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NOTICE: The project that ia the aubject of thia repon wu approYed by the 

Gon111ill1 Board of the National Reaearch CoucU, whOM membere are drawn from the 
councU. of the National Academy of Sciencea, the National Academy of En1ineerin1, 
and the Jnatitute of Medicine. The membere of the committee r•pouible for the repon 
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proceclurn approYed by a Report ReYiew Committee conaiatill1 of membere of the 
National Academy of Scienc•, the National Academy of Encilleeriq, and the Jnatitute 
of Medicille. 

The National Academy of Sciencea ia a private, nonproth, •lf-perpetuatin1 aociaty 
of diatinpiahed acbolare enPCed ill acientiic and encllleeriq reaearda, dedicated to the 
funherance of ec:ience and tecbnoJocy and to their ue for the caeral -!fare. Upon 
the authority of the charter 1ranted to It by the Con1reea ill 1863, the Academy hu 
a mandate that requiree h to ad•iae the federal 10ft111ment on ec:ientiic and technical 
mattere. Dr. Frank Preae Ia preeident of the National Academy of Sciencea. 

The National Academy of Encineerilll wu •tabliahed ill 1Ge4, under the chaner 
of the National Academy of Sciencea, u a pan.llel orcaniaation of outatandin1 en,ineere. 
h ia autonomou in ita adminiatratlon and in the •lec:tion of Ita membere, ahariq with 
the National Academy of Seine• the reepouibility for adviaiq the federalpve111ment. 
The National Academy of Enc1Deerill1 al8o apouore aclneeriq procrama aimed at 
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acbievementa of en1ineere. Dr. Roben M. White Ia prnident of the National Academy 
of Encineerin,. 
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identify iaau• of medical care, reaearda, and education. Dr. Samuel 0. Thier Ia prnident 
of the lnatltute of Medicine. 

The National Reaearch CoucU wu orcaniaed by the National Academy of Selene• 
in 1918 to aeeociate the broad community of ec:ience and tecbnoJocy with the Academy'• 
purp- of funherin1 bowledp and of ad•iain1 the federal 10ft111ment. Functionin1 in 
accordance whh pneral polici• determined by the Academy, the Council hu become the 
principal operatin1 acency of both the National Academy of Scienc• and the National 
Academy of En1ineerin1 in pro•idin1 •rvicea to the �e111ment, the public, and the 
ec:ientiic and enc1Deerin1 communiti•. The Council Ia adminiatered jointly by both 
Academi• and the lutitute of Medicine. Dr. Frank Preu and Dr. Roben M. White are 
chairman and vice chairman, r•pectively, of the National Reaearda Coucil. 

Suppon for thia project wu proYided throu1h the followin1 r.cenci•: the U.S. 
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Summary and Recommendations 

The western area of the United States contains three young 
silicic calderas, all of which contain attractive targets for scientific 
drilling.  Of the three, the Yellowstone caldera complex is the 
largest , has the most intense geothermal anomalies, and is the 
most seismically active. On the basis of scientific objectives alone , 
it is easily the first choice for investigating active hydrothermal 
processes. 

But Yellowstone Park is a national treasure-the first and per
haps most unusual of our national parks-and no activity such as 
drilling should be undertaken without assurance that the unique 
environment will be protected . Before any specific proposal for 
deep scientific drilling is approved, the Park Administration must 
be satisfied that there are compelling reasons to drill in Yellow
stone Park and that there is no possibility (even remote) that the 
hot springs and geysers will be affected by that drilling. 

A specific proposal to drill in Yellowstone is likely to have 
credibility only after the technology to core-drill safely into hy
drothermal environments at the proposed depth and expected 
temperatures has been developed and demonstrated elsewhere . 
Prior development and testing of the technology elsewhere will 
also demonstrate that there is a high probability of securing the 
samples and data that the Yellowstone drilling would be designed 

1 
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to obtain. In addition, after drilling other high-temperature sys
tems, a better ueeument can be made of the scientific necessity to 
drill in Yellowstone. There would have to be widespread agreement 
within the scientific community that compelling reasons remained 
to drill into the Yellowstone caldera, namely, (1) that the informa
tion to be obtained would be fundamental to gaining an improved 
understanding of important earth proceeeee, (2) that this infor
mation could not be attained then or in the foreseeable future 
by methode other than drilling, and (3) that drilling at another 
location would not provide the same data. 

At Yellowstone the selection of specific drill sites would be 
strongly influenced by environmental considerations. Deep scien
tific drilling would have to be conducted near an existing road, 
far from the major geyser basins, and in a pert of the Park that 
is not devoted to the preservation of endangered or diminishing 
species. But there are several potential sites for deep scientific 
drilling at old dumps and quarries in Yellowstone that may well 
satisfy both the scientific objectives and the stringent environmen
tal constraints . 

There have been many geological, geophysical, and geochemi
cal studies conducted in and around the Park that provide a solid 
data base upon which to construct models that can be tested by 
drilling. The silicic caldera complex at Yellowstone is one of the 
largest in the Quaternary geologic record, it is related to an even 
larger igneous system that has been active for at least 15 mil
lion years (a slowly migrating "hot spot" ) , and it shows signs of 
continued igneous activity right up to the present. These "signs" 
include: ( 1) an exceptionally high conductive and advective heat 
flux (the largest known natural discharge of thermal water in the 
world, apparently with continuous activity at about the present 
rate for more than 10,000 years) , (2) a variety of geophysical data 
that are consistent with the presence of magma in a large sub
caldera chamber, (3) uplift of the central part of the caldera floor 
at an average rate of about 1 .5 cmfyr since 1923, and (4) isotopic 
ratios of helium, sampled from the Yellowstone hydrothermal sys
tem, that are the same as those obtained from active volcanic, 
mantle-derived, basaltic systems in Hawaii and Iceland. 

At Yellowstone it is very likely that scientific drilling to depths 

Copyright © National Academy of Sciences. All rights reserved.

Objectives for Deep Scientific Drilling in Yellowstone National Park:  A Report
http://www.nap.edu/catalog.php?record_id=18786

http://www.nap.edu/catalog.php?record_id=18786


s 

of 5 to 6 km would attain magmatic temperatures and pene
trate environments that would provide information about mecha
nisms of heat transfer in the world 'a largest coupled hydrothermal
magma system, limite of meteoric water circulation, the evolution 
of fluids from crystallizing magmas, the formation of brines at 
high temperatures and moderate to relatively low pressures, and 
how the above processes relate to ore deposition. Drilling also 
would provide vital information about physical and chemical rock 
properties at depth and information required to calibrate surface 
geophysical results in order to improve caldera-wide models. 

The Yellowstone region is one of the moet seismically active 
in the United States. Outside the caldera, earthquake foci are 
as deep as 20 km. Inside the main caldera ring-fracture zone, 
they seldom are deeper than 4 km. A major reason for drilling at 
Yellowstone would be to investigate the transition where the mode 
of rock deformation changes from brittle fracture to quasi-plastic 
flow. 

In addition to Yellowstone, this report summarizes in moder
ate detail what is known about two other large silicic caldera com
plexes, Long Valley and Valles. At Valles, information is available 
from the many intermediate to deep wells that have been drilled 
there by private industry and the U.S. Department of Energy. 
Extrapolation to depth of thermal-gradient data places the 500°C 
isotherm at about 5 km (Hulen and Nielson, 1986) . However, as 
yet there is no compelling geophysical evidence that magma still 
exists at depths of less than 10 km in the crust beneath the Valles 
caldera, or that the linear extrapolation of the thermal gradient 
is valid. The hydrothermal system at Valles appears to be very 
mature; it could bottom at a depth of about 2.5 km at about 
300°C or extend into a hot crystalline pluton at depths of 4-5 km. 

At Long Valley, seismic and gravity data are consistent with 
the presence of magma at a depth as shallow as 5 km beneath 
the western part of the caldera. Increased seismic activity starting 
in 1978 and a 35-cm uplift of the resurgent dome over a period 
of several years have been interpreted to be the result of upward 
injection of magma. If there is new movement of magma from a 
relatively deep (10 km) source to a relatively shallow level (7 km or 
less), there may have been too little time to establish steady-state 
conductive thermal or convecting hydrothermal regimes around 
the intrusive. The present hydrothermal activity may date from 
two pulses of volcanic activity, one about 3000 yr B.P. and the 
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other 200 to 700 yr B.P. It is likely that deep drilling at Long 
Valley would provide information about evolutionary stages of 
hydrothermal-magma interactions different from thoee that would 
be explored at Yellowstone. 

Seismic monitoring at Yellowstone should be continued and 
the net of recording stations expanded, as necessary, to obtain de
tailed information about locations and focal depths of earthquakes 
in the vicinities of potential drill sites. This seismic information 
would be an important factor in determining a target depth for a 
deep drill hole (about 1 km into the aseismic region). Knowledge 
of the thermal regime in the southeast part of the Park should be 
expanded through detailed heat-flow measurements in the bottom 
of Yellowstone Lake and the drilling of 100-m heat-flow holes at 
potential deep drill sites. Seismic refraction, magnetotelluric, and 
detailed seismic attenuation experiments in the vicinities of po
tential deep drill sites would provide valuable information about 
likely crustal structures. One or more intermediate-depth holes 
should be drilled before selecting a final deep drill site. 

Deep drilling at Yellowstone should be initiated only after the 
technology for core-drilling and sampling at the proposed depth 
and expected temperatures has been developed and demonstrated 
elsewhere. 
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1 
Introduction 

The Thermal Regimes Panel of the Continental Scientific 
Drilling Committee ( CSDC) considered the scientific rationale 
for research drilling into various types of hydrothermal systems 
(CSDC, 1984) . They concluded that the highest priority should 
be given to dedicated deep drilling into silicic caldera complexes to 
study the roots of active hydrothermal systems related to young 
magmatic intrusions. Benefits that might accrue regarding soci
etal problems include the acquisition of information for the better 
understanding of the processes that control volcanic and earth
quake hazards, the formation of hydrothermal ore deposits, and 
the nature and evolution of hydrothermal systems relative to the 
exploitation of geothermal energy. A determination of the pro
cesses that control the movement of fluids through rocks and the 
chemical reactions that take place during that movement also 
should be of great value for modeling the behavior of radioactive 
waste materials that may be emplaced in various geologic environ
ments. 

Within the western conterminous United States there are 
three young, large silicic caldera complexes: the Yellowstone 
caldera in Wyoming, the Valles caldera in New Mexico, and the 
Long Valley caldera in California. Information about different as
pects of the dynamics of coupled hydrothermal-magma systems is 

5 
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likely to be obtained by research drilling at each of these localities 
because of differences in the ages, sizes, shapes, depths, temper
atures, and times of emplacement of the heat sources and the 
different tectonic environments. The Panel on Thermal Regimes 
concluded that the Yellowstone caldera clearly is the largest of 
the above magmatic systems and represents the moat intense 
geothermal anomaly, but the area ia environmentally very sen
sitive (CSDC, 1984). Accordingly, the Thermal Regimes Panel 
did not recommend research drilling at Yellowstone at the time 
of their report, but did urge that this area continue to be consid
ered for possible research drilling in the future. In particular, the 
Panel recommended that "the scientific merits of research drilling 
in Yellowstone National Park should be more sharply defined and 
full consideration should be given to the environmental impact of 
drilling in this area." This report is in response to that recommen
dation. In addition to focusing upon the objectives for scientific 
drilling in Yellowstone, this report summarizes in moderate detail 
what is known about the other large ailieic caldera complexes, 
Long Valley and Valles . This was done because the Panel believes 
that it is important to assesa the likelihood of attaining in a non
national park setting the same major scientific goals that would 
be attained by drilling at Yellowstone. 

