The conections for the simple case of sedImentat.IOn at a constant late ~Ol a 
specified amount of time are given in Von Herzen and Uyeda (196~). S1l1ce .many 
of the economically interrsting subn:ari~e geothermal areas a.re subject ~o h~gh 
sedimentation rates, this effect is qUIte Important. In these rueas tempe.la.tUl~s 
within the sediment:' :0l increase with depth.substantially more than IS ll1dIcated 
by measurements Of;' seafloor them,al gmd,enl. 
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Boiling, Boiling would not be expected in most seafloor-spreading geothermal 
systems, Hy?ros~atic pressure increases about 0,1 bar per meter of depth, and 
most s!c:>reachng :Idge crests are deeper than 2 km, The critical point for sea­
water ~s approxllnately 304 bars/408° C (Spooner and Fyfe, 1973), Therefore, 
:vater 111 s~l?-seafloor geothermal systems probably is either at supercritical or 
Just subcntlcal p~'essures, where boiling cannot occur except at very high 
temperatures or III unusually shallow systems, 

Location and dimensions of reservoirs 

The distribution of surface heat flow could be used to locate reservoirs 
Th,e u:ldu!ations in th~ heat-fl~,~ pattem illustrated in Fig, 2 are interpret~d 
~s mdlcatmg the locatIOns of nsmg and descending limbs of convection. Rising 
lImbs are presumably located below heat-flow maxima. These maxima, which 
com~10nly occur on topographic highs or near faults, are regarded as the 
portIOn~ of the high-temperature reservoir that are nearest the seafloor. Of 
course, If the system has a substantial recirculation ratio, hot water should be 
found at depth almost anywhere in the region. 

The thickness ?f r.ese~oirs probably varies greatly. An interpretation of 
the heat-flow profIle 111 FIg. 2 based solely on fluid dynamic considerations, 
suggests the observed 6-km wavelength variations in heat flow are indicative 
of hy~rothermal,c?nvection that penetrates approximately 3.5 km into the 
?ceamc crust .(WIlha.ms et a1., 1974). From microearthquake data, Ward (1972) 
ll1ferred the cIrculatIOn beneath Iceland might penetrate to depths exceeding 
10 km. 

Permeability and porosity 

SOl~rces ,of pe~n:eabil!ty. !he upper regions of a reservoir presumably derive 
theIr pel,meablhty pnmanly from fractured flow and dike contacts, thermal 
contractIOn cra?ks, and faults (e.g., Bodvarsson, 1961; Ballard, 1975). In very 
young cru~t, thIS zone probably has a much higher permeability than the 
deep,er regI~ns, However, in a convecting system, the near-seafloor thermal 
grac,lIents WIll be ~uch higher, and the upper parts of a reservoir are probably 
subject to much hIgher rat~s of chemical precipitation and may become clogged 
~ooner than the deeper regIOns. In the deeper regions, the initial permeability 
IS probably much less, because there will be no flow contacts. However hot 
se~water reactin,g with the fresh rocks may dissolve large quantities of r~ck 
~B,I~choff and DIckson, 1975}, and this could conceivably compensate for the 
l~ltJaII~wer permeability. The evidence for this is not conclusive, as the 
dlSSol,utlOn of large quantities of rocks should have a dramatic effect on the 
che~mstry of the oceans, However, such an effect is not apparent. 

1h,e permeability of any part of a geothermal system can be renewed at 
~ny ~lme I~y fau~t activity. Active faulting, as detected by distant seismic stations, 
IS qUlte eVIdent ll1 young oceanic crust but apparently diminishes rapidly as the 
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\ ' k ' crust ages. Ward (1972) discusses the importance of mlcroearthqua es ll1 pr?-
viding channels for water flow in subaerial geothermal systems. ,Several stl~dICS 
have reported microearthquakes along zones of seafloor extenSIon, but thIS 
act\ivity could persist undetected in older oceanic crust, 

