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PREFACE 

The importance of studies of active hydrothermal-magma 
systems as part of a national continental scientific 
dr illing program has been emphasized in numerous 
wor kshops and symposia , including (1) Los Alamos , New 
Mexico , workshop on Continental Dr illing for Scientific 
Purposes (U. S.  Geodynamics Committee , 19 79 ) ;  (2) Sandia 
National Laborator ies WOrkshop on Magma/ Hydrothermal 
Dr illing and Instrumentation (Varnado and Colp, 19 78) ; 
and ( 3 )  Ghost Ranch , New Mexico , WOrkshop on Continental 
Dr illing (Shoemaker , 19 75) . The present report ,  prepared 
by the Panel on Thermal Regimes of the Continental 
Scientific Dr illing Committee , both reinforces and 
expands on earlier recommendations . 

The u.s. Geodynamic" Committee 19 79 repor t of the Los 
Alamos wor kshop, Continental Scientific Dr illing Program, 
placed major emphasis on maximizing the scientific value 
of current and planned dr illing by industry and 
government , supplementing these efforts with holes 
dr illed solely for scientific purposes . Although the 
present report notes the impor tance of oppor tunities for 
scientific investigations that may be added on to 
current , mission-or iented drilling activities , the Panel 
on Thermal Regimes recognizes that such opportunities are 
limited and thus focused its study on holes dedicated to 
broad sc ientific obj ectives . 

The Continental Scientific Dr ill ing Committee 
endorses th is report and the recommendations put for th by 
the Panel on Thermal Regimes . The Committee , noting that 
a national program for continental scientific dr illing is 
for thcoming , welcomes comment from the scientific 
community and encourages par ticipation in the 
implementation of research dr illing projects to 
investigate the roots of active hydrothermal systems 
r elated to young magmatic intrusions . 
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1 .  S�Y AND RECOMMENDATIONS 

Most of the processes occurr ing with in the Ear th are 
temperature sensitive and thermally dr iven . It follows 
that a complete understanding of geological processes 
demands as intimate a knowledge as poss ible of the Earth ' s  
internal thermal regime. At the broadest level , knowledge 
is needed of the reg ional background heat flux and of 
major reg ional anomalies with hor izontal scales of 
hundreds of kilometer s .  More specifically, however , 
detailed studies of areally restr icted hydrothermal-.agma 
systems must be conducted to better understand the 
mechanisms of magma emplacement and water circulation and 
the bear ing of such processes on ore deposition and 
geothermal energy. In addition , these studies will lead 
to a better assessment of volcanic and ear thquake hazards . 

Although research on background heat flux and major 
regional anomalies requires continued suppor t ,  no new 
major funding initiatives are necessary to assure that 
regional heat-flow studies will continue to provide 
per tinent and timely data to constrain tectonic models . 
There is , however , a real need for a new major funding 
initiative to dr ill active hydrothermal-magma systems . At 
present,  hydrothermal-magma processes can be studied only 
inferentially , us ing near-surface data , shallow-hole 
investigations , analog ies with exhumed foss il systems , and 
extrapolation of laboratory exper iments . These 
conventional studies alone cannot ach ieve the quantum j ump 
needed to understand hydrothermal-.agma systems ; only with 
deep dr ill ing can rel iable in-s itu field measurements be 
obta ined of the parameters that are required to descr ibe 
fully the dynamics of an actual hydrothermal system (e .g . ,  
pressure , temperature , state of stress , flu id pressure ,  
fluid compos ition ,  mineralogy , and rock and mineral 
chemistry) . Only by d irect sampl ing of fluid and rock at 
cur rently existing and known conditions of pressure ,  
temperature , and fluid composition can one establ ish with 
cer ta inty the effects of fluid-rock interaction without 
concern for the changes that invar iably occur in the 
samples dur ing cooling . 

It should be emphasized in th is connection that 
petrolog ic and geochemical measurements on dr ill-core 
samples {particular ly from continuous dr ill core) 

1 
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generally provide scientific return an order of magnitude 
greater than does outcrop sampling , even in areas of good 
exposures . Dr illing allows sampl ing of otherwise 
inaccess ible zones of the Ear th ' s  crus t .  There are clear 
advantages of having dr ill core fro. a dynamic environment 
in which geophys ical measurements and fluid samples are 
s imultaneously available . In shor t ,  there is a need for 
dedicated scientific dr ill holes (that is , holes dr illed 
for a pr imary purpose of broad scientific investigations ) 
into deeper and hotter levels of the Earth than have been 
penetrated to date . 

we recommend that the united States should, therefore, 
initiate a new, highly focused scientific dr illing prograa 
aimed at understanding the roots of hydrothermal systems 
related to young magmatic intrusions . A 10-year program 
is recommended involv ing a number of shallow and 
intermediate-depth dr ill holes in several major geothermal 
areas . This program would culainate in several deep holes 
reach ing as high a temperature as possible before the 
limits of technology at the time of dr ill ing are exceeded . 
With appropr iate developments in dr ill ing , logging , 
sampl ing , and analys is technology , it  should be possible 
to dr ill to 6 or 7 km, reaching temperatures in excess of 
500 °C . 

HYDROTHERMAL-MAGMA SYSTEMS 

In order to determine research and dr ill ing prior ities , 
hydrothermal�gma systems in the United States may be 
grouped into five classes : dominantly andes itic centers , 
spread ing centers ,  basaltic fields , evolved basaltic 
center s ,  and s ilicic caldera complexes . Appl ication of 
e ight scientific cr iter ia and three social-relevance 
cr iter ia (which include assessment of volcanic and 
ear thquake hazards , as well as resource issues such as 
geothermal energy and mineral depos its) in th is repor t 
leads to the conclus ion that s ilicic volcanic complexes 
and spreading centers should be the highest-prior ity 
targets of a focused dr illing program to investigate the 
roots of the associated hydrothermal systems . 

SILICIC VOLCANIC COMPLEXES 

Within the western conterminous United States there are 
three young , large silicic caldera complexes ( Figure 1 ) : 
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FIGURE 1 Map of the western United States showing 
locations of the scientific research dr illing targets 
discussed in the text . 
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Yellowstone, Wyoming J Valles , New MexiCO J and LOng Valley, 
California. Yellowstone clear ly represents the most 
intense magmatic and geothermal anomaly, but there is no 
opportunity for suppor tive industry dr illing and the area 
is environmentally sensitive . Accordingly , while no deep 
dr illing at Yellowstone is recommended at this time , it is 

urged that this area continue to be considered for 
poss ible research dr illing in the future . In particular, 
the scientific mer its of research dr illing in Yellowstone 
should be more sharply defined , and full consideration 
should be given to the environmental impact of dr ill ing 
in this area . 

Valles CAldera 

The Valles caldera was the classic-type example on which 
geolog ists developed their concepts of resurgent calderas . 
Because of its relatively recent volcanism (less than 
100 , 000 years ago) , its well-developed physiographic and 
geolog ical features, and the presence of a well-documented 
high-temperature hydrothermal system , which has been 
dr illed extens ively by industry ,  we recommend that the 
Valles caldera be considered one of the pr ime targets for 
deep scientific dr illing . 

LOng valley 

The LOng Valley/Mono craters volcanic complex erupted more 
recently (about 500 years ago) than any of the other major 
caldera systems considered . In addition, recent tectonic 
deformation, se ismic ity patterns, and the reactivitation 
of fumarolic activity caused the u.s. Geological Survey to 
issue, on May 2 5 ,  1982 , a notice that a potential volcanic 
hazard exists for the southwestern segment of the LOng 
Valley caldera .  An additional factor to consider in the 
LOng Valley area is that several young volcanic systems 
nearby ( Inyo Domes ,  Mono craters , and the Coso volcanic 
area, see Figure 1) are thought to be in precaldera stages 
of evolution . A systematic program of dr ill ing in this 
area therefore provides the opportunity to sample and 
study a set of geologically related but geographically 
separated caldera systems at var ious stages of evolution . 
Hence, the LOng Valley/MOno crater s volcanic complex is 
another of our recommended major targets for deep research 
dr illing . 
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Long-Term Dr illing Program 

The major problem in designing a long-term dr illing 
program is that the site-selection data sets for the three 
silicic caldera complexes are not now comparable . 
Therefore , as a prelude to a deep drilling (to depths 
greater than 3 km) program at any s ite , intermediate­
depth dr illing as well as geological , geochemical , 
geophysical , and hydrologic field studies need to be 
car r ied out in conjunction with theoretical model ing of 
phys ical and chemical processes . 

TO this end , we recollllllend that scientific 
investigator s and funding agencies develop the requisite 
data base and interpretational models as soon as possible .  
We recollllllend that scientific deep dr illing in the major 
young s ilicic calderas proceed systematically through a 
ser ies of progress ively deeper holes in each of the major 
target calderas , beginning illllllediately with holes from 
shallow (to 300 m) to intermediate (300-3000 m) depths . 
In addition we emphas ize that before a dedicated deep­
dr illing program can logically proceed , a carefully 
coordinated program of site surveys and intermediate-depth 
dr illing needs to be completed . 

SPREADING CENTERS 

It is strongly recollllllended that programs continue to 
develop that take advantage of all available opportunities 
for investigations to be added on to industry dr ill ing 
activities in the Salton Trough , one of the most 
impress ive examples of an active continental spreading 
center in the wor ld , and the only one in the United 
States . A broadly based program of geophys ical , 
geological , geochemical ,  and hydrologic studies should be 
carr ied out in this ar ea , with a view toward dedicated 
dr illing in the near future .  TOward th is goal , every 
effort should be made to develop and define conceptual 
models based on informat ion from prel iminary sur face 
studies , shallow to intermediate-depth research dr ill ing , 
and cooperative research with industry . 
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SUMMARY OF RECaomNDATIONS 

'ftle Panel on 'ftlerul Regimes recommends the following : 

1 .  Initiation of a focused dr illing prograa to 
determine the evolution in space and time of 
hydrothermal-magma systems . 