Yellowstone National Park ia a national treasure. It was the 
first place in the world to be designated a National Park (about 70 
countries now have national parks based on this prototype) , and 
it has received international acclaim for ita unparalleled geyser 
activity, abundant wild life, and spectacular scenery. It is indeed 
an awesome responsibility of the U.S. National Park Service both 
to administer it as a place for our citizens to enjoy and yet to 
preserve it unspoiled for future generations. In carrying out ita 
responsibilities, the Park Service has fostered research designed 
to gain a better understanding of the natural processes that have 
shaped and continue to shape the National Parks. This has been 
done both to help the staff do a better job of interpreting the Parks 
to the public and to help administer the Parks. Knowledge of 
baseline natural processes must be obtained in order to determine 
when, where, and how man is effecting changes. 

At Yellowstone, gaining an understanding of natural processes 
is especially important because geologically it is an exceptionally 
dynamic place. Cataclysmic volcanic processes shaped the land
scape and it is unlikely that these processes have ended, as shown 
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by the nature of the extensive recent seismic activity and tectonic 
movements in the Yellowstone region. Much of the geophysical and 
geologic data obtained at Yellowstone lead to the inference that 
magma or partially melted rock is present deep (and perhaps not 
so deep) underground, but the resolution is poor, the degree of un
certainty large, and the total volume of melt unknown. However, 
the spectacular, long-lived geyser and hot-spring activity attest 
to the large amount of heat that is present at relatively shallow 
depths. The floor of the Yellowstone caldera has undergone re
peated episodes of upward bulging and subsidence over a period 
of hundreds or perhaps thousands of yeara-a phenomenon that 
is continuing to the present-and large, devastating earthquakes 
and earthquake swarms frequently rock the region. Geologically, 
Yellowstone is truly one of the most restless continental regions 
on Earth. Enhancing our understanding of the geologic processes 
that are active at Yellowstone will enlarge the Park as a national 
treasure and benefit all the people who come to marvel at the 
spectacle. 

At present Yellowstone is unique among the active volcanic 
structures of the world in regard to its tectonic setting, unparal
leled geysers, earthquake history, and the magnitude of its past 
volcanic activity. However, over geologic time systems like Yellow
stone have been common and appear to have played major roles in 
the formation of many plutons of batholithic size. They also have 
been responsible for the formation of many important base-metal 
and precious-metal ore deposits. Both its uniqueness in regard to 
present activity and its similarity in regard to past processes make 
Yellowstone attractive for detailed scientific examination. 

This report briefly reviews what is known about the geology 
of Yellowstone National Park and highlights unique information 
that could be acquired by research drilling only in Yellowstone. 
However, it is not the purpose of this report to recommend specific 
drill sites or to put forth a specific drilling proposal. 
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2 
Results of Previous Scientific 

Investigations 

There is a long history of geologic, geophysical, and geochem
ical studies of the volcanic system at Yellowstone and its related 
hydrothermal activity. Relevant published reports are summa
rized in Table 1. Figure 1 is a generalized geologic map of the 
Yellowstone Plateau volcanic field, one of the largest Quaternary 
silicic caldera complexes in the world. This volcanic plateau oc
cupies a very tectonically and seismically active portion of the 
Rocky Mountains (Figure 2) . The Yellowstone caldera complex is 
part of a major crustal anomaly marked by low seismic velocities, 
high attenuation, low density, and high temperature (Smith and 
Christiansen, 1980) . A variety of geophysical evidence has been 
interpreted to suggest the continued presence of magma in a large 
subcaldera chamber (Eaton et al. , 1975; Smith and Christiansen, 
1980; Lehman et al. , 1982; Smith and Braile, 1984) .  

SEISMICITY AND THE CURRENT STRESS REGIME 

The regional stress field of the Yellowstone Plateau is primarily 
controlled by its location at an active intraplate boundary dom
inated by lithospheric extension (Smith and Sbar, 1974) . North
south normal faulting on the south and east-west to northwest
southeast normal faulting along the west on the Hebgen Lake
Norris Junction zone have accommodated regional extension since 

8 
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TABLE 1 Selected Publiahed Report• Relative to the Volcanic Syatem and Related 
Hydrothermal Activity at Yellowatone National Park. 

Geologic Inveatjgationa 
Hague et al. (1896; 1899) 
Boyd (1961) 
Christiansen and Blank (1972) 
Richmond et al. (1972) 
Ruppel (1972) 
Smedea and Proatka (1972) 
Chriatianaen (1982) 
Chriatianaen (1984) 

Geophyaical Inveatigationa 
Gravity 

Blank and GeUinp (1974) 
Evoy (1977) 

Magnetic 
Smith !l.!!· (1974) 
Eaton et a!. (1975) 
BhaUacharyya and Leu (1975) 
Reynold• (1977) 
Shuey et al. (1977) 

Electrical 
Zhody et al. (1973) 
Stanley et al. (1977) 

Geothermal Noiae 
Iyer and Hitchcock (1973) 

Natural Source Seiamic 
Pitt et al. (1979) 
Ben& and Smith (1981, 1984) 
Iyer !!...!!· (1981) 
Pitt (1981) 
Daniel and Boore (1982) 
Doter and Smith (1983) 
Doser (1985) 
Smith et al. (1985) 
Smith et al. (1986) 

Controlled Source Seiamic 
Ben& and Smith (1981, 1984) 
Clawson and Smith (1981) 
Braile !l.!!· (1982) 
Lehman et al. (1982) 
Schilly et al. (1982) 
Smith et al. (1982) 

Heat Flow 
· 

Fournier et al. (1976) 
Mor1an et al. (1977) 
White (1978) 

Ground Deformation 
Pelton and Smith (1979; 1982) 
Dauriain et al. (1986) 
Hamilton (1985) 
J ackaon et al. ( 1984) 
Meyer and Lock (1986) 

Geochemical Inveatigatjona 
Hydrothermal W aten 

Gooch and Whitfield (1888) 
Allen and Day (1935) 
Noguchi and Nix (1963) 
Scott (1964) 
Maaor and Waaaerbur1 (1965) 
Gunter and Mus,rave (1966) 
Schoen and Rye (1970) 
Muffier �- (1971) 
Gunter (1973) 
Maaor and Fournier (1973) 
Rowe!!..!!· (1973) 
Thompaon et al. (1975) 
Trueldell et al. (1977) 
Crail !1..!1· (1978) 
Kim and Crail (1979) 
Thompaon and Yadau (1979) 
Kennedy et al. (1982) 
Maaor and Thompaon (1982) 
Kennedy !l.!!· (1985) 

Hydrothermal Alteration Produda 
Raymahaahay (1968) 
Honda and Muffier (1970) 
Keith and Muffier (1978) 
Keith !!..!!· (1978) 
Bar1ar and Beeton (1981) 
Bar1ar and Muffier (1982) 

Iaotopic Studiea Related to 
Petrolo1ic Problema 

Leeman !l.!!· (1977) 
Doe !!...!!.· (1982) 
Hildreth!!..!!· (1984) 

Drilling 
Fenner (1936) 
White !Ul· (1975) 

Summarjea and Sxntheaet 
Smith!!..!!· (1974; 1977) 
Eaton !l.!!· (1975) 
Iyer(1979; 1984a; 1984b) 
Savino et al. (1979) 
Weaver et al. (1979) 
Smith and Chriatianaen (1980) 
Lehman et al. (1982) 
Chriatianaen (1982; 1984) 
Smith and Braile (1984) 
Fournier and Pitt (1985) 
Hoover et al. (1985) 
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FIGURE 1 Geologic map of the Yellowstone volcanic field {from Chris
tiansen, 1984). Dark lines are faults. 

Late Cenozoic time (Christiansen, 1984) . Data collected over the 
period 1971-1979 show a broad belt of relatively intense seismic 
activity extending from near Salt Lake City through Yellowstone 
National Park into Montana (Doser and Smith, 1983) . To the 
south of Yellowstone the seismic belt trends about N25°E, and at 
the north edge of the Yellowstone caldera it bends sharply to the 
northwest. The Hebgen Lake-Yellowstone region (Figure 2) has 
been the most seismically active area of the Rocky Mountains in 
historic time (Smith and Braile, 1984) . Major earthquakes (one 
M7.5 and six M6 earthquakes have been recorded in the Hebgen 
Lake-Yellowstone region) characterize the seismicity with maxi
mum focal depths of -20 km external to the caldera (Smith and 
Christiansen, 1980; Smith and Braile, 1984) . Within the region 
bounded by the outer edge of the ring-fracture zone of the caldera, 
focal depths seldom exceed 4 km (Fournier and Pitt, 1985) (Figure 
3), and earthquakes of magnitude greater than M5 have not been 
observed. 
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FIGURE 2 Earthquake dis�ribu�ion of �he Yellowa�one-Hebgen Lake region 
(1971-1979). Large stan correapond �o epicen�era of magni�ude 6 to 7.1 
historical earthquakes. From Smith and Braile (1984). 

R. B.  Smith (University of Utah, written commun., 1985; 
Smith and Bruhn, 1984} constructed a rheologic model of the 
Yellowstone caldera region ba.Sed on frequency of earthquake focal 
depths and calculated shear stress and strain rates as functions of 
rock type, temperature, and depth (Figure 4). In his model the 
transition from rock deformation primarily by brittle fracture to 
quasi-plastic flow takes place at about the depth above which 80 
percent of the earthquake focal points occur. Also, calculations 
show that the transition from brittle fracture to quasi-plastic flow 
commonly takes place at a temperature of about 350°C. In Figure 
4 the idealized model of the SO-percent focal-depth contour rises 
from about 16 km outside the caldera to about 4-5 km beneath 
the caldera. The more precisely located focal depths determined 
by Fournier and Pitt (1985) and shown in Figure 3 would move 
the SO-percent focal-depth contour up slightly to within 3-4 km 
beneath much of the caldera. The depth to the 350°C contour 
is likely to be irregular beneath the Yellowstone caldera owing 
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FIGURE 3 Focal depths of earthquakes in and adjacent to the Yellowstone 
Caldera that can be located with above-average precision. Modified from 
Fournier and Pitt (1985). 

to local downftow of cold water and upflow of hot water along 
favorable structures. 

Emplacement of high-level magmatic systems during the Qua
ternary Yellowstone volcano-tectonic episode, beginning 2.0 m.y. 
B.P. , has produced localized deformation including plateau up
lift and intra-caldera subsidence along circular and radial exten
sional faults. Thermally driven stresses localized at the Yellow
stone Plateau are thus superimposed upon the regional extensional 
streBS field producing the current stress regime. 

CONTEMPORANEOUS UPLIFT WITHIN THE 
YELLOWSTONE CALDERA 

Geodetic releveling and precise repeated gravity observations 
show that the Yellowstone caldera has undergone relative uplift 
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FIGURE -4 Croaa aection throuch the Yellowstone Caldera showinc the 
contour above which 80 percent of the earthquake focal depths occur and 
the estimated depth to the 350°C isotherm. From R. B. Smith (University 
of Utah, wriUen communication, 1985). 

from 1923 to 1984 affecting an area of about 2500 km2 (Figure 
5) with an average rate of about 1.5 cmfyr centered on the main 
northeast-southwest axis of the caldera (Pelton and Smith, 1982; 
Dzurisin and Yamashita, 1986; Dzurisin et al. , 1986) . This uplift 
has been episodic, however, and no relative uplift was detected over 
the period 1984-1985 (D. Dzurisin, U.S . Geological Survey, written 
commun. ,  1986) . Figure 6 shows the relative uplift along the road 
from Canyon Junction to Lake Butte (Figure 5) in Yellowstone 
Park during 1976-1984. 