Maximum depth of the permeable layer, Ultimately, water can penetrate no 
deeper than the depth at which lithostatic pressure excee~s the strel:gth of 
the rocks and they can no longer support cracks. As mentIO~ed earh~r, the 
maximum depth may exceed 10 km. For any given rock, thIS depth IS str~ngly 
temperature dependent but can easily approach the depth of ,the crust (~:ster, 
1974). However, the effects of lithostatic pressure on reservoll' per~eablhty 
may be quite severe at much shallower depths, Lister (1974! descnbes a model 
in which temperature-dependent static fatigue causes the bnttle, permeab:e 
deeper rocks (> 1-2 km beneath the seafloor) t~ fail under th~ c~mpresslve 
lithostati.e load. He believes that collapse results 111 the rocks wlthll1 the collapse 
zone becoming relatively impermeable. The rocks over the collap,se zone are 
left penneable but cold. Lister does not assign a crustal age to thIS phenomen,on, 
but it would apparently take place after the occurrence of the heat-flow maxIma 
(1.5-3.0 m.y.) and might even be responsible for the minima observed between 

4 and 8 m.y. (Fig. 3, or Anderson, 1972). 

Effects of metamorphism, Large volume ch~nges can result from hydra~ion 
and/or dehydration reactions in the reservOIr rocks. The volume expansI,on 
associated with extensive serpentinization in the deep rocks of a reservOIr can 
be massive and could completely close flow channels. Similarly, lower-temper­
ature hydration reactions could cause a reduction in permeability in shallower 
parts of the reservoir. As discussed earlier, the tempe:'att~re of t~e crustal 
rocks apparently does not decrease monotonically WIth mcreasmg ag~, so the 
distribution of these reactions might be quite variable a!ld any reheat;ng of 
these hydrated rocks might lead to dehydration, contraction, and an mcrease 

in permeability. ' 
Another factor that has an effect on the permeability is the seafloor-spread:ng 

rate. Observations of spreading center topography indicate that slowly spreadmg 
ridges are more highly faulted than rapidly spreading ridges, The .e~fect on , 
permeability is seen in conductive heat-floW averages. From empmcal obser­
vations on young Cnlst (less than 30-50 m.y. old), the c?nductive l~eat flow 
is generally lower on slowly spreading ridges thaJ~ on rapIdly spreadmg ones, 
suggesting that higher permeability may be allowmg more of the heat to escape 

hydrothermally, 

Porosity, That portion of the bulk porosity embodying w~t~r th,at might easily 
be extracted, probably has the same origin as the perme~blh~y (I.e.: ~racks, 
contacts, faults, and solution voids). Although the porosI~y IS of cr,ltIcal, , 
importance in estimating the geothermal resource potentIal, no r~hable estImates 
are possible, other than to say that the oceanic crust could be qUIte porous 
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at times during its evolution and tl . 
correspond to changes in permeab'~~~ changes m porosity will generally 
porosity probably is subject t 1< I I y. B.ecause of factors already discussed, 

o arge spatlal and temporal variations. 

Rcseruoirs not related to fl . sea oar spreadtng 

Little can be said about the reservoir ch' .. 
to seafloor spreading Volcanl'call t' aIactenstlcs of systems not related 
It. . < y ac Ive seamounts th . 

a en of volcal1lc islands alld 11Y l' tl l' are e submanne equiv-tl ,c ro lerma clrcul t' . 
. :llS, reservoir characteristics should b ff a IOn IS probably common, 

chscussed earlier. Without any data th ~ ~ ~cted by parameters similar to those 
hydrologic studies of vol .. I ' ~s IS simply speculation. However 

camc IS ands hke th . th .. ' 
that such volcanoes are hl'glll ose m e Hawallan chain indicate 
1963) y permeable to the fl f . . Furthermore actual sllbnla' h t . ow 0 water (McGumness 

1
. ' nne 0 spnng d' ' sec Iment were observed b T Z I s pro ucmg metalliferous 

H1al . J e enov (1964) on th b . 
II lU 111 Indonesia Siml'l"" b t' e su manne volcano Banu 

S 
" . . UJ. 0 serva IOns have b d 

an tonm 111 the Mediterranean (Puchelt 19 een n:a 
e on the Island of 

Solomon Islands (Ferffilson a d L b' 73) and m Rabaul Harbor in the 
b< n am ert, 1972). 