2. New dr illing in itiatives in the young s il ic ic 
caldera systems , specifically the Long Valley-Inyo-Mono 
region and the Valles caldera .  

3 .  Fur therance of understanding of the thermal 
regime of the salton Trough , a spreading-center 
environment , in par ticular mak ing use of all available 
oppor tunities to conduct research dr ill ing investigations 
in the Salton Trough geothermal f ields . 

4 .  Intermediate-depth dr illing as well as 
geological , geophysical , geochemical , and hydrologic 
field studies in conjunction with modeling of physical 
and chemical processes in the prospective target areas as 
a prelude to specifying deep-dr illing targets and 
objectives . 

s. Development of a scientific and operational plan 
for deep dr illing in each target area . 

6.  Selection of one or more deep-dr ill ing sites in 
each study area after collection and analysis of 
requisite background data and the development of 
conceptual models testable by deep dr ill ing . 

7 .  Development of technology for dr ill ing, cor ing , 
logg ing , and other downhole instrumentation in 
high-temperature environments (500°C or more) containing 
cor rosive and reactive solutions . 
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2 .  CATEGORIES OF PROBLEMS PERTAINING TO 
CONTINENTAL THERMAL REGIMES 

Measurements of heat flow in shallow dr ill holes provide 
clues to var ious thermal regimes and heat transpor t 
mechanisms in the Ear th ' s  crus t .  The net outflow o f  heat 
across the Ear th ' s  surface contains information that can 
be related to the processes that generate , transpor t ,  and 
store heat in the Earth ' s  crust.  In turn , these processes 
can be related to the dynamics of the Ear th ' s  lithosphere .  

REGIONAL BACKG:QOUND HEAT FLaf 

The present heat loss from continents is about loll w. 
This heat loss is not uni form, and the differences in heat 
f low among the var ious thermal prov inces provide 
s ignificant constraints on models for their evolution and 
present tectonic reg imes . 

The number of reliable heat-flow observations in the 
conterminous United States is adequate to good in some 
r egions but insuffic ient over a large fraction of the 
country J there are practically no data over much of the. 
Great Plains province and the southern Coastal Plain . 
Never theless , even with th is restr icted data set , some 
s imple gross patterns become apparent .  Heat flow in the 
eastern half of the country is relatively low with a 
nar row range of var iation . Mean heat flow in the West is 
h igher, but there are large areas of both extraordinar ily 
h igh and low heat flows . A closer look at the West 
( Figure 2) reveals that many of these areas of anomalous 
heat flow are related in a systematic way to the tectonics 
of the region . 

ANOMALOUS THERMAL REGIMES 

Within the present data set , thermal anomalies occur on 
both regional and local scales . Some of the more 
conspicuous regional anomalies in the Western Un ited 
States are readily apparent from Figure 2. Nor th of 
cal ifornia, the Pacific Coastal provinces are 
character ized by uniformly low heat flow (about l heat-

7 
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FIGURE 2 Map of the western United States showing 
heat-flow contours ,  heat-flow provinces , and major 
phys iographic divisions . (BMH , Battle Mountain BigbJ 
EL, Eureka IDw ; LV, IDng Valley ; RGR, Rio Grande RiftJ 
SRP, Snake River Plain J Y, Yellowstone . Modified from 
Sass et al . ,  1,81 . )  
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flow unit--41 . 8  mw;m2), probably resulting from the heat 
s ink associated with subduction. The broad high in 
western Cal ifornia , associated with the trace of the San 
Andreas fault , is related to plate interactions along this 
transform fault .  As might be expected, the southern 
Cascade Range is character ized by high heat flow. Low 
heat flow in the Sier ra Nevada generally is attr ibuted to 
the l inger ing aftereffects of Cenozoic subduction . 
POs itive anomalies associated with the Battle Mountain 
h igh and Rio Grande Rift (BMB and RGR, respectively, 
Pigure 2) are the results of intraplate tectonic 
processes , which at present are poorly understood .  The 
Eureka Low (EL, Pigure 2) is a reg ional anomaly probably 
caused by interbasin water flow with a downward component 
of velocity of a few millimeter s per year . 

Local heat-flow anomalies generally are the result of 
hydrothermal convection or a combination of magmatic 
activity and hydrothermal convection .  In reg ional heat­
flow studies , great car e  is taken to avoid areas of 
hydrothermal convection , and values of heat flow with in 
5-10 ka of hot spr ings or other surface hydrothermal 
manifestations are regarded as suspect from a reg ional 
point of view .  Beat-flow and hydrologic data near s ites 
of hydrothermal discharge do , however, provide valuable 
constraints on models for the heat sources , and they are 
useful in calculations of the thermal budgets of the 
systems . 
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3 .  RFSEARCH NEEDS 

A broad understanding of the therul regiaes of the 
Earth's lithosphere and their associated dynamical 
processes is of central importance to a variety of basic 
scientific and social issues . It is important to 
recognize that major new research initiatives need to be 
carefully couched in terms of the present status and the 
need to support future ongoing studies of a variety of 
probleas that are essential for obtaining the 
comprehens ive understanding of thermal processes in the 
Bar th's interior that we seek . 

· 

HEAT-FLOW GRID OF THE CONTERMINOUS UNITED STATES 

A paucity of heat-flow data pers ists over much of the 
United States , a thorough understanding of the therul 
regime of the United States will require a much greater 
density of observations . TO a first approximation, 
s ignificant lateral variations in heat flow are the 
result of subcrustal processes . Thus , i f  rel iable 
determinations of heat flow are made with a horizontal 
spacing of a crustal th ickness (i . e . , 30 to 40 ka), the 
reg ional flux will be characterized adequately . Near 
certain boundaries, profiles of more closely spaced heat­
flow determinations will be required . By far the majority 
of heat-flow determinations to date have been acquired 
from holes or wells dr illed for other purposes . In 
cr itical areas or sites where no drill ing has been done 
for other purposes , dedicated drilling has been necessary . 
Generally the holes drilled speci fically for heat flow 
yield more reliable determinations than do holes of 
oppor tun ity .  Several heat-flow groups are now being 
supported by funding from the National Sc ience �undation, 
the Department of Energy , and the u.s. Geological Survey . 
We recommend that the Continental Sc ientific Drilling 
Committee monitor the progress of regional heat-flow 
studies and offer specific recommendations when 
appropr iate . 

10 
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THERMAL HYDROLOGY OP SEDIMENTARY BASINS 

Studies of the thermal regimes of sediaentary basins 
recently have taken on great importance for a var iety of 
reasons . The realization that the evolution of 
hydrocarbons is very temperature-sensitive has aroused 
cons iderable scientific interest in the thermal evolution 
of bas ins and in the coupled thermal/hydrologic problem . 
Proposals to bury radioactive waste within bas ins have 
resulted in systematic studies of the hydrology of 
selected bas ins . careful aeasureaents of heat flow as a 
function of depth and between adjacent dr ill holes may 
prov ide a sensitive indicator of the advection of fluids 
and , when combined with appropr iate hydrologic and other 
aeasurements , allow quantitative modeling of such cr itical 
parameters as nucl ide aigration rates . 

THERMAL-MECHANICAL INTERACTIONS IN AREAS OP ACTIVE PAULTS 

Thermal aspects of active fault systems have received 
cons iderable attention recently . A thorough understanding 
of the interaction of thermal and mechanical energy in 
r egions of high stress concentration is essential to a 
predictive understanding of the mechanism of ear thquakes . 
It is anticipated that with in the earthquake component of 
the national Continental Scientific Dr illing Program there 
would be some dedicated research dr ill ing to learn more 
about mater ials

.
proper ties, stresses, flu id pressures, 

temperatures, and other relevant parameters in active 
fault zones . To complement these studies, the thermal 
regimes of these areas should be studied systematically, 
with par ticular emphas is on the effects of shear heating 
on rock strength and deformation mechanisms . 

HYDROTHERMAL CONVECTION NEAR ACTIVE PAULT SYSTEMS 

Studies of heat flow near recently active fault systems 
should provide input into models of fault movement, the 
genesis of certa in ores, and the •plumbing• of fault­
controlled geothermal systems . These studies also would 
be defined mainly by other aspects of the national 
Continental Scientific Dr illing Program and by other 
programs, and the Panel intends to follow closely the 
add-on aspects of the thermal research . 
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THBaQL HYDROLOGY OP RIPT SYSTJ!MS 

By analogy to mid-ocean r idges, much of the thermal energy 
within continental r i ft systems is carr ied away by 
hydrothermal convection . This may be, in part, the 
explanation for the undulant and discontinuous nature of 
the heat-flow anomaly associated with the Rio Grande Rift 
(RGR, Pigure 2 ) . Studies of the coupled heat and mass 
flow problems associated with th is convection should be an 
integral part of any r i ft investigation . 