The cause of the uplift at Yellowstone is unknown. Appar
ently uplift has occurred repeatedly since early Holocene (Hamil
ton, 1985) and could result from various causes, such as injection 
of basaltic magma from the mantle into the crust deep beneath 
the Yellowstone caldera, or the injection of magma higher in the 
crust , accumulation of a magmatic gas phase at lithostatic pres
sure evolved during crystallization of rhyolitic magma. Meertens 
and Levine (1985) suggested that horizontal tectonic compressive 
strain of material within the caldera that has a lower elastic moduli 
and a larger Poisson's ratio than the surrounding material could 
account for the uplift. However, the Meertens and Levine model 
is very speculative and in apparent contradiction with large-scale 

S£ 
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Yellowstone National Park 

\ ·· . . ... 
·,, '·-· 0 10 km .....___. 

FIGURE 5 Yellowstone Caldera (dot-dashed line) , ahowinc location of outer 
edce of main rinc fracture aya,em (dotted line) , two reaurcent domes, low
velocity sone, contours of relative uplift rates in millime,era/year, and the 
preaen' road aya,em (heavy linea) . Modified from Smi'h and Braile (19M) . 

tectonic strain parameters for the Yellowstone area and fault plane 
solutions of small earthquakes within the caldera. The injection 
of basalt into the crust at a depth greater than about 10 km is the 
simplest and most likely explanation for the inflation because this 
process seems to have been important over a long period of time, 
furnishing the energy to form the silicic magmas and maintain the 
long-lived, bimodal, basalt-rhyolite volcanic system (Christiansen , 
1984) . Crystallization of an amount of magma sufficient to furnish 
the heat discharged by the advecting hydrothermal system could 
produce enough evolved magmatic gas, accumulated at lithostatic 
pressure , to account for the uplift (discussed later) . Episodic leak
age , by hydrofracturing, of lithostatically pressured fluid into the 
hydrostatically pressured convecting hydrothermal system might 
contribute to rapid deflation of the caldera (Fournier, in press). 
This mechanism is very speculative. 
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FIGURE 6 Elevation changea at Yellowstone caldera during 1976-19M 
measured alone the road from Canyon Junction to Lake BuUe. From 
Dsuriain and Yamashita { 1986) and Dsuriain d ol. {1986). 

EVIDENCE FOR LONG-TERM COUPLING OF THE 
YELLOWSTONE SYSTEM TO PROCESSES OF THE 

EARTH'S MANTLE 

Geologic mapping, regional stratigraphy, and K/ Ar dating 
show that a series of voluminous rhyolitic caldera systems formed 
sequentially, beginning about 15 m.y.B.P. in the region of south
western Idaho, and were localized successively northeastward along 
the axis of the eastern Snake River Plain (Armstrong et al. , 1975; 
Christiansen and McKee, 1978}. The Yellowstone magmatic sys
tem, which itself has a 2-m.y. history (Christiansen , 1984}, is the 
youngest and still active member of this long-lived series of such 
systems. About 6000 km3 of rhyolitic magma have erupted from 
the Yellowstone system over the last 2 m.y. ,  and more than 1000 
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km3 in about the past 150,000 yean. It appears to be sustained by 
a more or less continued input of basaltic magma from the upper 
mantle that partially melts lower crustal material producing silicic 
magma (Christiansen , 1984) . 

Morgan (1972) identified Yellowstone as one of a group of 
"hot spots" that define a framework fixed to the sublithospheric 
mantle, relative to the moving lithospheric plates. Smith and Sbar 
(1974) calculated the relative motion of Yellowstone with respect 
to a mantle reference frame and found a direction of movement 
of the North American Plate across Yellowstone the same as that 
of the orientation of the Snake River Plain with a rate of motion 
of approximately 4 em/yr. This finding is consistent with the hy
pothesis that the Yellowstone-Snake River Plain system represents 
the track of a mantle "hot spot ." This propagation must have left 
in its wake a buried sequence of granitic plutons of batholithic di
mensions. It should be emphasized, however, that this propagating 
system was not represented by a smoothly migrating point source 
of volcanism but by a series of long-lived voluminous magmatic 
systems having lifetimes of 2-4 m.y. , each succeeding member of 
which was localized northeast of its predecessors. 

Geophysical data, particularly studies of teleseismic P-wave 
delays (Iyer et aL , 1981) and long-wavelength gravity anomalies 
(Evoy, 1977) , indicate that anomalously low velocities and low 
densities associated with the Yellowstone system may extend to 
a depth of about 250 km. The upper-crustal seismic velocity 
structure beneath Yellowstone has been determined using seismic 
refraction techniques (Lehman et al. , 1982; Brokaw, 1985) and 
inversion of earthquake and refraction data (Benz and Smith, 1981 ,  
1984) . According to Brokaw (1985) , who interpreted refraction 
data obtained both in 1978 and 1980, there is a broad region with 
velocities of 5.4-5.6 km/sec between Island Park and Old Faithful, 
and much of the region beneath the Yellowstone caldera has a 
velocity of -5.4 km/sec. The Brokaw (1985) model is generally in 
good agreement with the velocity model of Benz and Smith (1981 ,  
1984) and is slightly different in some respects from the model of 
Lehman et al. (1982) , who used only the 1978 refraction data in 
their interpretation. 

Lehman et al. (1982) show a velocity of 5.7 km/sec beneath 
much of the Yellowstone caldera and two sharply bounded zones 
with low velocities of 4 .0 kmfsec, one at the northeast side of 
the caldera and the other at the southwest side. However, in 
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their interpretation extensive extrapolation was required in the 
development of a velocity model for the region in the southwest 
part of the caldera because there were no recording stations off 
roads between Old Faithful and shot points to the east of Island 
Park. The possibility that the southwest low-velocity zone might 
be fictive, the result of an attenuation problem in which very 
weak first arrivals were not detected, was discussed by Lehman 
et al. (1982}. The 1980 seismic experiment was carried out with 
recording stations placed in remote areas (inaccessible in 1978} 
along a profile from Island Park to the Old Faithful area in order to 
obtain better velocity data for that region. The combined old and 
new seismic data now clearly show that a 4.0 km/sec low-velocity 
zone is not present in the southwest part of the caldera, and 
the northeast low-velocity zone is slightly smaller than reported 
by Lehman et al. (1982} with a velocity of -4.8 km/sec instead 
of 4.0 km/sec (Brokaw, 1985}. This northeast low-velocity zone, 
Figure 5; coincides with a local (-20 mgal} gravity low, and these 
geophysical data are consistent with partial melt, hot dry rock, or 
a large vapor-dominated system from about S to 10 km beneath a 
limited area of the Yellowstone caldera (Lehman et al. ,  1982}. 

Isotopic data on Yellowstone's volcanic rocks and on gases 
and other hydrothermal fluids also illuminate the deep origins of 
the magmatic system. The high ratio of 3Hef4He-as much as 16 
times the atmospheric ratio (Craig et aL , 1978}-directly points to 
a mantle source region that is undepleted in volatile constituents 
relative to mid-oceanic ridge systems. This conclusion is confirmed 
and amplified by data on isotopic ratios of other noble-gas elements 
(Kennedy et al., 1985}. Isotopic ratios of Nd from basalts of 
Yellowstone and the eastern Snake River Plain also point to origins 
in relatively undepleted mantle materials, but radiogenic isotopes 
of Ph and Sr in basalt and rhyolite are interpreted as reflecting a 
long-term coupling of the mantle source region to ancient North 
American lithosphere (Doe et al ., 1982; Leeman, 1982}. 

THE YELLOWSTONE HYDROTHERMAL-MAGMATIC 
SYSTEM 

The major feature besides size and volume of volcanic materi
als that distinguishes Yellowstone from the other large active silicic 
centers in the United States, Long Valley and Valles calderas, is 
the extent of its high-temperature hydrothermal system (White et 
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al. , 1975 ; Fournier et al., 1976) . The heat naturally discharged by 
this hydrothermal system, about 4 x 10u1 cal/yr (5 .5 x 10" watts) , 
makes it by far the largest in North America, with the most in
tense surface expression of hydrothermal activity of any system in 
the world . The area of Yellowstone caldera is about 2 ,500 km2, so 
the average thermal energy flux that results just from advection 
of the hot-spring water is about 1800 m W /m2, about 30 times 
greater than the average continental heat flow. If the assumption 
is made that thermal energy is transferred uniformly by conduc
tion from magma across a 2500 km2 surface, through hot dry rock 
to the base of circulation of the hydrothermal system, a thermal 
gradient of about 700° to 10000C/km is required to sustain the 
average convective thermal output (Morgan et al. , 1977; Fournier 
and Pitt , 1985) . 

Mixing model and mineral deposition considerations suggest 
that the maximum temperature attained by meteoric water circu
lating at hydrostatic pressure is about 3500C, and physical chemi
cal considerations indicate a maximum temperature of 400-430°C 
(Fournier et al. , 1976; Truesdell and Fournier, 1976; Fournier and 
Pitt , 1985) . If the maximum temperature attained by that con
vecting hydrothermal water is just 350°C and the magmatic heat 
source has a temperature of 850°C, the circulating water must 
come within about 0.5 to 0.7 km of the magma to maintain the 
calculated advective thermal flux, no matter how deep the magma 
is situated. 

The depth of circulation of convecting water of meteoric ori
gin probably is limited to the depth at which frequent seismic 
activity maintains permeability by reopening fractures that be
come clogged by mineral deposition and by squeezing together of 
the channel walls by quasi-plastic flow. Because few earthquakes 
occur at depths greater than about 4 km beneath the Yellowstone 
caldera (Figure 3) , it is unlikely that there is sufficient permeabil
ity below about 4-5 km for significant convective hydrothermal 
circulation to occur at hydrostatic pressure (Fournier and Pitt, 
1985) . Thus, to account for both the large advective heat flux and 
lack of earthquakes below about 4-5 km, it is likely that magmatic 
temperatures are attained beneath some portions of the caldera 
at depths as shallow as about 4.5-5 .5 km. 

H the heat carried in the advective flow of water from the 
system was supplied entirely by the latent heat of crystallization 
of dry rhyolite magma, about 5 x 1011 kgfyr of magma (about 
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0.2 km3 jyr) would be required to furnish that heat (Fournier and 
Pitt , 1985) . It is poesible that all or most of the thermal energy 
carried by the advecting hot-spring water is derived from hot but 
already crystalline rocks that are being cooled by the circulating 
meteoric waters. Cooling of hot crystalline rock, however, should 
lead to thermal contraction of the rocks through which the waters 
circulate, so the uplift reported by Pelton and Smith (1979, 1982) , 
Dzurisin and Yamashita (1986) , and Dzurisin et al. (1986) would 
have to be explained by injection of magma at much greater depths 
and/or horizontal compressive strain (Meertens and Levine, 1985) . 
However, the very large and long-sustained flux of thermal energy 
from the caldera coupled with the apparently shallow penetration 
(limited by depth of seismic activity) of hydrostatic water into 
the top of the system suggest that the latent heat of crystallizing 
magma is an important source of energy. 