Discussion 

Simple laboratory and mathematic 1 " 
applied to stUdying hydrothenn I a m<:>delmg mvestigations have been 
(e.g., Elder, 1965 1967' Bodv a conv~ctlOn in submarine geothermal systems 
These have yielded valu~ble in::r~~nrv~n Lowe.ll, .1972; Williams et al., 1974). 
techniques have been develo edgfo; or.e sophls~lcated computer modeling 
Many of these techniques co~ld l' d~te ~n stud~mg subaerial geothermal areas. 
however, without better inf t~a 1 y e applIed to the submarine problem' 
limited. orma IOn to constrain these models, their value is' 

Many useful comparisons can be m d 
systems and areas of subaerial seafloor

a 
e bet:veen submarine geothermal 

exa~ple containing numerous geothen~;rea~mg .. Iceland pr~vides the best 
envIronment. Especially illustrative is th al aIeas.m a pre~ommantly basaltic 
seawater-dominated high-te t e Reykjanes penmsula: a well-studied 

I . . ' mpera ure system ' 
n additIOn, given the com lexit f . 

porosity, large-scale temporalP ~d ; 0t' \he f~ct?:s affecting permeability and 
e~er, as mentioned earlier, the crus:: la vanablhty ~an be expected. How­
extent beyond an age of 50 (S I pparently remams penneable to some 
1975). With our poor unde~;~d' c at;~ et al., 1974, 1976; Williams and Poehls 
data on these quantities the d Ifng 

0 hese factors and the lack of direct ' 
I . ' nee or more work t' I o )VIOus. It is the distribution of piT ' par ICU arly drilling, becomes 

responsible for determining tl erm.ea)1 Ity and porosity that is primarily 
. l' . 1e magmtude of sui . 
am IllS this distribution that mllst bite . )marme geothermal resources e c e rmmed. ' 

v 

\ 
SPECULATIONS OF THE MAGNITUDE OF THE RESOURCE 

Perhaps ~hat the most promising submarine geothermal resource area for 
early exploration is the Gulf of Califomia. In the coastal area of the gulf, 
where electricity and fresh water are available only at a premium, this 
potentially enormous resource lies within sight of land. The tectonics of the 
region are apparently transitional from the predominantly seafloor-spreading 
tectonic regime of the East Pacific Rise (on the south) to the totally transform 
fault motion of the San Andreas Fault on the north. The Gulf of Califomia 

I 

has an area of roughly 150,000 km2 • In the northem one-third of the gulf or 
roughly the 50,000 km2 north of 28° 30'N, 74% is overlain by water shallower 
than 500 m. Approximately 35,000 km2 is new seafloor, created by seafloor 
spreading within the last 5 m.y. (Moore, 1973). From seismic refraction 
studies, Phillips (1963) interpreted the upper 1.5 km of the seafloor to be un­
consolidated sediments (seismic velocity ~ 2 km/s). Below this is a layer about 
2.5 km thick, having a seismic velocity averaging 4.1 km/s. This layer may 
consist of semiconsolidated sediments and/or porous volcanic rocks. Thermal 
gradients have only been measured in the upper few meters of sediment; they 
have not been measured beneath the sediment zone that would be affected by 
bottom-water temperature variations. Owing to the shallow depth of this 
region, these variations could be quite large, and thus no reliable heat flow data 
are available. However, theoretical models for conductive cooling of young sea­
floor away from a seafloor-spreading center (e.g., Selater and Francheteau, 
1970) indicate that the average heat flow should be of the order of 4 HFU 
(1 HFU = 10-6 cal/cm2 s). This agrees with the average heat flow observed in 
the central Gulf of California [3.4 ± 0.5 HFU (Lawver et al., 1975)]. (As noted 
earlier, the high sedimentation rates in the central Gulf of California, ~ 2 m/ 
1000 yr, may have depressed these observations as much as a factor of two:) 
Assuming that the unconsolidated sediments are impermeable and have a 
thermal conductivity of 2 X 10-3 calls, the thermal gradient in the upper 1.5 
km would be about 200° C/km and the temperature at the base of this layer 
would be 300° C. If the underlying layer is sufficiently porous and permeable 
(admittedly an assumption), it might be possible to extract large quantities of 