HYDROTHERMAL-MAGMA SYSTEMS 

Spectacular manifestations of combined magmatic activity 
and hydrothermal convection occur at a small number of 
locations within reg ions of elevated heat flow in the 
western United States . The complex interactions among 
rock, magma, water, and steam are not well understood and 
will be completely understood only when one can observe 
them in s itu . Dedicated dr ill holes to great depths 
involving very high temperatures will be required to 
achieve this goal . Dr ill holes that approach or exceed 
the limits of present dr ill ing and logg ing technology are 
necessary.  We believe that to address the questions in 
th is research area, a major new research initiative is 
required at the national level . 
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4 .  RATIONALE POR FOCUSED NEW STUDIES 
ON HYDROTHERMAL-MAGMA SYSTEMS 

Although all the studies of thermal regimes outl ined above 
represent important projects involving measurements that 
can be obtained only by dr ill ing, the study of 
hydrothermal-magma systems is emphas ized in th is report . 
There is general agr eement that such a dr illing study will 
provide a great deal of new sc ientific information that 
cannot be obtained in any other way . Also, many of the 
other thermal research objectives can be achieved in 
conjunction with the efforts of other components in a 
national Continental Scientific Dr ill ing Program , for 
example, studies of ear thquakes, mineral resources, 
basement structures, and deep cont inental bas ins . 

SCIENTIFIC IMPORTANCE OP DRILLING 

The fundamental issue fac ing students of hydrothermal­
magma systems is to understand the processes that take 
place when a body of magma is intruded into crustal 
mater ial . Because the upper crust is normally saturated 
with water, the process of magma cooling is not simply a 
matter of thermal conduction but involves a complex 
pattern of meteor ic water c irculation combined to an 
uncerta in degree with volatiles released from the magma . 
Furthermore, the magma itself may convect, thus augmenting 
the heat transfer, and the emplacement of the magma 
probably takes place over a substantial time interval , 
either continuously or episodically . The net result is a 
complex pattern by which heat and mass are transported 
through the crust, with the attendant formation of many 
types of mineral deposits . 

At present, practically everything known about the 
deeper por tions of hydrothermal systems is based on 
inference . It cannot be emphas ized too strongly that the 
quantum jump in sc ientific information refer red to in this 
report cannot be obtained without dr ill ing into deeper 
levels of hydrothermal systems than have been penetrated 
to date . Given the level of dr illing and sampling 
technology expected dur ing the next decade, the fluid 
sampling, cor ing, and well-logging measurements should 

13 
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extend to as high temperatures as poss ible (Soo•c or 
more) . Then, each hole should be further deepened as 
much as poss ible (tens to hundreds of meters or more) , 
even though it may be poss ible to obtain only cuttings and 
teaperature.  Bven such relatively poorly docuaented 
aeasur..enta and less rel iable saaple materials could 
provide important scientific return, because they coae 
froa the bottom of a well-docwaented hole at depths and 
temperatures hitherto unatta ined . 

Pour major areas of uncer tainity concerning 
hydrothermal-magma system processes are -.chanism of heat 
transfer, depth of circulation, longevity of an active 
system, and source of solutes . 

Mechanism of Heat Transfer 

The nature of the var ious processes that take place in 
hydrothermal-magma systems and the ir relationships are 
imper fectly understood .  One of the major uncertainties 
concerns the mechanism (or mechanisms) by wh ich heat is 
transfer red from the magma to the overlying hydrothermal 
system. Mechanisms that have been proposed include 
(a) conduction, (b) transfer of heat by .ovement of fluids 
and volatiles out of the magma , (c ) circulation of fluid 
through fractures controlled by regional tectonics, and. 
(d) circulation of meteor ic water into a th in zone of 
thermal crack ing that migrates inward toward the magma 
with time as the rocks are cooled . Several recent 
investigations (Lister, 19 74 r Hardee, 1980, 1982 r Hermance 
and Colp, 19 82) have focused on the likely significance 
of this last mechanism, but major aspects are poor ly 
understood . Among these are the thickness of the 
crack ing zone , the temperature gradient across it, the 
temperatures at which it occurs (perhaps 350 to 450°0) , 
and the chemical consequences of flu id-rock interaction in 
the zone . 

Depth of Circulation 

A related question involves the depth to which aeteor ic 
water can circulate in a magma-hydrothermal system. Does 
meteor ic water circulate directly to and into the magma , 
or are there stacked c irculation systems of differ ing 
salinity overlying the igneous body? If so, what are the 
mechanisms by which the sal inity is generated? Do the 
deeper circulation cells have a s ignificant component of 
magmatic flu ids? Are the convecting fluids all l iquid, 
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is ther e  a separate gas phase , or are there supercr itical 
fluids? Do the deeper, more saline fluids control the 
site of ore deposition? Do temperature and pr essure 
increase monotonically with depth, or are there 
signi f icant discontinu ities in these gradients? Do 
pressures increase abruptly from the hydrostatic to 
lithostatic? 

Longevity of an Active Systea 

The longevity of a hydrothermal system related to an 
intrus ive body depends in great part on parameter s  
specific to the intrus ion ( i . e . , the s ize o f  the 
intrus ion, whether the intrusion can suppor t magmatic 
convection, and the degree to wh ich magma is replenished 
with tiae from lower crustal or mantle bodies) . In 
addit ion, the longevity of the hydrothermal-magaa system 
depends cr itically on the nature of heat transfer from 
the magaa, on the pattern of hydrothermal c irculation , 
and on the evolution of permeabil ity with time in response 
to thermal and chemical factors .  

Source of Solutes 

The fourth major area of uncerta inity involves the source 
of the solutes carr ied in the hydrothermal flu ids . Are 
they der ived from fluids expelled from the magma, are they 
progress ively leached from the magma as it cools or 
fractures, or are they leached from the country rock under 
the influence of the elevated temperatures? If all of 
these sources are involved, what is the relative 
importance of each for var ious environmental conditions? 

DATA FOR MODEL DEVELOPMENT 

TO date, the processes that take place when a body of 
magma is intruded at depth into crustal mater ial have not 
been studied directly . Geothermal dr illing in 
hydrothermal-magma systems generally has been limited to 
those reservoirs having temperatures less than 360°C.  
Dr ill ing into deeper, hotter environments is not at 
present economical for the geothermal industry, because 
of the h igh costs of deep dr ill ing, the increased 
difficulties of dr ill ing at h igh temperatures, the 
absence of logg ing tools usable at h igh temperatures, the 
difficulty of handl ing the h igh-temperature sal ine fluids 

Copyright © National Academy of Sciences. All rights reserved.

A National Drilling Program to Study the Roots of Active Hydrothermal Systems Related to Young Magmatic Intrusions
http://www.nap.edu/catalog.php?record_id=19377

http://www.nap.edu/catalog.php?record_id=19377


16 

produced, the uncertain physiochemical environment, and 
the absence of rel iable predictive models . The hottest 
geothermal wells yet dr illed are 380 and 410°C (both 
Italian research holes funded by the European Econoaic 
community) . However, at this time little is known about 
the high-teaperature parts of these wells other than their 
maximum teaperatures (measured by melting of cal ibrated 
alloys ) .  

Because of the absence of direct information , 
knowledge of the processes tak ing place at depth in 
hydrothermal-magma systems is unavoidably inferential, 
based pr imar ily on the following : 

1 .  Laboratory stud ies in exper imental petrology , 
h igh-temperature aqueous geocheaistry, hydrothermal phase 
equ ilibr ia , and aeasureaent of isotopic and eleaent 
partition coefficients between minerals and fluids , 

2 .  Field, petrologic , isotopic, and mineralogical 
studies of exhumed • fossil•  hydrothermal-magma systeas J 

3 .  Theoretical modeling of heat flow, convection, 
and fluid flow in and around magma bod ies; 

4 .  Geophys ical studies of present-day volcanic 
areas , and 

s. Dr illing to depths of 2 to 4 km and to 
temperatures of 300 to 400°C in cer ta in hydrothermal 
systems , together with limited dr ill-core sampling and 
measureaent of downhole geophysical parameters .  

Data from these investigations have allowed development 
of several plausible models for hydrotheraal-magma 
systems . However, no model has yet been confirmed, 
because of the lack of cr itical information on the· 
intensive parameters in the hydrothermal-magma transition 
zone, their spatial relations, and their correlation' with 
fluid and rock proper ties . This essential information can 
be determined only through measurements and investigations 
in dr ill holes that penetrate the hydrothermal-magma 
interface in an active system . 

Much of the discrepancy among existing models of the 
hydrothermal-magma inter face focuses on the nature of the 
temperature trans ition between the hydrothermal and 
magmatic reg imes.  �mperature models needing ver i fication 
and evaluation include the following (each with a set of 
specific questions that can be addressed with dr ill hole 
information and samples ) :  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

A  N a t i o n a l  D r i l l i n g  P r o g r a m  t o  S t u d y  t h e  R o o t s  o f  A c t i v e  H y d r o t h e r m a l  S y s t e m s  R e l a t e d  t o  Y o u n g  M a g m a t i c  I n t r u s i o n s
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1. A model in which there is a definite bottom to a 
circulat ing geothermal systea of meteor ic water, with an 
underlying steep linear conductive gradient to magma . 

(a)  Does th is conductive zone act as an 
impermeable barr ier, effectively isolating the meteor ic 
convection cell froa the magma and any exsolved aqueous 
magmatic flu ids? 

(b) Is this conductive zone impermeable owing to 
initial character, to metamorph ism, to hydrothermal 
alteration, or simply to temperatures that are too high 
for the rock to sustain open fractures? 

(c ) Does the hydrothermal flu id at any point 
become supercr itical , or is salinity high enough to 
preclude supercritical phenomena? 

(d) Are there spec ific zones or environments 
par ticularly favorable for leach ing of rock and for 
depos ition of metals? 