The calculated total volume change associated with the crys
tallization of a given amount of rhyolitic magma is strongly in
fluenced by the amount of water that is assumed to be liberated 
during that crystallization, the salinity of that water, and the tem
perature and fluid pressure. The presence of fayalite and a lack of 
water-bearing minerals in the rhyolite erupted at Yellowstone are 
evidence that the initial magma contained not more than 1 to 2 
wt . % dissolved water (Hildreth et al. , 1984) , and the minimum 
range in salinity of an aqueous magmatic fluid evolved during crys
tallization of that magma is likely to be 10-25 wt. % (Fournier and 
Pitt , 1985) . For a crystallization temperature of 800°C at 150 MPa 
(lithostatic fluid pressure at about 5 km depth) , the total volume 
change that would result from the crystallization of 0.20 km3 jyr 
of rhyolite with the liberation of 2 wt. % dissolved water as a 10 
wt. % NaCl solution would be about +0.035 km3 /yr. (Fournier, 
in press) . The calculated average rate of volume increase deter
mined from the measured rate of uplift at Yellowstone is about 
0.012 km3 jyr (Dzurisin et al. , 1986) . Therefore, the volumetric 
change associated with crystallization of an amount of magma that 
could supply the heat discharged by the hydrothermal system is 
within the range of the volume of the uplift. These calculations 
do not demonstrate conclusively a causal relationship between the 
uplift and liberation of fluid from crystallizing magma. However, 
the calculations do show that the volumetric effects of liberating 
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a magmatic fluid could be important if the latent heat of crys
tallization of magma is an important source of energy for the 
hydrothermal system. 

At this time the most plausible model for the Yellowstone 
magma-hydrothermal system is one in which the thermal energy 
carried to the surface by the advecting hot-spring water comes in 
part from crystallizing magma and in part from cooling already 
crystalline rock. It is likely that crystallization and cooling are 
occurring at some levels while new magma accumulates at others. 

PREVIOUS SCIENTIFIC DRILLING TO INVESTIGATE THE 
YELLOWSTONE HYDROTHERMAL SYSTEMS 

Previous scientific drilling at Yellowstone provided temper
ature, pressure, fluid chemistry, stratigraphic, and hydrothermal 
alteration data for the shallow outflow parts of vigorous hydrother
mal systems, an environment generally neglected by commercial 
exploration and production drilling (Fenner, 1936; Honda and 
Muffler, 1970; White et al. , 1975; Keith et 41. , 1978; Bargar and 
Beeson, 1981; Bargar and Muffler, 1982; Bargar et tal. ,  1985) .  
Knowledge of processes occurring within this environment is of 
special importance in the development of theories of epithermal 
ore deposition (White et al. , 1971; Fournier , 1983, 1985b) .  The 
drilling also provided a wealth of information that was of great 
value in the development and verification of chemical geother

mometers and mixing models that are now widely used through
out the world in the exploration for geothermal resources and the 
assessment of reservoir responses to production (Fournier, 1973, 
1977, 1979, 1981 ;  Fournier and Truesdell, 1970, 1973 ; Truesdell 
and Fournier, 1976, 1977) . 

The first drilling to investigate Yellowstone hydrothermal sys
tems was carried out by the Carnegie Institution at Washington 
in 1929-1930. One hole was drilled at Upper Geyser Basin and 
another at Norris Geyser Basin (Fenner, 1936) . The Upper Basin 
hole attained a depth of 123.8 m with a bottom temperature of 
180°C, and the Norris Basin hole attained a depth of 75 m with a 
bottom temperature of 205°C. In 1967-1968 thirteen research holes 
were drilled by the U.S. Geological Survey (USGS) to investigate 
shallow hydrothermal conditions in widely scattered thermal ar
eas of the Park (White et al. , 1975) .  USGS drilling was carried 
out using a truck-mounted diamond-bit coring rig equipped with 
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a wire line for core retrieval; conventional equipment in common 
use by the mining industry for mineral exploration and assessment 
at relatively shallow depths. A total of 207 4 m were cored. The 
holes ranged in depth from 65.5 m to 331 .7 m, and the highest 
recorded temperature was 237 .5°C at Norris Basin. Most of the 
holes attained a depth of about 150 m and a temperature near 
200°C. 

Above the first aquifer, at depths less than SO m to more 
than 75 m, the holes show a near linear conductive thermal gradi
ent. Many rocks in this zone were initially highly permeable but 
lost their permeability because of hydrothermal alteration and de
position of silica and silicate minerals (White d Al. , 1975) . As 
drilling progressed every hole showed an increase in static water 
level and, at the termination of coring, every hole but one (Y-
7) had a positive wellhead pressure with water filling the hole. 
The self-sealed rock at and near the surface serves as an effective 
cap, allowing thermoartesian pressure (Studt , 1958; White et al. , 
1975) to develop underground.  Bottom-hole pressures measured 
in most static, shut-in wells corresponded to pressures that would 
be exerted by a column of cold water extending up to about the 
ground surface (Fournier, 1983) . In order for a hot column of 
water in thermal equilibrium with the adjacent rock to exert the 
same pressure at equivalent depths, that column of water would 
have to extend above ground level (as in a pipe sticking vertically 
out of the ground). Temperature-depth profiles below the first 
aquifer in wells drilled within zones of hydrothermal upflow gen
erally followed boiling-point curves appropriate for the measured 
static overpressures. 

The high temperatures and positive wellhead pressures en
countered at relatively shallow depths within the main parts of 
the hot-spring systems caused considerable drilling difficulties, 
particularly during the early stages before drilling equipment and 
procedures were modified to cope with the extreme conditions. 
Wells drilled at the cooler margins of hydrothermal upflow zones, 
such as Y-4, Y-6, and Y-7, were relatively easy to control and 
presented few drilling problems (White et Al., 1975) . 

Eight of the wells drilled in 1967-68 were within a few tens 
of meters of boiling hot springs. In the course of drilling, four of 
these wells appear to have caused an increase in supply of water 
and thermal energy to nearby springs that resulted in increased 
flow and/or geysering activity. After these wells were cased to 
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greater depth or completely filled with cement the activity of the 
springs returned to the pre-drilling states. A total of six of the 
USGS wells have been filled with cement, either because of high 
wellhead gas pressures or relatively high H2S contents that posed 
a threat of corroding the wellhead valves. By 1980 two additional 
wells had completely self-sealed (gas-tight) by silica and carbonate 
deposition at gas-water interfaces at the bottoms of the casings. 
All the remaining holes, except Y -7, accumulate gas within the 
casing while shut in , and it is likely that they too will self-seal in 
the near future, if they have not already done 10. 

Environmentally, only the Carnegie hole at Norris appears 
to have produced a lasting effect upon the local hydrothermal 
system, but the causal relationship is equivocal. A boiling hot 
spring with a small flow of water has been active since about 1968 
at the site of that well, drilled in 192�1930. The appearance 
(by natural build-up of underground pressure) and disappearance 
(by self-sealing) of hydrothermal features in Norris is common, 
and small hydrothermal explosions have occurred repeatedly in 
the general region near the drill site, both before and after the 
drilling. The Carnegie hole was sited on unstable hot ground in 
a very acid-altered area dotted with many hot springs of acid or 
mixed (acid-chloride-sulfate) type and one large spring of mixed 
water (Fenner, 1936) . Only about 12 m of casing were cemented in 
place (in highly altered rock) , and about 25 m of casing were later 
hung in place without cementing. During the course of drilling, 
very high steam pressures were encountered in the well, and from 
time to time steam burst through the surrounding ground in jets. 
After attaining a depth of just 75 m, and with a wellhead pressure 
of 297.5 psig (20.2 bars) , drilling was terminated and 5 tons of 
cement were pumped into the hole. The hole appears to have 
intersected a major fracture that channels water and steam to the 
many nearby active springs, and their continued activity after the 
hole was filled shows that the natural channel was not completely 
closed by the cement. The weakening and fracturing of the ground 
during drilling may have allowed a spring to emerge right at the 
drill site that would have emerged by natural processes a few 
meters away. 
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3 
Obj ectives for Continental 

Scientific Drilling in 
Yellowstone National Park 

The objectives or rationale for scientific drilling in Yellowstone 
National Park are both generic and specific. The generic objectives 
are those presented in the CSDC Thermal Regimes Panel Report 
(CSDC, 1984) for scientific drilling of active hydrothermal systems 
in silicic caldera complexes, and the specific objectives would be 
to provide information about the evolution of the Yellowstone 
volcanic complex, an apparent "hot spot" that is presently active 
in the continental crust with accompanying hydrothermal activity 
that is the most intense in the world. 

BROAD OBJECTIVES FOR SCIENTIFIC DEEP DRILLING 
INTO THE ACTIVE HYDROTHERMAL SYSTEM AT 

YELLOWSTONE 

The main goal stated in the Thermal Regimes Panel Report 
for drilling into an active silicic caldera complex is to " . . .  under
stand the dynamic evolution in space and time of actively coupled 
hydrothermal-magma systems in sufficient detail to choose among 
predictive physical models of this phenomenon" (CSDC, 1984, p.  
19) . An understanding of the processes controlling the intrusion of 
magma into the upper crust , the release of heat and volatiles from 
the intrusions, and the development of associated hydrothermal 
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systems is central to understanding the evolution of continental 
crust and ita resources (Luth and Hardee, 1980; U.S. Geodynamics 
Committee, 1979; Varnado and Colp, 1978; Shoemaker, 1975) . 

The above-cited reports also concluded that, at present, prac
tically everything one needs to know about the deeper portions of 
hydrothermal systems is based on inference. Because the crust is 
normally saturated with water, the process of magma cooling is not 
simply a question of thermal conduction but involves a complex 
pattern of meteoric water circulation combined to an uncertain 
degree with water and volatiles released from the magma. Data 
from (a) experimental studies in the laboratory, (b) field and labo
ratory studies of exhumed "foeail" hydrothermal-magma systems, 
(c) theoretical modeling of heat flow, convection , and fluid flow in 
and around magma bodies, (d) geophysical studies of present-day 
volcanic areas, and (e) drilling to depths of 2 to 4 km and to tem
peratures of 300°-400°C in certain hydrothermal systems, together 
with limited drill-core sampling and measurement of downhole geo
physical parameters, have allowed development of several plausible 
models for hydrothermal-magma systems. However, no model has 
yet been confirmed because of the lack of critical information on 
the intensive parameters in the hydrothermal-magma transition 
zone, their spatial relations, and their correlations with fluid and 
rock properties. This essential information can be determined 
only through measurements and investigations in drill holes that 
penetrate the hydrothermal-magma interface in an active system. 

The active silicic magma-hydrothermal system at Yellowstone 
is an ideal location from a scientific point of view to address the 
goals of scientific drilling enumerated by the CSDC (1984) . The 
crustal hot-spot environment that typifies the Yellowstone system 
is of major geologic importance. The kinds of processes currently 
active at Yellowstone are likely to have produced plutonic rocks 
throughout a broad zone hundreds of miles long beneath the Snake 
River Plain (a batholith) . Magmatic temperatures are likely to be 
attained at a depth of about 5 km throughout a broad region 
beneath the Yellowstone caldera, and the hydrothermal system 
that would be encountered above the igneous heat source is mature 
and vigorous. 
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SPECIFIC OBJECTIVES POR SCIENTIFIC DEEP 
DRILLING INTO THE ACTIVE HYDROTHERMAL SYSTEM 

AT YELLOWSTONE 

(1) Interactions of the local stre11 field (created by a persistent 
and large magmatic system) with the regional tectonic stre11 field. 
At Yellowstone, drilling to about 5-6 km could provide data over 
the entire seismogenic column to depths exceeding the hypothe
sized brittle fracture/quasi-plastic flow transition. Deep drilling 
for scientific purposes would be designed to evaluate stress, pore 
properties, seismic velocities, temperature , and rock compositions 
with depth. These are the important parameters to assess tectonic 
models for crustal magmatic systems. 

While direct data on the mechanism of uplift at Yellowstone 
is unlikely to be sampled, vertical stress gradients and inferred di
rections of stresses determined from deformation of the well bore 
and from fractures and veins in core, coupled with surface mea
surements of crustal deformation (e.g. , tilt , vertical and horizontal 
strain) and gravity changes, can provide crucial information on 
the depth, shape, and stress-state of the magmatic system. 