hot water. Muffler (1973) estimated that approximately 1% of the heat actually stored 
in a geothermal system above 15° C can be converted into electricity. In this 
scheme he assumed that one-half the reservoir is completely inaccessible 
because of impenneable rocks and an insufficient number of drill holes. The 
remaining half of the system is utilized until it is cooled to 180°C, but 
much of this heat is subsequently lost due to thermal and mechanical 

inefficiencies. To approximate the possible geothermal potential of the northern Gulf of 
California, let us assume that one-half of the 35,000 km

2 
of new crust is under­

lain by a porous and permeable reservoir whose top is 1.5 km below the sea­
floor. Because of drilling costs, assume that no hot water can be extracted from 
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below 3 km. Finally, take a reservoir temperature of 260°C versus the 300°C 
calculated above to account for the effects of some small amount of hydro­
thermal discharge. The heat contained within the reservoir is then approximately 
2.2 X 1022 joules. Following the arguments of Muffler (1973), the electrical 
generating potential would be approximately 180,000 megawatts for 30 years. 
This is nearly as high as the current electrical consumption rate of the entire 
United States. 

( ~, 

Analogies may be drawn between the northern Gulf of California and the 
Cerro Prieto geothermal field (Isita et al., 1975) about 100 km to the north. 
In Cerro Prieto, production is from a sedimentary stratum lying within the 
same sedimentary basin as the northern gulf. Nevertheless, an assumption of 
the existence of this high-temperature, porous, and permeable reservoir in the 
northern gulf may be optimistic. An extensive system of submarine hot springs 
could keep the upper several kilometers too cool to be useful. In contrast, 
extremely low permeability could prevent the economic extraction of the 
heat, or the thermal anomaly could be much smaller than assumed here. The 
model used here is admittedly an oversimplification of the problem. To cite 
conflicting observations, Bischoff and Henyey (1974) reported crystalline 
basement within 50 m of the seafloor in the lower Delfin Basin, an inferred 
spreading center of the northern gulf. They also dredged pumice from the edge 
of this basin. Although this is not exactly the same area as Phillips (1963) in­
vestigated in his seismic refraction work, the sub-seafloor structure in the 
northern gulf is obviously more complicated than Phillips described. Also these 
zones of recent intrusion, like the one in the central gulf described by Lawver 
et al. (1975), are almost certainly localized areas of shallow high temperatures 
(e.g., measured thermal gradients of 1750°Cjkm). Therefore, any estimate of 
the geothermal potential based on present knowledge is subject to large un­
certainties. The one offered here is only to be an order-of-magnitude calculation 
designed to emphasize the possibility of a resource of very large proportions. 

Numerous areas similar to the northern Gulf of California exist throughout 
the world, especially around margins of the Pacific Ocean (d. Grose and Keller, 
1975). fvIany are potential candidates for exploitation of heat energy. For 
oxample, much of the southern two-thirds of the Gulf of California, although 
not nearly as shallow, still has high heat flow and a kilometer of sediment cover. 
The marginal basins of the western Pacific generally display high heat flow 
(Selater, 1972). The most attractive geothermal resources are the ones Selater 
called "inactive basins with high heat flow". Being inactive, they tend to develop 
a thick sediment cover, thereby forcing the high heat flow to produce high 
temperatures at shallow depth. In the Sea of Japan, an area of roughly 1 X 106 

km 2
, heat flow is generally high (> 2 HFU), with values greater than 3 HFU 

not uncommon (Yasui et al., 1968a). Most of this area has a sediment covel' 
from 0.7 to 1. 7 km thick. One area in the Sea of Japan having especially high 
heat flow (average 2.54 HFU) is the Korea Plateau, which is immediately 
adjacent to Korea in water approximately 1 km deep. Similarly, the Sea of 
Okhotsk has an average flow greater than 2 HFU with values to 4.5 HFU (Yasui 