(e)  What are the impl ications of th is model to 
the question of longevity of hydrothermal-magma systems? 

2 .  A model in wh ich temperatures increase steadily 
and gradually to magmatic values . 

(a) Is the hydrothermal fluid supercr itical near 
the magma, or are sal inities high enough to permit a 
subcr itical liquid, perhaps coexisting with a vapor? 

(b) Does the hydrothermal fluid remain of 
constant (meteor ic) composition, or does it change 
gradually to an aqueous flu id of •magmatic• compos ition? 

(c ) � what degree does meteor ic water penetrate 
toward or even into the magma? 

3 .  A model in which temperatures increase stepwise, 
along with parallel increases in fluid salinity, to 
produce •stacked •  convection cells with the fluid of.each 
deeper cell being more sal ine and denser . 

(a)  Does each deeper convection cell have a 
greater •magmatic • component? 

(b) Are the hotter, more saline br ines r icher in 
metals? 

(c ) Are the inter faces between convection cells 
loci for ore deposition? 

4 .  A model in which temperatures increase abruptly 
at the base of a hydrothermal convection system in a zone 
of crack ing that migrates progressively with time toward 
and into the pluton . 
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(a)  What is the width of the zone of h igh­
temperature gradient? 

(b) Is this zone a locus of leaching of metals? 
(c) Bow does peraeability of the fracture zone 

vary as a function of temperature ,  tiae , abundance of 
fractures , and degree of hydrotheraal alteration? 

(d ) What are the fluid coapositions across the 
zone of high-teaperature gradient , and how do they relate 
to any hydrotheraal leaching , isotopic data , and 
exper imental data (e .g . , silica solubility studies) ?  

(e)  To what degr ee do aqueous fluids of magmatic 
provinance escape into the fracture zone? 

IMPORTANCE OP THE PROJBC'l' TO SOCIETY 

Deep dr ill ing in aagaa-hydrothermal systeas relates 
primar ily to bas ic scientific understanding , which , in 
tur n ,  has numerous obvious benefits that might accrue 
regarding societal problema. 

Volcanic and Ear thquake Hazards 

Several types of hydrothermal-magma systems are known to 
cause v iolent explos ive eruptions . In addition , some 
systems are associated with moderate to strong earthquake 
activity . In fact , purely from a scientific viewpoint , 
one would like to identify specifically some such system 
that is in an early evolutionary stage , pr ior to violent 
eruption . Information from deep dr ill holes in such 
environments may well provide the key to understanding the 
processes controlling the timing and magnitude of $uch an 
eruption . 

Pormation of Ore Deposits 

Many ore deposits are formed in direct association with 
hydrothermal-magma systems, deep dr illing will improve 
understanding of the formation of impor tant national 
resources such as gold , silver , copper , lead , and z inc 
depos its . Such understanding will lead to better insight 
into how to explore for such deposits in older geological 
terranes and how to evaluate the nation's mineral 
resources (COntinental Scientific Dr illing Comaittee , in 
preparation) . 
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Radioactive Waste Disposal 

'!he direct measurement of the 1110veaent of hot water 
through rocks and the k inds of water-rock interactions 
involved in such phenomena have t..ediate and direct 
applicat ion to the understanding of the probleas of 
radioactive element migration and dispersal . The 
impor tant societal problem of radioactive waste disposal 
must be attacked in diverse ways, however , direct 
knowledge of high-temperature fluid .ovement and chemical 
exchange equ ilibr ia can provide useful information on 
site selection . 

Geothermal Energy 

The most obvious appl ication of the dr ill ing program to 
society ' s  needs is the fact that , with the exception of 
Yellowstone National Par k ,  the areas suggested in th is 
report for research dr ill ing are potential sites for the 
exploitation of geothermal energy . For optiaua 
development of any such site it is necessary to understand 
the wor k ings of the entire hydrothermal system , including 
por tions that are inaccessible with present dr illing and 
logging technology . There is no question that the 
expected technological improvements in dr ill ing and 
logging as well as the new scientific knowledge to be 
ga ined will be impor tant in enabling development of 
geothermal resources to the fullest degree possible . 

Fundamental Understanding of the Ear th ' s  Crust 

Tbe intrusion of magma into the upper crust , the release 
of heat and volatiles from the intrusions , and the 
development of assoc iated hydrothermal systems are 
problems central to understanding the evolution of 
continental crust and its resources (LUth and Hardee , 
1980 J u.s. Geodynamics Committee , 19 79; Varnado and Colp, 
19 7 8; Shoemaker , 19 7 5 ) . 

OBJECTIVE OP THE PROGRAM 

The objective of the thermal regimes component of a 
national Continental Scientific Dr ill ing Program should 
thus be to under stand the dynamic evolution in space and 
time of actively coupled hydrothermal-magma systems in 
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suffic ient detail to choose among predictive phys ical 
models of this phenomenon . This would involve, with in a 
s- to 10-year ti.e fraae , an iterative approach that 
closely integrates the dr ill ing results with two other 
essential eleaents of the prograa :  (1) ongoing f ield 
studies using geological , geochemical , geophys ical , and 
hydrologic observations at the surface and (2) ongoing 
theoretical studies that s imulate physiochemical 
processess associated with mass and thermal energy 
transpor t within these systems . 

The program seeks to map one or llOre hydrothermal­
magma system in three diaensions and to •asure as aany 
geophysical , geochemical , and petrologic paruaeters as 
possible by direct observation at known positions in the 

subsurface .  This requ ires close integration o f  deep 
dr illing with sur face geological , geochemical , hydrologic , 
and geophysical studies . In work ing out the dynamics of 
the hydrothermal flow r egime in such systems , it is 
extremely iapor tant to identify (if  poss ible) different 
stages of evolution of a given type of hydrothermal 
system . However , even COilplete dr illing of a s ingle 
system gives us only a single snapshot of the thr ee­
dimensional state of that particular system. Por such a 
system, one would like to know its ear liest history and 
its subsequent history to the time of final decay of the 
hydrothermal convective flow . 

The type of information descr ibed above probably can 
be obtained only by dr ill ing several systems of the same 
general type that are at different stages in their 
development .  Th e  identification o f  these different stages 
will not be easy , and this will undoubtedly be don� only 
by an iterative procedure involving dr illing and careful 
geolog ical and geophysical studies of a number of 
potential sites . However , it is believed that by focus ing 
on a single type of system for which a conceptual model is 
relatively well developed , evolutionary studies should be 
poss ible . If such studies do come to fruition , there can 
be no doubt that in the future the research dr illing 
studies of hydrothermal-magma systeas will be recalled as 
one of the truly foresighted programs in the history of 
earth sciences . 
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5 .  SELECTION OP BYDROTBBRMAL-MAGMA 

RBSBARCB PRIORITIES 

Within the United States , there are five ma in classes of 
act ive hydrothermal-magma systems : 

1 .  Dominantly andesitic centers ,  
2 .  Spreading centers ,  
3 .  Basaltic fields , 
4 .  Bvolved basaltic centers ,  and 
s. Silic ic caldera coaplexes . 

Bach class occurs in different tectonic provinces yielding 
tapor tant differences in their igneous •plumbing• systems 
and volcanic histor ies . Doainantly andesitic centers are 
character istic of volcanism along active convergent plate 
boundaries and yield magma products that range 
continuously in �sition from basalt to dacite .  
Continental examples of spreading centers result in 
bi.adal basalt-rhyolite volcanic activity along a complex 
network of rapidly evolving d ikes , sills , and sur face 
flows . Basaltic fields are spatially distinct and are 
dominated by tholei itic flows, soae larger basaltic 
centers have evolved to late-phase silicic 
differentiates . Silic ic caldera complexes are 
character istic of zones of regional tensional tectonics , 
the dominant magmatism consists of bimodal basalt­
rhyolite sequences extruded from centralized craters that 
evolve into caldera structur es . 

SCIBNTIPIC SELECTION CRITERIA 

Scientifically based selection criteria that may be used 
to rate candidate sites for �r ill ing programs include the 
following cons iderat ions : 

Cr iter ion 1 :  Location--The location should be easily 
access ible and amenable to surface geological , 
geochemical , geophysical , and hydrologic studies . 

Cr iter ion 2 :  Presence of Magma--The sur face studies 
should lead to a strong suggestion of active near-sur face 
magma bodies , or at least well-defined regions with 

21 

Copyright © National Academy of Sciences. All rights reserved.

A National Drilling Program to Study the Roots of Active Hydrothermal Systems Related to Young Magmatic Intrusions
http://www.nap.edu/catalog.php?record_id=19377

http://www.nap.edu/catalog.php?record_id=19377


22 

anoaalous physical properties that aay be reasonably 
interpreted as aa� chambers .  

Cr iter ion 3z Stage of Model Develof!!nt--Previous 
studies should have progressed to such a stage that well­
developed conceptual models have been constructed that are 
particularly ..enable to testing by dr illing .  

Cr iter ion 4z Geological COmplexity--Initial focus 
should be on geologically simple examples , preferably on 
aa� bodies that can be reasonably modeled with simple 
geometr ies . 

Cr iter ion 5 :  Integration of Data--It is necessary to 
closely integrate dr illing results with geophysical aodels 
and sur face geology to facil itate the iteration of refined 
models with the accumulating data . 

Cr iter ion 6z Mell-Defined Magmatic Evolution-­
Geological studies indicate that the different 
hydrotheraal-aa� systems evolve through successive 
stages of aagmatic activity.  Thus it is important to 
examine cases where evolutionary sequences are clearly 
defined by the surface geology so that a dr illing program 
aay focus on distinct stages in the maturation of a 
aagaatic system. 