(2) Heat transfer in a coupled hydrothermal-magma system. A 
major objective of deep research drilling in an active silicic caldera 
complex is to resolve uncertainties in the mechanism (or mecha
nisms) by which heat is transferred from magma to the overlying 
hydrothermal system. Mechanisms that have been proposed in
clude: (a) conduction ; (b) transfer of heat by movement of water 
and volatiles out of the magma; and (c) circulation of meteoric 
water into a thin zone of thermal cracking that migrates inward 
toward the magma with time as the rocks are cooled (Figure 7). 
Several recent investigations (Lister, 1974, 1980, 1983; Hardee, 
1980, 1982 ; Hermance and Colp, 1982 ; Sleep, 1983) have focussed 
upon the likely significance of this last mechanism, but major as
pects are poorly understood. Among these are the thickness of the 
cracking zone, the temperature gradient from the magma to the 
thermal cracking front (line DB in Figure 7b) , the temperatures at 
which thermal cracking occurs (perhaps 350° to 450°C), and the 
chemical consequences of water-rock interaction in that zone. Yel
lowstone would be an outstanding place to investigate mechanisms 
of heat and mass transfer from magma to a hydrothermal system 
in a crustal environment for two reasons: ( 1) the hydrothermal sys
tem is huge and mature, and (2) magmatic temperatures are likely 
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Temperature -

FIGURE 7 (a) Schematic diagram ahowin1 inward cryatalliaation and aub
sequent coolin1 of a ma,matic body beneath a ailicic caldera. (b) Schematic 
depth-temperature profile for conditions shown in Fipre 7(a) . 

to be encountered at a variety of relatively shallow depths, ranging 
from 3 to 10 km, depending on where one drills. Oxide-insulated 
electrical cables for use with thermocouples and thermisters are 
presently available on special order that will allow measurement 
of the maximum temperatures expected in a deep hole at Yellow
stone. 

(3) Depth of meteoric wAter circulAtion And evolution of sAlin
ity. An objective related to heat transfer is to determine the 
depth to which meteoric water can circulate in a hydrothermal
magma system and mechanisms by which salinity is generated in 
convecting fluids (Fournier, 1985a, 1987) . It is not known if di
lute meteoric water circulates directly to and into the magma, if 
there are stacked circulation systems of differing salinity within 
and overlying igneous bodies (Figure 8) , or if deeper and separate 
circulation cells have significant components of magmatic fluids. 
It is important to learn whether pressures deep in hydrothermal 
systems increase abruptly from hydrostatic to greater than hydro
static and if there is convective flow of fluids in "overpressured" 
regions. The maximum fluid pressure that is likely to be attained 
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FIGURE 8 (a) Schematic d iagram showing inward crystallisation and subse
quent cooling of a magmatic body beneath a silic ic caldera. Brine that forma 
by condensat ion of superheated flu ids, partly of meteoric origin and partly 
of magmatic convecting meteoric water. (b) Schematic depth-temperature 
profile for conditions shown in Figure 8 (a) . 

is equal to the least principal stress in the rock, which may be 
about equal to the lithostatic load. 

Yellowstone would be an excellent place to investigate the 
deep limits of hydrothermal circulation because the lack of seismic 
activity deeper than about 4 km suggests that significant fracture 
permeability does not extend much below that depth. Therefore , 
the lower limit of present hydrothermal circulation at hydrostatic 
pressure should be about 4 km, a depth that is well within the 
range of present drilling technology. However, deeper circula
tion of water may have taken place in the past. Hildreth et 41. 
(1984) present 180 data that strongly suggest that large amounts 
of isotopically light (presumably meteoric) water interacted di
rectly with magma inimediately after major ash-flow eruptions 
and caldera subsidence. Earliest post-collapse lavas are 3 to 6 
per mil lighter than the preceding ash-flow sheets. The 180 de
pletions were short-lived events that immediately followed caldera 
subsidence. Sequences of post-caldera lavas record partial recov
ery toward precaldera 180 values. Although some contamination 
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by foundering roof rocks seems to be required, water was prob
ably the predominant contaminant. Even if roof rocks had been 
strongly depleted in 180 before engulfment, their assimilation into 
a silicic magma of relatively large volume would have been far from 
sufficient to account for the large 180 shift . The amount of 180 
depletion of the magma requires exchange wita a mass of low-180 
water greatly exceeding the solubility limits. Apparently recur
rent explosive activity was required to sustain access and mixing 
of water with magma, coupled with relatively rapid convection 
of the magma reservoir, or diffusion of water through magma, to 
prevent local saturation. Studies of the oxygen isotopic composi
tion of core and cuttings from below the zone of deepest present 
hydrothermal circulation would give information about possible 
deeper circulation in the past. 

Yellowstone is also a good place to study the poesibility of 
increasing salinity with depth that may come from magmatic 
sources. The thermal water in the deepest part of the known 
hydrothermal system contains only about 400 mgfkg chloride 
(Fournier d al. , 1976) , and there are virtually no known salt 
deposits in the host rock . Therefore, increasing salinity at depth 
should be the result of processes related to the silicic volcanism. 
It was previously noted that crystallization of about 0.2 km3 /yr 
of rhyolitic magma containing 1 to 2 wt . % water could furnish 
all the heat advected to the surface by the hot-spring waters and 
associated steam in one year. The amount of water that would 
be liberated by crystallizing the above amount of magma is about 
5 to 9 percent of the total flow from the deep part of the hy
drothermal system (Fournier and Pitt , 1985) . However, when the 
chloride that is likely to be evolved with that magmatic water also 
is considered, it appears that only a small fraction of magmatic 
water can reach the dilute hydrothermal system. 

The minimum quantity of chloride liberated upon crystalliz
ing 0.2 km3 jyr of rhyolitic magma at Yellowstone is about 7 x 
10' kg/yr (Fournier and Pitt, 1985) . In contrast, the calculated 
amount of chloride discharged by the hot-spring activity is only 
about 0.4 x 108 kg/yr. Therefore, if $ll the heat supplied to the 
hydrothermal system is derived from the latent heat of crystal
lization of magma plus the heat carried in the evolved water, only 
about 5 to 6 wt. % of the co-evolved chloride becomes incorporated 
in the dilute hot-spring system. 
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One explanation for the above is that all or most of the ther
mal energy carried by the advecting hot-spring waters is derived 
from hot but already crystalline rocks that are being cooled by the 
circulating meteoric waters. However, to account for the observed 
uplift, the restriction of seismic activity to a depth less than about 
4 km, and the long-sustained hydrothermal activity, it is likely 
that the thermal energy carried to the surface by the ad vecting 
hot-spring water comes in part from crystallizing magma and in 
part from cooling already crystalline rock, and that brine is accu
mulating at depth . Therefore, Yellowstone would be an excellent 
place to investigate the evolution and behavior of brines in silicic 
volcanic systems. 

( 4) The •ource of fluid• and •olute• deep in hydrothermal 
•r•tenu-A •earch for magmatic component.. In any geother
mal region, one of the objectives in its scientific exploration is 
to understand the origin and history of those fluids that reach 
the surface naturally. The fluids are usually mixtures of a small 
number of source fluids or components, and it is important to 
determine the elemental and isotopic proportions within each of 
the different source fluids in the mixtures. In addition to mixing 
that takes place underground , compositions of fluids sampled at 
the surface are also affected by other processes that occur dur
ing upward movement, such as evaporation, condensation, and 
dissolving or precipitation of solids. 

Some hydrothermal systems should contain significant 
amounts of waters and solutes derived by expulsion from crys
tallizing magmas . However, magmatic water has not been recog
nized in presently active systems, except as steam evolved from 
volcanoes (and much of this steam may be vaporized meteoric 
water) . Thus far, the solutes found in geothermal waters appear 
to have been leached by deeply circulating meteoric or connate 
waters from partly cooled and fractured magmatic rocks, or from 
other types of country rock under the influence of elevated temper
atures. However , 3HerHe ratios measured in gases obtained from 
some geothermal systems indicate that a subcrustal or magmatic 
component is present in those gases (Craig, 1963) , particularly at 
Yellowstone (Craig et al. , 1978; Kennedy et al. , 1985) . Ratios of 
3He/''He as high as 15 to 16 times the atmospheric value have been 
found at Yellowstone, similar to helium values found in gases from 
Iceland and Kilauea (Craig et al., 1978) , and substantially higher 
than the ratios found in gases from Long Valley (4.3, according 
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to Craig et al., 1979) and Valles (3.9 to 4.8, according to Smith 
and Kennedy, 1985) . Because 3He is a definitive tracer for mantle 
and/or magmatic components, it can be used to identify other 
(non-noble gu) chemical and isotopic species of subcrustal origin 
surfacing in the hydrothermal system, and also may be tied to 
convective heat flux. 

In establishing limits on the composition of this magmatic 
or subcrustal component, it is important to obtain concentra.. 
tiona per kilogram total fluid of the various noble-gas components. 
This is not pouible for surface samples where there has been gas
liquid separation during boiling. Deep drilling to the hue of the 
hydrothermal system is essential for any attempts at quantify
ing convective fluxes of the gases within and from a geothermal 
reservoir, as well as the influx of meteoric water into the sys
tem. Samples of both rocks and fluids deep in the Yellowstone 
hydrothermal system could provide chemical and isotopic data on 
materials that have undergone minimal interactions with mete
oric fluids. Also, as discussed previously, there is a chance that 
deep drilling at Yellowstone would intersect brine with significant 
magmatic components. 

(5) Hydrothermal actiwtr anti. ore deposition. A major objec
tive of deep scientific drilling into an active hydrothermal system 
in a silicic caldera complex is to determine how the processes enu
merated above relate to ore deposition. Concentrations of many 
metals in hydrothermal solutions increase with an increase in dis
solved chloride (Helgeson, 1969; Barnes, 1979; Bischoff et al. , 
1981) . Therefore, in developing models of transport and deposi
tion of hydrothermal ore deposits it is important to take account of 
the conditions that promote the formation of hydrothermal fluids 
that are rich in chloride. The poesibility that highly saline brines 
may underlie more dilute, circulating thermal waters is of great sig
nificance for models of ore deposition. Metals in deep highly saline 
brines may scavenge most of the reduced sulfur that is evolved 
from crystallizing magma so that relatively little reduced sulfur 
reaches high levels in the hydrothermal system. Therefore, differ
ent kinds of ore minerals may deposit at different places, perhaps 
controlled by individual circulation cells with different character
istic temperatures and salinities. Again, Yellowstone appears to 
be an ideal place from a scientific point of view to carry out deep 
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drilling to investigate or�forming procesaes related to the evolu
tion of magmatic waters and the formation of brines (Fournier and 
Pitt, 1985) . 

(6) ActuUition of three-dimensional information about the Yel
lotustone volcanic and hrdrothermal srstem. The Yellowstone sys
�m has been the subject of a wide variety of excellent geologi
cal, geophysical , and geochemical studies, enumerated previously. 
Those studies have shown that the Yellowstone silicic caldera com
plex ranks among the largest recognized in the Quaternary geologic 
record, and the associated active hydrothermal system appears to 
be the largest in the world. Although many research wells have 
been drilled in the Park, the deepest to date is only 332 m (White 
et oL, 1975) .  Therefore, the present th�dimensional picture of 
the system has been formulated mainly from the interpretation 
of geophysical data and by geologic inference. It would be sci
entifically very rewarding to calibrate those interpretations and 
inferences with direct information about actual rock and fluid 
properties at depth. 