( 

( 

j 
I 
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. 5 k (Kosminskaya and Sverev, 1968). 
et aI., 1968b) and sediment thlcknes~to t fl :, of 4 HFU (Yasui et al., 1970) 
The Okinawa Tr?ugh has an avera:e i~athe ~orth to 1.4 km near Taiwan. The 
and sediment thIckness from 2.2 m 2 2 t 3.2 km. 
seafloor there lies in a de~th rang:s~e~~ M~di~rranean Sea is 2.33 HFU 

The average heat ~o:v m ~he W. Erickson (1970) shoWS an area of more 
(Erickson, 1970). Wlthm tl1lS regIOn T h . n Sea (north of Sicily) where 
than 50,000 km2 in t~e south ce~t~u y~e ~~~~her states that corrections fo:: 
the average heat flow IS a?out 3. . rat'e (~ 0 5 m/l000 yr) could double thIS 
the effect of the high sedlment~tIO; fl res at depths between 2.5 and 3.5 km 
value. The area of kno:vn high. ea oWf ~bout 1 km. However, the available 
and has an average sedIment thIckness °d' f the area and it could be much 

1 d f the boun anes 0 , 
data do not accurate y e me tearer to the Italian coast. 
larger, extending int? shallo~er wa ~~ ~he southern California continental . 

Several of the basms and troughs I the San Diego Trough, approxl-
d· I h'gh heat flow For examp e, f 33 borderland ISP ay I . 'Cal'f . has an average heat flow 0 . 

mately 30 km west of San DIego, d I ~:ma~tation) with values to 4.9 HFU. 
HFU (corrected for topography an sle k

ime 
d is locally covered with about 

The seafloor lies at a depth of abou; th ~ an de Fuca Ridge has an average 
1 km of sediment. The east fl~nk 0 t dee t:~ several hundred meters (Lister, 
heat flow of 7.1.HFU and sedimen . P . ately 400 km for the coast of 
1972) It lies in deep (> 2 km) water, approxl~ the Andaman Sea (measured 
the U.-S. Pacific Northwest. Some.othetr e

1
xa

5
m

k
P eSthai~ek) S~lu Basin (adjacent to 

. h 7 HFU in sedimen s. m , 
heat fl?:V a~ hig as

d
) th Red Sea and the Fiji Plateau. 

the PhIhppme Islan s, e , 

EXPLORATION AND EXPLOITATION 

I • • • • uch otentially attractive areas, the 
Wi,th an existing abIhty to IdentIfy s .~ f them This exploration should 

nexflogical step would be to explor.e alsever 0 to ch~acterize and identify 
h . al nd geochemic surveys 11 b 

consist of geop YSIC a.. 11 d b drilling. Initial drilling cou c e 
the most promising locahtles~ f~ owe Y f the IPOD research drilling 
most simply accomplish~d.Wlthl~1 t~e ~~:~. ~hallenger". 
program, utilizing the drilhng ShIP G t t' g the ocean's basaltic basement 

As discussed earlier, drill holes Pdenetlra mal actl·vl·ty such as extensive 
al d' f hy 1'0 1erm' . have generally reve e SIgnS. 0 d . . ts and shear zones, and flowmg 

alteration and precipitation ~n an
u 
nt:5~~n m) was made in a topographic 

water. The deepest penetratIOn (h~ Mid-Atlantic Ridge in crust about 3.5 
depression on the west flank of t 1 . 1974) This hole penetrated the ponded 
my. old (Melson, Aumento and ot 1

1
ers,. 1 e~' Preliminary results indicate 

. t d into the vo camc ay . d able sediment and wen eep . h d been quite porous an permec . 
that these volcanic rocks, at some tlm.e, ;. g that as expected, this had been 
Tl~e heat-flow was low (~ 0.5 HFU), Imp d

ym 
t drill h~d rock on the ocean 

. 1 . 1 arge area In or er 0 00 f 
and probably stll IS ~ r~c 1 010' something on the order of 1 m 0 

floor with current dnll.mg techn b'l;;' the drill stem. On young rocks of the 
sediment cover is reqmred to sta I . 
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Mid-Atlantic Ridge, and on most other spreading centers, this amount of 
sediment generally occurs only in topographic depressions (sediment ponds). 
If a recharge area is to be avoided and hot water encountered at a reasonably 
shallow depth, heavily sedimented spreading centers should be chosen and the 
drilling site selected in zones of high heat flow. 