Cr iter ion 7 :  Phenomena Represented--Selected examples 
should be character istic of a wide class of phenomena , so 
that results aay be general ized .  

Cr iter ion 8z  Applicability to Ore Depos its--A nuaber 
of mineral distr icts are centered on fossil hydrothermal­
IDA� systems . Thus the study of active centers could 
yield valuable insights into the dynamics of the 
concentration processes that lead to the formation of ore 
depos its .  Complexes that yield this added insight would 
be prefer red . 

APPLICATION OF CRITERIA 

All five classes of active hydrotheraal-.agma systems 
satisfy Cr iterion 1 (ready accessibility and availability 
of adequate geological , geophysical , geochemical , and 
hydrologic data) . However, application of the next seven 
selection cr iteria leads to the following observations 
(keyed to the cr iter ion number listed previously) . 
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Dominantly Andes itic Centers (Components of the cascade 
and Aleutian Ranges ) 

Cr iter ion 2--Near-sur face magma chambers do exist ,  
although perhaps not continuously throughout the life o f  a 
g iven volcano . 

Cr iter ion 3--Generalized models of the magmatic 
processes and hydrothermal systems exist . 

Cr iter ion 4--Neither the magma bodies nor the 
hydrothermal systems are areally constrained r both are 
likely to be complex . 

Cr iter ion s--sur face geology is typically very complex 
with little sur face express ion of hydrothermal systeas r 
geophysical models of subsurface conditions are crude . 

Cr iter ion 6--Both magmatic and hydrothermal systems 
evolve rapidly and complexly , with the youngest volcanic 
rocks coamonly obscur ing earlier phases . 

Cr iter ion 7--Young centers have abundant analogs in 
the geological record . 

Cr iter ion 8--The relationship of young centers to ore 
deposition is not clear . 

Spr eading center s (Salton Trough ) 

Cr iter ion 2--Basaltic (and some rhyolitic )  aagma 
likely do exist. 

Cr iter ion 3--There are well-developed tectonic and 
hydrothermal models . 

Cr iter ion 4--Although the upper par ts of the 
hydrothermal systems in the Salton Trough are well known , 
the geometry of under lying intrusive bodies is poorly 
known and likely to be complex , diffuse , or both . · 

Cr iter ion s-�els of spreading centers (e .g . ,  aid­
ocean r idges) are very well developed r however , in the 
Salton Trough (which contains the only active examples of 
this class within the continental United States ) , 
knowledge of the relevant surface geology is l imited 
because of a th ick cover of Quaternary sediments of the 
Colorado River delta . 

Cr iter ion 6--The evolutionary stages of magmatic 
activity are poorly defined and poorly discr iminated . 

Cr iter ion 7--The spreading-center environment 
represents an important class of hydrothermal-magma 
systems , and some of the largest hydrothermal systems in 
the world are of th is class r some workers have suggested 
fossil analogs in the ancient geological record of the 
United States . 
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Cr iter ion 8--Within the Salton Trough is the salton 
sea geotherul system , one of the wor ld ' s  beat examples of 
a metal-r ich , potentially ore-depositing fluid that can be 

aaapled directly . 

Basaltic Fields (e .g . , Craters of the Moon J  Pisgah Crater ) 

Cr iter ion 2--Baaalts are likely to be generated in the 
mantle or lower crust and come quickly to the sur face , 
without producing well-developed near -surface aagma 
chambers or hydrothermal ayateas . 

Cr iter ion 3--well-developed tectonic and aagmatic 
models exist but are not par ticularly amenable to 
dr illing .  

· 

Criter ion 4--Geometry of near-surface magma chamber s 
( if they exist) is not readily inferred from surface 
information . 

Criter ion s--volcanic geology is well understood ,  but 
sur face expression of hydrotheraal systems is minimal . 

Cr iter ion 6--stagea of petrologic evolution are subtle 
and difficult to discr iminate . 

Cr iter ion 7--Analogs in the geological record of the 
United States are abundant . 

Cr iter ion 8--The relationship (if  any) to ore 
deposition is unknown . 

Evolved Basaltic Centers (e .g . ,  Newberry , Medicine Lake 
Highlands , San Francisco volcanic field ) 

Cr iter ion 2--High-level silicic magma chambers aay be 
present . 

Cr iter ion 3--Tectonic and magmatic models are well 
developed , but the nature of associated hydrothermal 
circulation needs fur ther refinement . 

Cr iter ion 4--The geometr ic configurations of the 
hydrothermal systems and the magmatic bodies are 
essentially unknown .  

Cr iter ion 5--Sur face volcanic geology is well known 
but commonly complex , the surface expression of 
hydrothermal systems is limited . 

Cr iter ion 6--Newberry and Medicine Lake Highlands 
have documented petrologic evolution , and the san 
Francisco volcanic field displays a complex spatial 
separation of evolutionary stages . 

Cr iter ion 7--Some analogs do exist in the geological 
record of the United States . 
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Cr iter ion a--The relationship to ore deposition is 
unknown . 

Sil icic caldera Complexes (e .g . , Yellowstone , Valles , Long 
Valley-Inyo-Mono and Coso) 

Cr i ter ion 2--Silicic magma chambers of substantial 
size are likely .  

Cr iter ion 3-�els of tectonic setting , magma 
systems , and hydrothermal systems are all highly 
developed . 

Criter ion 4--The magma chamber appear s  to be 
relatively simple geometr ically . 

Cr iter ion s--sur face geology is well known , and 
geophysical models of deep structure often indicate a 
good correspondence to surface features . 

Cr iter ion 6--Several examples show distinct 
evolutionary patterns with clear spatial separation . 

Cr iter ion 7-�y well-docuaented analogs exist in the 
geological record of the United States . 

Cr iter ion a--Analogous systems from the geological 
record ar e known to have epitheraal and base-metal ore 
depos its . 

Table 1 gives a qualitative summary of the panel ' s  
evaluation of each group in relation to the selection 
cr iter ia and suggests that silicic caldera complexes have 
the h ighest pr ior ity ,  closely followed by the spreading­
center environments . All other groups have much lower 
pr ior ity ,  particularly the basaltic fields . 

RELEVANT STUDIES SELECTION CRITERIA 

A fur ther set of cr iter ia includes the potential for 
improved understanding in connection with predicting 
volcanic and ear thquake hazards and resource-relevant 
issues such as associated geothermal energy potential and 
mineral deposits .  Analysis of these issues is summar ized 
in Table 2, which lends support to the conclusion that 
caldera complexes are of highest pr ior ity ,  followed 
closely by spreading centers and andesitic centers .  
Basaltic f ields clearly are o f  lowest pr ior ity .  
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TABLE 1 Qualitative Summa ry of Scientific Selection 
Cr iter ia for the Main Classes of Active Hydrotheraal-
Magma Systems 

Select ion Cr iter ion &•l 
Syat• Claaa 

Daainantly andea i t ic cente r •  
Spr eadift9 center• 
laaa l t ic fielda 
r:volved baaal t ic f ielda 
S i l icic calde r •  �lexea 

� Select ion Cr iter ia (aee text ) • 
1 , acceaa ible locat ion 1 
2 ,  preaence of .. � ,  
3 ,  1ta9e o f  80del develop.ent ; 
4 , polQ9 iCa l l i!lpl iCity l  
5 ,  intetretion o f  data 1 
6 ,  wt�ll-def ined .. �uc evolut ion ; 

1 2 

B II 
H H 
B L 
H " 
H H 

7 ,  r epreaentative of wide c l111 of phena.en1 1 
a ,  appl icabil i ty to ore depoa ita . 

� aelat ion to cr i ter ion • 
a, h i9h 1 
11, ...S iua 1 
L, low. 

3 4 5 

II L L 
H II " 
" L " 
" L " 
H H H 

6 

L 
L 
L 
H 
H 

TABLE 2 Qual i ta t i ve Summa r y  of Relevan t Stud ies 
Se lect ion Cr i te r ia for the Main Classes of Act ive 
Hydrotherma l -Magma Sys tems 

Selection Cr i ter ion � 

VOlcanic and 

7 

H 
B 
H 
" 
H 

8 

H 
H 
L 
L 
H 

Ear thquake Geother .. l Mineral 
Sya tea Claas 

Doa i nantly andes i t ic center •  
Spr eadin9 cente r •  
Basa l t ic f i elda 
Evolved basaltic f ields 
S i l ic i c  ca ldera coaplexes 

� aelat ion to cr iter ion • 
H ,  h i9h 1 
M, aed iua 1  
L ,  l ow .  

Baaarda 

H 
II 
L 
M 
H 

ae1011rcee Depoa i ts 

" H 
B H 
L L 
M M 
H H 
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ANALYS IS OF SILICIC CAU>BRA CCIIPLBXBS 

With in the western conterminous United states , there are 
thr ee young , large silicic caldera coaplexea :  Yellowstone , 
Wyoming J Valles , New MexiCO J and IDng Valley , california . 
Bach of these caldera complexes baa associated 
hydrothermal systems and already baa been subjected to a 
wide var iety of ear th-science investigations , including 
dr illing . However , in none of the thr ee areas is direct 
dr ill-hole knowledge of the roots of the hydrothermal 
systems available . 

Major cr iter ia for choosing one or more of these 
caldera coaplexea for deep dr illing under the auspices of 
a national Continental Sc ientific Dr illing Program are aa 
follows : 

1 .  Reasonable cer tainty of encounter ing temperatures 
of at least 400°C at depths of 5 km .  

2 .  Representative (or typical) o f  foaail caldera 
systems . 