(7) The use of o drill hole for long-term observations. The 
use of a drill hole for long-term observations of conditions 2-5 km 
deep in the Yellowstone caldera would be a desirable part of a 
scientific drilling program. However, a decision whether or not to 
use a deep well for long-term obse"ations would depend on sev
eral factors, such as obtaining on-going funding for that purpose, 
the state of the well at the termination of drilling, the potential 
for scaling and corrosion that could affect the long-term integrity 
of the well, the potential for leakage of fluids from one aquifer 
to another or to the surface, possible adverse impacts upon the 
ecology by long-term human occupation of the well, possible con
flicts with other scientific objectives, such as sampling fluids from 
specific depths in the hole (discussed later) , and the availability of 
monitoring instruments that can withstand the temperatures and 
chemical environment encountered in the deep hole. At this time 
thermocouples and thermisters are available that could be used 
to monitor temperatures in the deepest and hottest parts of a r� 
search hole, but other presently available measuring instruments 
would be restricted to shallower and cooler levels. Cables are 
presently available that can be used to conduct electrical signals 
to and from the monitoring instruments at the highest anticipated 
temperatures. These cables consist of wire conductors insulated 
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by oxides encued within sheaths of stainl- .teel or aome other 
corrosive resistant material. 

A scientific drill hole in Yellowstone National Park could p� 
vide opportunities for long-term monitoring of phenomena that 
bear on the local as well as the regional geophysical setting. .0.. 
cause of the location of the drill hole within a national park , there 
would be no industry drilling or production from the hydrother
mal system that could interfere with measuring naturally occur
ring changes. The present rapid rate of uplift (Pelton and Smith, 
1979, 1982; Dzurisin d oL, 1986) , abundant aeismic activity (Pitt , 
1981) ,  and the long history of violent and voluminous volcanism 
(Christiansen and Blank, 1972; Christianaen, 1984) underscore 
the need to keep a close watch on changes occurring within the 
Yellowstone caldera that may signal a renewal of volcanic activity. 
Temperature , gas emissions, fluid pressure, rock strength (at low 
strain rates) , local seismicity, and temporal variations in seismic 
travel times would be important parame�rs to monitor over a 
long time scale. 

If the fluid encountered in the well is too corroeive and/or 
pore-fluid pressures are too high to safely maintain a deep, open 
well for monitoring purposes, there are various alternatives that 
might be adopted to obtain long-term information. Tubing, sealed 
shut at the bottom, could be lowered to the bottom of the hole 
and then cemented in place so that geophysical instruments could 
be lowered and withdrawn, as required , for calibration or repl� 
ment . This would preclude chemical and pressure monitoring. For 
particularly adverse conditions, geophysical instruments, such as 
thermocouples and thermisters, could be cemented in place at var
ious levels in the hole. In this event the duration of monitoring 
would be limited to the life of the instruments . 
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4 
A Strategy for Scientific Drilling at 

Yellowstone 

If the previously stated objectives are to be realized, scientific 
drilling at Yellowstone must be designed to do the following: 

(1) To achieve many of the ecientific objectives enumerated be
low, (particularly objectives stated in items 9, 10, and 11) ,  drilling 
must be conducted by a method that will provide nearly contin
uous core from the top to the bottom of the well. Intermittent 
or spot coring is an unsatisfactory strategy for studying active 
hydrothermal systems because hydrothermally altered zones are 
often narrow and unpredictable in their distribution. By the time 
that cuttings reach the surface indicating that an interesting zone 
is present that should be cored, the drill bit is likely to have al
ready passed the zone. Also, many of the most interesting veins 
and hydrothermally altered rocks correspond with zones of highest 
permeability where drilling fluid circulation tends to be lost. Thus, 
just as these interesting features are approached, cuttings are not 
brought to the surface, so all solid sample information is lost. Core 
drilling allows retrieval of vital solid samples even when lost cir
culation occurs. In the high-temperature environment expected 
in a deep hole at Yellowstone, little reliance can be placed on 
well logging to provide information about portions of a hole from 
which cuttings were not retrieved.  Side-hole coring in a completed 
hole is useful for obtaining stratigraphic information, but it is not 
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eft'ective for studying chemical, isotopic, and mineralogic changes 
that may extend tens of meters away from veins and fractures. 

(2) Determine the temperature profile, from the top to the 
bottom of the well, that was present prior to drilling. After all 
•open hote• experiments have been completed, casing must be set 
to the bottom of the well in some medium that will prevent fluid 
circulation between the annulus of the casing and the wall rock. 
Then, repeated temperature measurements must be made as the 
well heats up until an equilibrium temperature profile is attained. 

(3) Determine variations in salinity and gas con�nt with 
depth. Liquida and gues must be sampled for compte� chem
ical and isotopic analyses from specific levels at several depths 
within the well, including near the top and bottom. Perforation of 
the casing may be necessary to obtain fluid samples from specific 
depths. A likely strategy would be to perforate the deepest level 
first, and then sample fluid just from that depth. Perforating and 
sampling would then be conducted at successively higher eleva
tions with a packer used to isolate the last and highest perforated 
zone from all the lower perforated zones. If temperatures are too 
high for use of a packer, it may be necessary to incrementally fill 
the hole with cement to above the level of the previously perfo
rated zone and just below the next level that is to be perforated. 
In this case the hole would not be available for other experiments 
or long-term monitoring at the conclusion of the fluid sampling. 
It is likely that an intermediate-depth fluid disposal well will be 
required so that enough fluid can be produced from the research 
well to overcome contamination by drilling fluids. 

( 4) Determine pore fluid pressures at many depths within the 
well. Particular at�ntion must be given to determining whether 
there are sudden and sharp increases in fluid pressure that might 
be the result of self-sealing or a change from hydrostatic to almost 
lithostatic conditions, with a maximum poesible fluid pressure 
equal to the least principal stress in the rock. 

(5) Determine the chemical and isotopic compositions of the 
major and rare gases from deep in the system to assess subcrustal 
contributions that might result from "hot-spot• activity. 

(6) Look for other magmatic contributions to the deep hy
drothermal sys�m using chemical and isotopic information. 

(7) Determine the maximum depth of fluid circulation in the 
present hydrothermal system at the drill site, and whether more 
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than one fluid convection cell is present (from information provided 
by the temperature, pressure, and salinity profiles). 

(8) Determine the present state of stress at depth through 
studies of deformation of the drill hole and relaxation deforma
tion of core. It is likely that direct determination of stress by 
hydrofracturing may not be poaible in a deep drill hole at Yellow
atone because the temperature may be too high for the successful 
operation of packers. 

(9) Determine how both the state of stress in the rock and 
ftuid circulation patterns have varied with depth and time through 
study of the distribution, orientation, and croaa-eutting relations 
of veins and fractures exhibited within the core. This will also 
provide information about how the porosity and permeability have 
changed with time. 

(10) Determine previous temperatures and salinities at given 
depths through studies of fluid inclusions in minerals that formed 
by hydrothermal processes (mostly vein minerals). 

(11) Estimate the amount of water that has interacted with 
the rock at progressively deeper levels through study of the amount 
of isotopic exchange and amount of hydrothermal alteration that 
has occurred. 

(12) Obtain information about magmatic processes that may 
include melting of wall rocks, diffusion of water into magma, phys
ical mixing of magmas of difFerent compositions, and fractional 
crystallization from the maJor element, trace element, and iso
topic variations in rocks deep in the caldera. 

(13) Use variations in metal and sulfur concentrations in the 
hydrothermal fluids and surrounding rocks to develop models to 
account for the origin of the ore components, how they are trans
ported, and conditions which caused deposition. 

(14) Obtain geophysical logs in cooled parts of the well and 
perform appropriate downhole experiments to determine the state 
of stress at difFerent depths in the well and to calibrate geophysical 
data obtained at the surface. 

(15) Determine physical properties of representative rocks 
(core) from various depths in the well. 
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5 
Special Considerations Applied 

to Research Drilling in Yellowstone 
National Park 

There are a number of limitations and/ or constraints on a 
deep drilling project in Yellowstone that may have impact on the 
scientific activities (data collection) and limit hypotheses that can 
be tested . These can be subdivided into two categories: 

1 .  Administrative and social-political. 
2. Environmental, both in terms of mitigating or avoiding any 

impacts on resources and of placing limitations on field operations 
and data collection. 

ADMINISTRATIVE AND SOCIAL-POLITICAL 
CONSTRAINTS 

( 1) Possible conflicts with legislation. A deep drilling project in 
Yellowstone has the potential of conflicting with the National Park 
Service Organic Act, the Yellowstone National Park Enabling Act, 
and the Threatened and Endangered Species Act. The National 
Park enabling legislation has, to some extent , created conflicting 
goals that the National Park Service Administration must keep 
in perspective. On the one hand Yellowstone is to be preserved 
unspoiled and on the other it is to be a "pleasuring place" for the 
people . Within this framework it has been the policy of the Na
tional Park Service to foster scientific research, in part to provide 
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information about how to better preserve Yellowstone unspoiled 
and in part to better interpret the Park to the public and to 
protect the public from natural hazards. 

Many thousands of people visit Yellowstone each year, and 
it is an impoesible task to keep all of Yellowstone completely un
spoiled and yet satisfy the material needs and desires of the public 
who wish to aee and experience all that Yellowstone has to offer. 
For the past several years a particularly difficult problem that the 
Park Service has been addressing is that of a diminishing bear pop
ulation owing to human intrusion upon bear habitat and intrusion 
of bear into campgrounds and other areas now used extensively by 
people. Current policy is to keep people and bear as separated as 
poesible and to encourage bear to live off the land rather than hu
man refuse. In some places in the Park (actually developed areas) 
people are given priority over bear and in other places (designated 
remote areas) bear are given priority over people. Between these 
two extremes are "gray" areas, where roads and trails crosa bear 
habitat and where developed areas are scheduled to be returned as 
nearly as poesible to their natural condition. A drilling program 
would be looked at, administratively, within this framework of des
ignated land usage and posaible impact upon animal populations, 
including the endangered species (grizzly, bald eagle, whooping 
crane, peregrine falcon, and grey wolf) , and habitat displacement 
of other wildlife. 

The Park Administration also must be satisfied that there 
would be no posaibility (even remote) that the hot springs and 
geysers of Yellowstone would be affected by deep scientific drilling. 
Processes that might affect the hydrothermal activity are acciden
tal losa of a well that results in uncontrolled discharge of fluids and 
thermal energy to the atmosphere, well testing that draws water 
and thermal energy to the bore to the extent that adverse effects 
are induced in natural thermal features, and "short-circuiting" 
of the geothermal system by movement of water from one per
meable zone to another in uncaaed portions of the well. In ad
dition, there will be concern that there be no adverse effects of 
discharged liquids, gases, and drilling fluids upon the nearby flora 
and fauna. These dangers were brought out in the Continental 
Scientific Drilling Program (U.S. Geodynamics Committee, 1979, 
page 98, par. 2). 
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(2) A politicallf coratrover.ial eratlirorameratal impact ltatemerat. 
A rather substantial and expensive environmental impact state
ment would be required before deep scientific drilling in Yellow
stone could be initiated, and it can be assumed that this document 
would be politically controversial. The politically controversial u
pects of drilling in Yellowstone have great importance, and cannot 
be neglected by any group that presents a formal and specific 
propoeal to conduct ecientific drilling in the Park. However, po
litical realities and considerations continuously change, and it is 
not appropriate for this report to do more than acknowledge their 
existence and importance. The best way to addre11 tbeee issues 
will be to present a very realiltic and complete environmental im
pact report and to design a drilling program that would have little 
short-term and no long-term environmental impact. In efFect, this 
means drilling far from geyser basins and away from bear habi
tat, near an existing paved road, and preferably at a site that 
bas already sufFered environmental degradation, such as a dump 
or quarry. The environmental impact statement would have to 
address all the possible efFects of achieving both the short-term 
goals of the drilling project and long-term goals (e.g., follow-up 
studies, monitoring, final abandonment of the well) . If it were 
proposed that the well be used as a semipermanent or permanent 
installation for long-term testing and monitoring activities, the 
aensitivity of this aspect would need to be addressed. 