It seems reasonable that resource exploitation could follow technology al-
ready devel by the geothermal and offshore oil industries. Special con-
sideration \",' !rj have to be given to power and water transmission, to possible 
pollution Pms associated with discharging hydrothermal fluids into the 
sea, to insuL :g submerged production piping, and to deep-water platforms. 
One distinct z,dvantage, however, is the simple access to almost limitless 
supplies of cooling water. 

CONCLUSION 

Th existence of a substantial and exploitable submatine geothermal resource 
anel" rtainly, the magnitude of such a resource remain to be determined. The 
evicL,.:e is persuasive that enormous quantities of heat are removed from the 
oceanic crust by hydrothermal circulation; however, high temperatures at 
shallow depths, adequate permeabilities and porosities, and several other qualities 
at'e important prerequisites for an economically feasible energy resource. With 
the world's pressing need for alternative energy sources, submarine geothermal 
resources deserve a closer look. It is hoped that the results derived from such 
research would anl>wer many of the questions raised in this paper and allow 
an assessment to be made of the submarine geothermal resource potential. 
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Book Review 

Volcanoes of the Earth, Moon and Mars, G. Fielder and L. Wilson (Editors). 
Paul Elek (Scientific Books) Ltd., London, 1975, 126 pp., £ 6.00. 

During the past few years our knowledge of the Solar System has grown 
at a remarkable rate. In 1974, for example, spacecraft travelled to Mercury, 
Venus and Jupiter, and landed on Mars, while the instruments on "Skylab" 
provided a wealth of new data on the Sun. The huge increase in data on the 
nature of the planets and their satellites is forcing volcanologists, and others 
working in related fields, to re-examine the significance of volcanism, both 
in the evolution of planets, and in the production of their atmospheres. The 
book "Volcanoes of the Earth, Moon and Mars" is important in that it 
demonstrates that volcanology is a significant branch of the planetary sciences 
rather than a neglected branch of the earth sciences. 

This relatively short book (126 pages) contains contributions from nine 
authors. Eight of them are members of the Lunar and Planetary Unit of the 
Department of Environmental Sciences in the University of Lancaster, U.I<.. 
The book is divided into nine chapters and each chapter contains a discussion 
of a separate topic. While the overall objectives of the book are admirable, 
the book does contain some unsatisfactory sections. 

In the first chapter Dr. G. Fielder gives a succinct account of the origin of 
the planets. He also demonstrates that volcanic activity is important in both 
the development of the surface layers of the planets, and in the evolution of 
the atmospheres that are found on the planets. In contrast with the first chapter 
much of the material presented in the second chapter is disappointing. This 
chapter contains an elementalY discussion of "volcanic types and their distl'i­
bution". The discussion is, however, marred by a numbers of misleading 
statements. The following are a few examples of such statements: sedimentary 
rocks are defined as being "formed by the lithification of rock detritus and 
animal remains" (p. 11); it is stated that "diatremes which tap magma chambers 
situated at depths of 200 to 300 km al'e called kimberlite pipes" (p. 13); and 
on p. 16 it is stated that "seventy-five per cent of the active terrestrial volcanoes 
are situated in the Pacific ring of fire", later in the discussion it is stated that 
most active volcanoes occur in the "ocean basins", and then this statement is 
followed by the claim that a "high proportion" of the volcanoes of the ocean 
basins "occur on or near mid-ocean ridges". This chapter does, however, con­
tain a short but useful section on the viscosity of magmas (pp. 12-13). 

The third chapter is on "lava flows and flood lavas" and it contains a most 
interesting theoretical discussion on the rheology, thickness and width of lava 
flows. About half of this chapter is devoted to a well-illustrated account of 
the flood lavas of the l\Iare Imbrium region of the Moon. Chapter <1 contains 
a concise and useful description of "explosive eruptions and pyroclastic flows". 