3 .  Presence of a well-defined aagma body . 
4 .  Available to dr illing in terms o f  both 

geographical accessibility over a significant por tion of 
the target area and environmental sensitivity .  

s. POtential for add-on exper iments dur ing 
commercial or mission-or iented dr illing . 

6 .  Clearly defined , geographical separation of 
evolutionary stages . 

7 .  A complete , compatible set of geological , 
geophysical , and intermediate-depth dr illing data . 

8 .  TeChnical feas ibility of dr ill ing and maintaining 
the dr ill hole . 

· 

A preliminary evaluation of the thr ee candidate 
caldera systems in terms of these eight cr iter ia ia given 
in Table 3 .  No s ingle caldera system meets all the 
cr iteria.  

On the bas is of available data ,  the Valles caldera 
appears to be reasonably favorable , pr imar ily because of 
the already de.anstrated high-temperature geothermal 
ayatem, the large amount of intermediate-depth industry 
dr illing , and good access logistically . HOwever , the 
Panel recognizes that dr illing the required hole aay be 
extremely difficult because of the underpressured nature 
of the pr inc ipal hydrothermal reservoir . This can result 
in poor borehole stabil ity ,  making open-hole scientific 
exper iments difficult and poss ibly leading to loss of the 
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TABLE 3 Prel iminary Evaluation of Young Silicic Caldera  Systems for 
Dr ill ing to the Roots of the ir Associated Hydrothermal Systems 

Selection Cr i ter ion 

1 .  At least 4oo•c a t  5 km 
2 .  Repreaentative of foss il 

calder as 

3 .  Presence of a well­
def ined magma body 

4 .  Ava i labi l i ty 

5 .  

6 .  

7 .  

8 .  

Potent ial for us ing holes 

of oppor tun i ty 

Geographical separation 

of evolutionary stages 

Availability of s i te­
aelect ion data 

Feas ibil ity of deep 
dr i l l ing 

calder a  CO.plex Systema 

Yellowstone 

Very l ikely 

Likely 

Very likely 

Low--owing to environ­

mental sensitiv i ty of 
Nat ional Par k  

None 

Yea--on a tt.e scale of 

5 Ma l  no--on finer 
scale with over lap of 
3 calderas in 1 . 8  Ma 

Good 

Good to fair , depending 
on location 

Valles 

Likely 
Likely 

thlikely in large 
aJDOUnta 

Good 

High because of large 
industry and government 
act iv i ty 

P0or 1 geograph ical 

over lap of 2 calderas 
and subsequent 
volcaniaa 

Good 

POor in the pr inc ipal 

hydrotheraal reservo i r  
because of under ­
pressured hydrolog ic 
reg ime 1 gOOd in other 

ar eas 

LOng Valley ( including 

Inyo and Mono areas ) 
and CoiiO 

thknown 
Likely 

Probable beneath western 
par t of LOng Valley 

Good 

Moderate 1 low level of 
industr ial act iv i ty 

Likely , if target 

includes Mono , Inyo , 
and Coso areas 

Good for LOng Valley 

and eoao 1 poor for 

Inyo-llono 
Good on the basis of 

present ev idence , but 
a h igh-temperature 
reservo i r  baa not ye t 
been penetrated 
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hole while dr ill ing . The need to use air or aerated 
dr illing fluids in such dr ill ing increases cor rosion and 
l imits the ability to cool downhole equipment with the 
circulating fluid . Mass ive invasion of cement into the 
underpressured formation dur ing cementing operations could 
preclude successful per foration in zones of interest . 
These problems will cause higher costs and r isks for these 
wells than for similar wells dr illed into hydrostatically 
pressured formations . 

Yellowstone clear ly represents a more intense magmatic 
and geothermal anomaly but has no opportunity for add-on 
commercial dr illing , indeed , even for dedicated scienti f ic 
holes it might be difficult and time consuming to gain 
National Park Service approval because of the 
env ironmental sens itivity of the area . The CSDC has 
recently established a task group to identify unique 
sc ientific questions that can be addressed only through a 
dr illing project in Yellowstone . 

The hydrothermal system at Long Valley does not appear 
to have the high temperatures at shallow levels that are 
present in the other two caldera systems , although 
geological and geophysical field evidence indicates the 
presence of a aagma system at depths of 8-10 km . Recent 
tectonic deformation , seismicity patterns , and the 
reactivation of furmarol ic activity caused the u . s .  

Geological survey to issue in May 19 8 2  a notice that a 
potential volcanic hazard exists for the southwestern 
segment of Long Valley caldera .  Moreover , the eastern 
Sierra front may contain several systems ( Inyo , Mono , and 
Coso) in the precaldera stage , thus giving the oppor tunity 
to sample and study a set of geolog ically r elated but 
geograph ically separated caldera systems at var ious stages 
in their evolution . 

As a prelude to a deep-dr illing (greater than 2 . 5  km) 
program at any site , sufficient intermediate-depth 
dr illing as well as geolog ical , geochemical ,  geophysical ,  
and hydrologic field studies need to be carr ied out in 
conjunction with theor etical modeling of phys ical and 
chemical processes to def ine more closely the long-term 
dr illing objectives . FOr example ,  it is not completely 
clear what phase of the evolutionary history of a 
hydrothermal-magma system needs to be dr illed for greatest 
understand ing . Does one dr ill a system in an early stage 
of development to determine the initial evolutionary 
conditions , or does one dr ill a system in a late stage of 
development? 
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The major problem in designing a long-term dr illing 
program is that the site-selection data sets for the three 
areas considered to be of greatest potential are not now 
comparable . There are ongoing studies in both the Valles 
and Long Valley calderas . In addition , geophysical 
studies and intermediate-depth dr illing of the Inyo and 
Mono areas should be intens ified in order to determine 
whether these systems have identifiable magma chambers and 
whether they represent hydrothermal-magma systems in a 
precaldera stage of evolution . If this can be 
demonstrated , then the impor tance of multihole dr illing 
in the Long Valley-Inyo-Mono reg ion will be underscored . 

Accordingly , it is recommended that a deep-dr illing 
program be carr ied out in one or more of the young , 
silicic caldera ooaplexes but that no specific complex be 
chosen until the requ isite geological , geochemical , 
geophys ical , and hydrologic stud ies and intermediate­
depth dr illing are car r ied out .  To this end , scienti fic 
investigators should acquire the necessary data and 
develop conceptual models as soon as possible . 

Wh ichever site is finally chosen for the first 
dedicated dr illing project , the dr illing plan should be 
designed in such a way that the data and conclus ions can 
be applied to the aany fossil hydrothermal systems 
associated with silicic calderas in older geolog ical 
ter r anes , of which there are literally scores of examples 
in the United States alone , many of them associated with 
impor tant ore deposits . Enhanced general knowledge of 
water-rock interactions and hydrothermal phenomena will , 
of course , be applicable to and increase understanding of 
all hydrothermal phenomena in nature . 

ANALYSIS OF SPREADING-CENTER ENVI�NMENTS 

The Salton Trough is one of the most impressive exaaples 
of active hydrothermal-magma systems assoc iated with major 
spreading centers on a continent in the world . It is the 
only such example in the United States . Therefore , for 
th is class of targets there is  no problem associated with 
general site selection , and the only difficulty is in 
delineating the specific dr illing s ites within this broad 
geothermal region . There are many reasons for including 
the Salton Trough within the thermal regimes component of 
a national Continental Sc ientific Dr illing Program: 
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1. There are a large number of present dr ill holes , 
and there will very likely be an increased level of 
dr ill ing activity in the future ,  thus , there is 
considerable potential for add-on exper iments associated 
with this high level of industr ial dr illing . 

2 .  Because of the large number of previous dr ill 
holes , the system is already very well explored to depths 
of about 3 . 5  km, but below that depth the area is 
relatively unknown . 

3 .  The dr illing technology is already sufficient to 
extend the dr illing in th is area to considerably greater 
depths . Because of the high sal inity of the flu ids , this 
area is slightly overpressured (relative to hydrostatic 
pressures )  and will be less difficult to dr ill than 
underpressured reservoirs found in other systems . 

4 .  very high temperatures (greater than 3 4 0 °C) have 
already been measured in a var iety of dr ill holes at 
moderate depths ; thus , there is a good likel ihood of 
reaching cons iderably higher temperatures without carrying 
out inordinately deep dr ill ing . 

5 .  The Salton Trough is located in the rift  zone 
where the East-Paci fic Rise impinges on the North Amer ican 
continent . Therefore ,  the geothermal systems in the 
Salton Trough are related to an impor tant class of 
hydrothermal systems associated with the worldwide mid­
ocean r idges , and several types of impor tant ore deposits 
are known to form in these environments . 

6 .  This is an unsurpassed natural laboratory for 
studying water-rock interactions involving highly saline 
fields at high temper atures because of the extremely high­
sal inity ,  metal-r ich br ines in th is area . In that sense , 
this locality will prov ide an instructive contrast with 
the water-rock interactions produced in the silicic 
caldera systems , where the fluids ar e typically meteor ic 
waters with low salini ties . 