(3) AraJ drillirag ira Yellowltorae maJ 6e tliewed cu a threat 6y 
•orne •egmerau of •ocidJ. Even though the borehole would be 
drilled using public funds and dedicated for ecientific purposes, 
the project is likely to be viewed in some segments of society as 
an industry-supported internal threat (geothermal development) 
and/ or external threat (philosophically linked to the Island Park 
Known Geothermal Area) to the National Park (this too bas been 
discussed in Coratiraeratal Scieratific Drillirag Program, U.S. Geody
namics Committee, 1979, pages 12�121). On the other band, the 
lack of any possibility of future industry-funded drilling to inter
mediate depths in the hydrothermal system makes Yellowstone 
a less desirable location than some other localities in terms of 
developing a three-dimensional picture. 

Although industry-funded geothermal energy exploration 
drilling could take place at some future time in the Island Park 
area, the 1 .2 m.y. caldera that is present in that region is not a 
good candidate for dedicated ecientific drilling to study preeently 
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active, or even foesil, hydrothermal systems. There are no indica
tions that surface thermal manifestations have ever been present 
there, and results of recent geophysical studies suggest that the 
area is underlain by relatively impermeable rock that includes a 
still hot, crystalline pluton (Hoover et 41., 1985) . The Island Park 
region might be drilled at some time in the future to evaluate 
a potential hot dry rock resource, but this type of resource does 
not appear to be economically viable at present (within the United 
States there is no private industry interest in exploiting the energy 
in hot dry rocks at this time) . 

( 4) Posli6le conflict. tuitA tourism. The drilling operation 
would have to be conducted in a manner that would minimize 
inconveniencing the large number of tourists that visit the Park 
each year. Large vehicles associated with the drilling operation 
that might cause traffic congestion might have to travel during 
periods when there normally is little tourist traffic. The drilling 
operation would have to be conducted as quietly as possible, and 
preferably distant from campgrounds and hotels. Also, there could 
be seasonal restrictions on drilling. During the winter, snow is 
allowed to accumulate on the roads and tourists travel through 
the Park using over-snow vehicles. The plowing of snow from 
roads to bring supplies and equipment to an active drill site could 
confiict with winter tourist activity. 

ENVIRONMENTAL CONSTRAINTS AND 
TECHNOLOGICAL CONSIDERATIONS 

Wherever continental scientific drilling is carried out, it must 
be planned and conducted with the utmost regard for safety and 
for protection of the environment. The factors that distinguish 
Yellowstone from other possible drill sites are the greater potential 
for adverse environmental impacts and very close scrutiny by the 
National Park Service and a host of environmental groups that 
will insist that there be absolutely no change in the environment 
brought about by drilling. 

( 1) Restricted drill sites. Because Yellowstone is designated as 
a Natural Area the number of drill holes and their precise locations 
may be more limited at Yellowstone than at alternative locations. 
Drilling in the Park would have to be carried out (a) near an 
existing major road in order not to have an impact on currently 
undeveloped regions, (b) away from areas devoted to preservation 
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of endangered and diminishing species, and (c) distant from major 
thermal features. In addition the drill site must be large enough to 
accommodate the entire drilling operation, including mud pit, pipe 
storage, and contractor's and scientist's trailers, without excessive 
cutting of trees or movement of earth. Also, if a drill hole is to 
be used for long-term observations, it must be situated at a site 
that is environmentally compatible with long-term human access. 
Thus, less than optimal sites for drilling may be all that are 
available for the investigation of some phenomena. If deep drilling 
at Yellowstone is considered u on alternative to drilling elsewhere, 
it will be necessary to weigh the disadvantages (information or 
data "loss" that may occur because of limitations in the siting of 
the drill rig or of carrying out the drilling and testing program) 
against the advantages that the Yellowstone system might offer, 
and compare these with the advantages of a poasibly less restricted 
drilling program at other locations. 

(2) Use of proven technology in a Yellowstone drilling project. 
Separate and apart from the scientific merits of a deep drill hole in 
Yellowstone is the question of whether the Park is an appropriate 
place to develop the technology of drilling in young, silicic magma 
systems. Because of the sensitive nature of this kind of project 
in a National Park, the Task Group realizes that the National 
Park Service would require proven and tested drilling methods, 
therefore it recommends that deep scientific drilling in Yellowstone 
be conducted only at such time as a proven technology becomes 
available. Techniques for deep drilling and core retrieval in high
temperature systems should be worked out in other sites such as 
Valles, New Mexico; Long Valley, California; and in the Salton 
Trough, California. 

(3) Environmental and safety considerations in the drilling 
process. The Task Group is concerned with environmental and 
safety aspects of drilling and logging technology, as articulated 
in the Continental Scientific Drilling Program (U.S. Geodynamics 
Committee, 1979, Appendix E (II) pars. 2, 3, p. 149) . 

The detailed operational mechanics of drilling in Yellowstone 
may have greater liabilities compared to drilling at other localities 
with regard to the time of year drilling is done, safety factors 
in well design , disposal of drilling muds, source and disposal of 
cooling waters, and environmental constraints with reference to 
equipment and testing procedures. 
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6 
Potential Drill Sites in Yellowstone 

The primary, though not necessarily the most important, eco
logic or environmental factor that limits the sites that might be 
acceptable for deep scientific drilling in Yellowstone National Park 
is the requirement that drilling be conducted close to an existing 
major road. Figure 9 shows the m�or road system in Yellowstone 
in relationship to the caldera rim, the outer edge of the main 
ring-fracture zone, hydrothermal features, and the two resurgent 
domes. Figure 5 shows the m�or road system in relationship to 
the seismic low-velocity zone and contours of uplift, as well as the 
outline of the caldera. Roads do not come close to the northeast 
low-density and low-seismic-velocity zone that may have magma 
at the shallowest levels beneath the surface at Yellowstone. That 
zone also is within an ecologically sensitive region, and there is 
no poesibility in the forseeable future to conduct deep scientific 
drilling to investigate the cause of the seismic and gravity anoma
lies found there. However, the major road system does give ac
cess to many places within the Yellowstone caldera where deep 
scientific drilling would provide a wealth of data about coupled 
hydrothermal-magma systems in general, and the Yellowstone sys
tem in particular. 

The outer edge of the main ring-fracture zone is an attractive 
drilling target for investigating hydrothermal processes within a 
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structure that appean to control a m�or part of the upward 
hydrothermal convection within the caldera. It is eroeeed by major 
roads in four places. However, one of thae ercainp is by the road 
that extends from Old Faithful to Madiaon Junction. Localities in 
that region were not given serious consideration as potential sites 
for deep scientific drilling, beeauae they are cloee to �or geysers 
that might be jeopardized in the event of substantial in-hole fluid 
flow or an unexpectedly large discharge of fluid from the drill hole. 
If, on the basis of ecientific merit, the main ring-fracture zone 
were ehoeen as a target for deep ecientific drilling in Yellowstone, 
it is likely that a drill site could be found cloee to the road from 
Norris Geyser Basin to Canyon Junction, which follows along that 
fracture zone for several miles (Figures 5 and 9) . 

The road from Canyon to Fishing Bridge crosses the main 
axis of maximum current uplift that also coincides with the region 
where the highest 3He/'He ratios in Yellowstone have been found, 
but moat of this region is within an ecologically and politically 
sensitive grizzly bear habitat, and the likelihood of obtaining per
mission to drill there is low. However, there are several potential 
drill sites well within the caldera on the flank of the currently 
uplifted area that may be administratively and ecologically ac
ceptable. For example, several potential drill sites are adjacent 
to the road that extends from the outlet of Yellowstone Lake (at 
Fishing Bridge) to West Thumb that may satisfy both the scien
tific objectives and the ecologic, social, and political constraints. 
There are no known hydrothermal features within about 7 km 
of that region. It is far from the politically sensitive Island Park 
where geothermal lease sales are contemplated, and is about 15 km 
from the nearest major geyser area (West Thumb) and 32 km from 
Old Faithful. The average rate of uplift there has been about 1 .0 
cm/yr, compared to a maximum rate of uplift of about 1 .5 to 2.5 
emjyr along the central axis of the caldera. High heat-flow values 
(500 to 600 m W /m2) have been measured nearby beneath Yel
lowstone Lake (Morgan d al., 1977) , and there is a linear zone of 
extremely high heat flow (over 3000 mW /m2) just east of Steven
son Island and aligned with seismic activity that occurs along a 
north-south trend (D. Blackwell, Southern Methodist University, 
unpublished data) . The general area has been one of the most 
seismically active in the Park and focal depths are relatively shal
low. There is a good probability that the transition from brittle 

Copyright © National Academy of Sciences. All rights reserved.

Objectives for Deep Scientific Drilling in Yellowstone National Park:  A Report
http://www.nap.edu/catalog.php?record_id=18786

http://www.nap.edu/catalog.php?record_id=18786


43 

r-·�.r·...._ 
( ' _, .. "'.,� , . ., \., '\ .  \:-- -··--·--· - · · - -- - - · - : 

I � Ma11U11oth r Hot 8ptk'lta 
. 

�, 
• 

, ' 

• I , 

.. , 
i 
} 
· ..... 

'\ 
... ., 

L. --- - ·--- - - · - ..11.. - · · - · · - · · - - · - -· - -· ......1 . 
10 20 30 40 60 KI.OMETEAS 
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reaurgen\ domea, and \he preaen\ road IIJS\em. Modified from Chris�iansen 
(1984). 

fracture to quasi-plastic ductile deformation could be penetrated 
at a depth of 4 to 5 km. 

The western resurgent dome is traversed by the road that ex
tends from Old Faithful to Yellowstone Lake. This section of road 
also crosses the crest of the west end of the elongate zone defined 
by Pelton and Smith (1979, 1982) that is currently undergoing 
uplift (Figure 5) . 
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7 
Studies Prior to a Drilling Decision 

Although a large information base exists that supports the 
desirability of a deep drilling project in Yellowstone, additional 
studies should be carried out before a decision is reached to pro
ceed with an initiative to secure funding for such a project . These 
studies should form the foundation for prelimiuary planning and 
later design of the proposed drilling program, location selection 
(including a justification of the choice of Yellowstone National 
Park, rather than or in addition to drilling elsewhere) , and site 
definition (if within the Park) . These studies (including deep 
drilling in other thermal systems) would be designed to provide 
the standard of proof to the National Park Service of a safe and 
tested drilling technology and "No Effect" to the unique geother
mal resources of Yellowstone as part of the environmental and 
management decision process within the Service. We should not 
underemphasize the need for these studies, and should begin now 
if we are to plan for an orderly national deep drilling experiment 
in a l�year time frame. 

We should not lose sight of the fact that the Yellowstone 
thermal area is there, and that it is in a pristine state; therefore 
we do not need to rush into less than an optimally conceived 
experiment. 
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4S 

ADDmONAL SCIENTIPIC INVESTIGATIONS THAT 

COULD BE DONE NOW TO REFINE MODELS Ol THE 

YELLOWSTONE HYDROTHERMAL-MAGMA SYSTEMS 

(1) EartAquaie monitoring and foco.l-deptA determination•. 
The present program of seismic monitoring in the Park should 
be continued, with increased attention given to the determination 
of precise locations and focal depths of seismic events. Additional 
seismograph recorders should be installed and maintained, as re
quired, to give detailed information in the vicinity of potential 
drill sites. This would provide information about local faults that 
might serve as conduits for thermal waters and gases, and about 
the probable depth to the brittle-ductile transition , a major target 
for aeientifie drilling in Yellowstone. 