Although the major recommentation put for th in this 
report is the study of s il icic caldera systems , it is 
strongly recommended that a program also be developed to 
take advantage of all available opportunities to conduct 
research dr illing investigations in the Salton Trough . A 
broadly based program of geophysical , geological , 
geochemical , and hydrologic studies should be developed 
and closely integrated with scientific dr illing in this 
region . 
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6 .  RATIONALE FOR SCIENTIFIC EXPERLMENTS 
IN A DEEP DRILL HOLE 

The repor t Continental Tectonics (Geophysics Study 
Committee , 19 80 ) recommended that an impor tant goal of 
ear th-science research in the next decade is toward the 
exploration and understanding of the dynamics , structure , 
evolution , and genes is of continents . One impor tant 
aspect of this goal is to obta in a three-dimensional 
understanding of the dynamics of hydrothermal-magma 
systems in the Earth ' s  crust . This understand ing can be 
approached by iterative use of var ious direct and indirect 
measurements to ref ine conceptual and mathematical models . 
Approaches used to date include extrapolation of surface 
geology , interpretation of surface geophysics , direct 
aeasurements in shallow and intermediate-depth dr ill 
holes , inferences from fluid geochemistry , and compar ison 
with fossil hydrothermal systems . 

Geothermal wells have been dr illed to depths greater 
than 4 km and temperatures greater than 400°C,  although 
most meaningful measurements are at present restr icted to 
downhole environments having temperatures less than 250°C.  
Ideally , one would like to dr ill and car ry out 
observations in the entire hydrothermal-magma system , to 
magmatic temperatures and to depths well with in the crust . 
Such an objective would require major advances in 
technology . It seems real istic to restr ict the present 
objective to temperatures of less than 500°C at depths of 
less than 7 km, i . e . , the •roots • of the hydrothermal 
systems . Even with th is restr iction , direct sampl ing of 
this environment would represent a quantua j ump in 
understanding of such a system and would provide important 
knowledge not obtainable in any other way . 

The ways in wh ich information from a deep dr ill hole 
to a temperature of 500 °C in a hydrothermal system could 
be used can be categor ized according to four broad 
purposes : 

1 .  Character ization of the natural hydrothermal 
systems to the depth penetrated , 

2 .  Constraints on conceptual models of the overall 
hydrothermal-magma system in space and time , 
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3. Val idation and refinement of interpretive methods 
for sur face geophysics , and 

4 .  Determination of parameters that bear on the 
reg ional tectonic setting . 

Many of the measurements that can be made in a deep dr ill 
hole bear on more than one of these broad purposes , as 
outl ined in Table 4 and discussed in detail below . 

CHARACTERIZATION OF THE NATURAL HYDROTHERMAL SYSTEM TO THE 
DEPTH PENETRATED 

Without direct determination of the var ious proper ties of 
the hydrothermal system , both conceptual and mathematical 
models of the system are necessar ily speculative . A 
var iety of parameters need to be known as a function of 
depth . Temperature,  fluid pressure ,  and transpor t 
proper ties (thermal conductivity ,  porosity ,  permeability ,  
and fracture geometry) determine the balance o f  conductive 
versus convective heat transpor t ,  the propor tion of vapor 
to l iquid , and the hor izontal and ver tical· rates of fluid 
flow. The fluid properties (chemistry , isotopic 
relations , and phases ) lead to determination of flow 
paths , source of fluids , number and nature of·  circulation 
cells , extent of mixing of fluids from different sources , 
and age of the circulation system. The solid proper ties 
(mineralogy , petrology , geochemistry , and isotopic 
relations ) lead to the determination of the extent and 
dur ation of water-rock interaction , source of d issolved 
constituents , history of fractur ing , and paragenesis of 
ore and alteration minerals (for compar ison with foss il 
geothermal systems ) . Synthes is of all of these 
observations constrains the conceptual and mathematical 
models of this speci fic geothermal system and thus 
determines those models that best fit the natural 
s ituation . 

CONSTRAINTS ON CONCEP1'UAL MODELS OF THE OVERALL 
HYDROTHERMAL-MAGMA SYSTEM IN SPACE AND TIME 

Many exper iments and observations that might be made in a 
deep dr ill hole to 500 °C are necessary not only to 
constrain the hydrothermal model to that depth but also to 
provide important constraints on the model of the overall 
hydrothermal-magma system . Studies of the isotopic 
relations of solids , l iquids , and gases allow inference 
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TABLE 4 Scientific Requirements for Dr ill-Bole Measurements 
to be Made in Hydrothermal-Magma Systems 

Specific OVerall 
Hydrothermal Hydrothermal-Magma 

Parameter System System 

Temperature X 
Fluid pressure X 
Thermal conductivity X X 
POrosity X X 
Permeabil ity X X 
Rock chemistry/mineralogy X 
Fluid compos ition X X 
Isotopes X X 
Seismic properties 
Electr ical proper ties X 
Fission tracks X 
Stratigraphic data X X 
Stress tensor 
Rock strength 

calibration Regional 
of Sur face Tectonic 
Measurements Setting 

X 
X w 

X .. 

X 
X 
X X 
X 

X 
X 

X 
X X 

X 
X 

Copyright © National Academy of Sciences. All rights reserved.

A National Drilling Program to Study the Roots of Active Hydrothermal Systems Related to Young Magmatic Intrusions
http://www.nap.edu/catalog.php?record_id=19377

http://www.nap.edu/catalog.php?record_id=19377


3 5  

of the source of fluids , the extent o f  magmatic 
contr ibution , the depth of circulation , and the age of the 
f�uids . Determination of the composition of pore fluids 
and flu id inclusions as a function of depth constrains 
models of ore deposition , particular ily in providing 
d irect determination of any chemical discontinuities that 
would requ ire stacked hydrothermal cells of differ ing 
sal inity .  Determination of mineralogy, paragenes is , and 
fluid-inclus ion compositions also serve to refine models 
of or e deposition and the sources of ore constituents , 
including magmatic contr ibutions . 

VALIDATION AND REFINDIENT OF INTERPRETIVE METHODS FOR 
SURFACE GEOPHYSICS 

A var iety of in-hole exper iments are essential to evaluate 
and cal ibrate sur face geophys ical techniques . Direct 
determinations of density ,  magnetic susceptibility and 
remanence , electr ical conductivity , and seismic velocity 
and attenuation (for both compressional and shear waves) 
can be integrated with sur face gravity , magnetic , 
electr ical , and seismic surveys to give greatly increased 
ability to infer structures and proper ties at depths 
greater than those penetrated by the dr ill holes and to 
extrapolate information laterally from the dr ill hole into 
the adj acent environment . Furthermore ,  the increased 
prec is ion of geophys ical interpretation would allow the 
var ious sur face geophys ical techniques to be used much 
more effectively and confidently at the sites of other 
hydrothermal-magma systems . 

DETERMINATION OF PARAMETERS THAT BEAR ON THE REGIONAL 
TECTONIC SETTING 

Deep dr ill holes in a hydrothermal system also provide 
information that bears critically on the regional tectonic 
setting . Stratigraph ic data are essential for 
determination of the geological history of the system . 
The hydrothermal mineral zonation patterns and the 
character istics of fission tracks elucidate the history 
of the thermal anomaly . And finally , deep dr ill holes 
provide a unique environment for the determination of the 
var iation of stress , fluid pressure ,  and rock strength 
with depth and the compar ison of these parameters with 
the ir counterparts in nearby holes that are not thermally 
anomalous . 
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7 .  PORTliER CONS IDERATIONS 

ACCOMPLISHMENT OF THE PROGRAM 

� meet the program objectives outlined by th is repor t in 
a 10-year per iod ,  two major activities should be 
initiated . These activities are (a)  communication and 
coordination between the COntinental Scientific Dr ill ing 
Committee (CSDC) and the scientific community and 
(b)  organization by the CSDC and the scientific community 
of the framework needed to finance and manage the program . 

A summary of this program repor t should be publ ished 
in a CSDC E!! (�r ill ing !4rly !arning ) NEWSLETTER for 
broad distr ibution to sc ientists in universities , 
government agencies and laborator ies , and industry . In 
this summary ,  comments should be sol icited from interested 
per sons to identify potential active par ticipants and to 
determine research and manpower needs to accompl ish th is 
program. A group needs to be established and funded to 
carry out the functions of management ,  research planning , 
coordination , and fiscal procurement for this program.  
This group would eventually requ ire some full-time staff 
suppor t perhaps along the l ines of the Joint oceanographic 
Institutions , Incorporated . 

The Panel on Thermal Regimes notes the impor tant 
relationship between hydrothermal-magma systems and 
mineral resources . The panel will coordinate its 
activities with those of the CSDC Panel on Mineral 
Resources to ensure that maximum scientific benefit can be 
achieved in this program. 

MULTIPLE B>LES 

The goals of scienti fic dr ill ing into thermal reg imes can 
be achieved most effectively by dr ill ing several holes of 
varying depths into prospective targets , rather than by 
dr illing a single very deep hole . Several categor ies of 
holes are envisaged : 

36 

Copyr ight  © Nat iona l  Academy of  Sc iences.  A l l  r ights  reserved.

A Nat iona l  Dr i l l ing Program to  Study the Roots  o f  Act ive Hydrothermal  Systems Related to  Young Magmat ic  In t rus ions
ht tp : / /www.nap.edu/cata log.php?record_ id=19377

http://www.nap.edu/catalog.php?record_id=19377


category 

Shallow 
Intermediate 
Deep 
Very deep 

37 

Depth Range (m) 

o- 3oo 
300-3 000 

3000-5000 
5000+ 

Most of the holes should be dedicated to the intermediate­
depth range for the purpose of explor ing the geometry ,  
proper ties , dynamics , and geological framework o f  the 
hydrothermal systems . Only a l imited number of holes 
should be allocated to the 0- to 300� depth range 
category , and these for specific , well-defined purposes . 
The shallower holes will permi t site selection for the 
remaining deeper holes in such a way as to optimize 
scientific payoff. 

The panel under scores the value of dr ill ing at least 
two very deep holes adjacent to each other as opposed to 
a s ingle hole . This concept has been stated in pr evious 
workshop reports and is worth restating here.  Several 
scientific objectives are best achieved by two closely 
spaced holes , tens of meters apar t .  In-s itu flow 
proper ties such as permeability ,  flow porosity ,  diffusion 
poros ity ,  and fracture geometry can be most unambiguously 
obtained in flow tests using a two-hole geometry . 
Hor izontal gradients in rock , fluid , and geophys ical 
proper ties and the cor relation of dikes , sills , veins , 
fracture zones , and other geological features also require 
two holes . FUrthermore ,  several technical dr illing 
considerations indicate that one of the most efficient 
methods of penetrating deeply into hydrothermal systems 
involves dr illing an initial reconnaissance sl im hole in 
which the sole objective is to dr ill as deeply as 
poss ible . Information obtained from th is hole would 
allow for careful planning of a second , larger diameter 
hole in which extensive sampl ing could be conducted and 
downhole measurements are made . 

DEDICATED BOLES vis-a-vis ADO-oN EXPERIMENTS 

Information relevant to var ious thermal regimes often can 
be obtained from dr ill ing programs designed for other 
purposes . The panel recognizes the value of existing 
holes and the multiple-use potential of dr ill holes , and 
the panel suppor ts strongly an effor t to aler t the 
sc ientific community to current and proposed dr ill holes 
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with multiple-use potential for add-on exper iments 
per tinent to thermal reg imes . The thermal regimes 
dr ill ing program,  however ,  cannot be based entirely or 
even pr imar ily on add-on holes . Funding agencies should 
recognize the value of add-on oppor tunities in conj unction 
with the overall goals of their programs , but the divis ion 
of a large program into too many small projects must be 
avoided . In its initial stages the program should be 
flexible and respond to opportunities as they ar ise , but 
if the overall objective s tated above for scientific 
dr illing into hydrothermal-magma systems is to be met , a 
ser ies of dedicated dr ill holes must ultimately be the 
centerpiece of future long-range activities . 

DATA REQUIREMENTS AND TECHNOLOGY REQUIREMENTS 

Current forecasts suggest that dr ill ing technology , if a 
development program including dr illing , completion , and 
measur ing instrumentation can be under taken agress ively , 
can realistically be expected to function at the 500°C 
range by the end of this decade . At present , logging and 
cor ing equipment dependent on silicon chips , elastomer ic 
seals , and electr ical cables cannot be relied on in 
temperature regimes that exceed 250 to 275°C (COOper and 
Traeger , 19 84) . 

Few if any instruments can withstand fluids r ich in 
hydrogen sulfide. The minimum data requirements for 
scientific objectives demand that representative samples 
of rocks and formation fluids be obtained and measurements 
of temperatures and flu id pressures be made in 
hydrothermal environments at temperatures up to 500 ° C .  
Provis ion also should b e  made for preservation of the 
in-situ chemical and mechanical proper ties of core , 
especially from the deeper parts of the system. 
Prevention of core oxidation and fractur ing are especially 
impor tant.  In addition , provis ion must be made for 
preservation of the in-situ chemical proper ties for 
formation fluids (aqueous solutions , supercr itical fluids , 
gases) dur ing and after sampl ing . Attaining these goals 
at temperatures up to 500°C constitutes a consider able 
challenge to technical capabilities . 

Planning for sample curation and data-management 
activi ties and policies should be initiated (Continental 
Scientific Dr ill ing Committee , in preparation) . The 
samples and other data that will be collected as part  of 
this research dr illing program must be handled , indexed , 
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s tored , and disseminated to interested scientists in the 
most careful and expeditious manner possible to preserve 
the integrity and maximum scientific value of each 
dr illing project . 

The hazards and r isks of dr ill ing into such a high­
temperature environment have not been thoroughly 
identified . One might anticipate , for example ,  danger s  
from •blow-outs • when overpressured steam zones are 
unexpectedy encountered , as well as dangers from explosive 
interaction between downhole fluids and high-temperature 
magmatic intrusions . These hazards must be evaluated at 
an early stage in a program of sc ientific dr illing .  A 
somewhat related problem concerns dr ill-hole stability 
and integr ity--can the dr ill hole be successfully 
completed and maintained in a sufficiently pr istine state 
to support the type of long-term exper iments that are 
anticipated in the research program? Technology 
development will be needed to address the above problema , 
such development should begin immediately . 

PRACTICAL CONSIDERATIONS FOR SCIENTIFIC DRILLING 

Even with the most careful , thorough , thoughtful , and 
intens ive site selection and predr illing activities , it 
is h ighly probable that many of the observations made 
dur ing dr illing will be unforeseen . Consequently , the 
dr ill ing plan must be flexible and directed by an on-site 
scientific team. The dr illing program should allow for 
resolution of scientific questions and for the possibility 
to take advantage of oppor tunities that evolve dur ing 
dr illing . Funding agencies should recognize that at some 
stage of the dr illing it  might become imperative to 
suppor t sur face geological or geophys ical studies that 
must be mobilized quickly to address particular concepts 
as they evolve . � ensure that the proper attitude toward 
dr ill ing is maintained , careful attention should be given 
to the exper iences of other groups recently involved in 
sc ientific dr illing J the benefit of these exper iences 
should be incorporated into plans for dr ill ing thermal 
regimes . Careful cons ideration should also be g iven to 
the development of a fac il ity for the rapid , on-site 
analysis of core to provide a data base for decis ion 
mak ing by the on-site scientific team. The scientific 
information from expensive dr ill holes will be optimized 
if cores are immediately examined and results per iodically 
reviewed dur ing dr illing . 
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SUPPORTIVE RESEARCH ON RELATED PROBLl!MS 

Over the past 5 years ,  significant advances have been made 
in the acquisition and interpretation of geochemical and 
geophysical data from sur face measurements , from in-situ 
borehole measurements , and from measurements on dr ill 
cores in the laboratory .  Many of these advances have not 
yet been applied to the targets outl ined in th is repor t .  
Integrated studies o f  th is k ind need to b e  per formed , 
however , in order to establish constra ints on conceptual 
models that currently exist for the target areas . 

Ongoing research investigations are cur rently being 
car r ied out on problems that ar e impor tant to the national 
Continental Scienti fic Dr ill ing Program. Por example , 
geophysical , dr illing , petrologic , and thermal modeling 
studies on Kilauea Iki Lava Lake in Hawa i i  offer not only 
an example of the value of the close integration of field , 
laboratory , and theoretical studies but are providing , 
thorough in-situ observations , new constraints on the 
di fferentiation and segregation of magma . 

The scientific deep dr illing program in Iceland should 
be monitored closely for the following reasons : first , 
such exper iments will contr ibute s ignificantly to 
understanding the nature of thermal and mater ial transport 
mechanisms associated with crustal stretching , magmatic 
intrusion , and crustal underplating in an active 
environment that may have analogs in the areas of crustal 
extension and thinning in the western United States such 
as the Basin and Range Province , the Rio Grande Rift , the 
Snake River Plain , and the Salton Trough r second , a 
clearer understanding may be obtained of the relationship 
between the genesis of basaltic magma , its emplacement at 
intermediate levels in the crust , and its relation to 
shallow thermal processes (e . g . , remelting of the crust , 
hydrothermal circulation , and the redistr ibution of 
minerals at shallow depths) r and third , this activity will 
ultimately address in a relatively predictable environment 
the technological problems associated with dr illing , core 
recovery , and dr ill-hole stability in a region of h igh 
geothermal gradient (bottom-hole temperatures greater than 
4 00°C expected at depths less than 4-5 km) and thus offers 
a valuable opportunity for testing and evaluating 
technologies that may be impor tant to the national 
Continental Scientific Dr illing Program. 

The new Ocean Dr ill ing Program has identified studies 
of the configuration , chemistry , and dynamics of ocean­
floor hydrothermal systems and of the processes of magma 
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generation at mid-ocean r idges as two of its top pr ior ity 
obj ectives (JOIDES , 19 82) . The studies will include 
dr illing to determine the geochemical properties of the 
hot water and hydrothermal precipitates and to study the 
petrology and geochemistry of the basalt and glass samples 
obtained from mid-ocean r idges . � accompl ish the 
s tudies , development of logging and saapling tools that 
can withstand temperatu res above 350°C is required . This 
r esearch is particularly relevant to continental 
scientific dr illing in the Salton Trough geothermal fields 
d iscussed earlier . 

Under the International Lithosphere Program of the 
19 80s , several countr ies are initiating prograas of 
dr illing on continents for scientific purposes . The 
Coordinating Coaaittee on Continental Dr illing of the 
Inter-Onion Commission of the Lithosphere ( ICL) was 
established to provide a forum for discussion of national 
research program and to encourage international 
collaboration ( ICL, 19 81) . Dr illing into geothermal 
systems for both scientific investigations and energy 
extraction is planned or tak ing place in a number of 
countr ies . Through the ICL it is anticipated that 
oppor tunities will ar ise for research cooperation and data 
exchange internationally . 

PERIODIC PROGRAM REVIEW 

Recogniz ing that no single advisory group can forecast the 
emergence of scientific concepts and developments over an 
extended time , the panel recommends that a per iodic 
reassessment be made of the overall activity in research 
related to character iz ing the thermal regime of the 
Ear th ' s  inter ior . It is the panel ' s  intention to draw 
into a national Continental Sc ientific Dr ill ing Program 
exciting new research initiatives that might emerge as the 
prograa matures . 
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