(2) Seimaic wlocitr and attenuation 1tudie1. Equipment and 
techniques are now available to carry out detailed P- and S-wave 
studies using controlled sources as well as natural earthquakes as 
sources. P-waves travel relatively slowly through silicic magma 
compared to crystalline rocks of equivalent composition . The size 
of the region surveyed and the depth of penetration using a eon
trolled source depends mostly on the amount of energy that can be 
put into the ground at reasonable cost. With present equipment, 
a region about 12 km in diameter can be covered with a depth 
of penetration of several kilometers. The resulting data can be 
inverted to obtain a three-dimensional P-velocity model with a 
spatial resolution of about 1 km. 

(3) Seismic reflection profiling. A series of detailed seismic 
reflection profiles in the vicinities of potential drill sites would 
provide a great amount of information about local underground 
structures. 

( 4) Detailed electromagnetic 1ounding1. Electrical resistivity 
profiles determined from active electromagnetic and passive mag
netotelluric surveys would provide valuable information to help 
constrain models of the Yellowstone system that have been devel
oped mainly from seismic profiles plus gravity and magnetic data. 
Concordances between electromagnetic and seismic profiles would 
lend weight to choices of drilling targets inferred from geophysical 
data. 

(5) Heat flow. Detailed heat-flow measurements should be 
carried out in northern parts of Yellowstone Lake in order to 
obtain a more complete picture of the thermal regime in that 
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region. These meuurements should help define sones of convective 
upflow of thermal waten and guea. Alao, holes should be drilled 
to measure temperature gradients and thermal conductivities of 
rocks from the surface to a depth of about 100-200 m at potential 
sites for deep drilling. 

(6) Actit1e deformatioa •tudie•. The ground deformation with
in the caldera should continue to be cloeely monitored to determine 
whether the distribution and rate of deformation are remaining 
constant or changing. 

(7) Shallow {1 lma} to intermediate {1-S lma} dept/a drilliag. 
The equipment and technology are presently available to drill 
by diamond core methods to about 3 km in hydrothermal envi
ronments, and such drilling is now common in the geothermal 
energy industry using conventional rotary methods. Shallow to 
intermediate drilling at Yellowstone would provide a wealth of 
information about subsurface temperatures, pressures, fluid com
positions, stratigraphic data, and rock properties (for calibration 
of geophysical techniques) . It is a worthy endeavor in its own 
right, and an important intermediate step in the decision process 
before the final siting and drilling of a deep research hole. In 
addition to the above-mentioned information, a previously drilled 
intermediate-depth hole at a deep drilling site would (1) provide 
vital information for the design of a casing program for a deep 
hole, (2) free the deep drilling of the necessity to take expensive 
core through the depth range that already has been drilled and 
sampled, and (3) serve as a disposal well for liquids produced from 
the deep hole just before and during fluid sampling. 
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8 
Comparison of Yellowstone with Other 

Silicic Caldera Complexes 

To varying degrees it is likely that political, social, environ
mental, and site availability constraints will be present at any 
locality that is suggested for deep scientific drilling into an active 
hydrothermal system. The assumption within the scientific com
munity seems to be that these constraints can be successfully dealt 
with once the scientific rationale for drilling at a specific locality 
is clearly established. However, Yellowstone clearly will be more 
constrained than other localities in these regards. No matter what 
site or sites are eventually selected for deep scientific drilling, the 
continental scientific drilling program must be planned and con
ducted with the utmost concern for safety and non-pollution of 
the environment. 

Although the presence of magma at a relatively shallow depth 
is not an absolute prerequisite for drilling to investigate magmatic
hydrothermal processes, an estimate of the depth at which tem
peratures in excess of 500° to 6()()0C are likely to be attained is 
very important because of the influence of temperature on the 
models that were previously discussed, on the rock and fluid prop
erties that are likely to be encountered, and on the design of the 
drilling program. The surest way to confirm the minimum depth 
required to attain temperatures in excess of 5000 to 600° C is to 
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demonstrate that molten or partly molten material is present at a 
given depth. 

The geophysical evidence for the locations, sizes, and depths 
to magma chambers in the crust has been reviewed recently by 
lyer (1984b) . He showed that gravity, magnetic, electromagnetic, 
and a variety of seismic techniques, including the absence of earth
quakes within a seismically active region, can be usefully employed 
in the search for shallow magma chambers. Surveys of these pa
rameters are presently underway, most intensively at Long Valley, 
and evaluation of their usefulness at that caldera will be applica
ble to investigations of other calderas. The interpretations based 
on these methods are most convincing when different techniques 
all give the same result . Geologic inference and geophysical data 
indicate that crustal magma chambers exist beneath many regions 
of Quaternary volcanism, including several in the United States. 
A comparative assessment of five of the most promising of these
the Rio Grande Rift (including the Valles caldera) , New Mexico; 
Roosevelt , Utah; the Salton Trough, California; Long Valley, Cal
ifornia; and The Geysers-Clear Lake, California-has been made 
by the Department of Energy (Goff and Waters, 1980; Kasameyer, 
1980; Luth and Hardee, 1980) . Of these, only the Valles and 
Long Valley systems (Smith and Bailey, 1966, 1968; Bailey d 41., 
1976) are large silicic caldera complexes. Parameters common to 
the Yellowstone, Long Valley, and Valles calderas are compared in 
Table 2. 

VALLES CALDERA 

Volcanic activity in the Valles, New Mexico, region began -13 
m.y.B.P. and culminated during formation of the Toledo (1 .45 
m.y.) and Valles (1 .12 m.y.) calderas (Doell et 41. , 1968; Bailey et 
o.l. , 1969; Gardner and Goff, 1984) . Approximately 300+ km3 of 
rhyolitic ash-fiow tuffs (Bandelier 'lUff) were erupted during each 
caldera event (Smith and Bailey, 1966) . Valles caldera is 22 km in 
diameter. Subsequent to caldera formation and collapse, tumes
cence of the magma chamber caused uplift of a central resurgent 
(structural) dome (Smith and Bailey, 1968) . Resurgence was fol
lowed by eruption of fiows, tuffs, a single ash fiow, and a ring of 12 
rhyolitic domes, all ranging in age from 1 .04 to 0.13 m.y. (Doell et 
41. , 1968; Marvin and Dobson, 1979) with the most recent activity 

Copyright © National Academy of Sciences. All rights reserved.

Objectives for Deep Scientific Drilling in Yellowstone National Park:  A Report
http://www.nap.edu/catalog.php?record_id=18786

http://www.nap.edu/catalog.php?record_id=18786


49 

TABLE 2 Compan.ona of Different Meuure1 of the Inten1ity of Hydrothermal 
Activity at Several Youn1 Silicic Calderu. (From Sorey..!l..!l.,  1986) 

Caldera Fluid Di1cher1e.! Rea� Di�ehar1e2 Heat Flu£ 
(ace) (kl/1) (10 W) (mW/m ) 

Yellow•tonJl 3000 42.0 -2000 
(0.6 m.y.)e Lon1 Valley- 260 2.9 630 

(o:.r.y.) 
Vall 35 0.75 600 

(1.1 m.y.) 

� Dilcharce of hl1h-chloride thermal water in hot 1prinp and river -pace. 
- For Y elloWitone caldera, heat di1char1e reprennb convective heat fiow in 
deep retervoin from which thermal water di1char1e1 at the land 1urface with in 
part of the caldera drainin1 eut of the Continental Divide. For Lon1 Valley 
caldera, heat di1Char1• reprennb the 1urficial di�ehar1e of heat by conduction 
and convection within the caldera area. For Valle• caldera, heat dilch&r1e 
reprennt1 the 1um of conductive and convective heat fiow within the caldera and 
convective heat now in 1ubeurface outflow of thermal water that dikheri• in 

�rinp and river 1eepa1e outlide the caldera. 2 Calculated u heat fi1ehar1• divided by caldera 'lea (2 ,023 km for 
lellow1tone, 460 km for Lon1 Valley, and 160 km for Valle�).  

Data from Fournier�. (1 976) . 
! D ata from Sorey et al. (1 978).  
f Data from FaUlt et al. (1984) and Goff and Sayer (1980) . 

concentrated in the southwestem eector of the caldera. Present
day thermal manifestations include acid-sulfate hot springs and 
uaociated fumaroles on the western and central resurgent dome 
(Goff et Gl. , 1985) , neutral-chloride hot springs along the Jemez 
fault zone southwest of the caldera (Goff et Gl. , 1981) , and thermal 
meteoric hot springs in the western moat zone of the caldera (Goff 
and Grigsby, 1982). 

Because of relatively young volcanic activity and active surface 
manifestations, Valles caldera has long been an attractive target 
for geothermal exploration and has become the most thoroughly 
drilled silicic caldera in the United States. Over 35 geothermal 
wells have been drilled deeper than 1 km both inside and just out
side the caldera. Maximum bottom-hole temperatures are 341 °C 
at 3.2 km beneath the resurgent dome (Nielson and Hulen, 1984) 
and 325°C at 4.5 km on the western flank of the caldera (Heiken 
and Goff, 1983) . AIJ a result of this drilling, the subsurface struc
ture and stratigraphy of the caldera are relatively well-known, 
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including the depth to pre-caldera volcanics, Paleozoic eedimen
tary rocks, and Precambrian basement (Nielson and Hulen, 1984; 
Goff d Gl. , 1985) . The drilling data in combination with recent 
field work has revised previous concepts about resurgence in Valles 
caldera (Goff, 1983; Nielson and Hulen, 1984) , and the location of 
the earlier Toledo caldera (Goff d al. , 1984; Heiken et Gl. , 1986; 
Self et al. , 1986) . 

Geothermal drilling has also revealed much about the hydre>
dynamics of the geothermal reservoir beneath the resurgent dome 
(Baca geothermal field) . A hydrothermal system at temperatures 
of 220°C to at least 300°C or greater circulates at depths of 600 to 
2000 m, primarily in fractured Bandelier Tuff and pre-caldera vol
canics (Dondanville, 1978; Hulen and Nielson, 1982) . The neutral
chloride fluids range from 5000 to 7000 total dissolved solids, and 
several recent studies indicate that the hydrothermal system con
tains at least two types of deep fluids (White d Gl. , 1984; Smith 
and Kennedy, 1985 ; Truesdell and Janik, 1986) . Stable isotope 
data show that recharge to the geothermal system occurs from 
precipitation on the caldera depression and surrounding heights 
(Vuataz and Goff, 1986) . The ratio of 3He/'He in the geothermal 
gas is about 4-5, indicating a significant mantle component of He 
(Smith and Kennedy, 1985) .  A vapor zone 500 to 600 m thick over
lies the hydrothermal system in local areas (Goff et al. , 1986) , and 
a lateral outflow plume discharges from the hydrothermal system 
to the southwest (Goff et Gl. , 1981 ;  Trainer, 1984) . 

The Jemez volcanic zone, which includes the Valles system, 
is ringed by moderate earthquake activity in the upper 20 km of 
the crust but is notably aseismic in a large elliptical area (50 x 
100 km) centered on the Valles caldera. This suggests that hot 
rock (350°C) may be present at a shallow level beneath much of 
the caldera region. Geophysical studies of the caldera have been 
varied but poorly integrated. A gravity study by Segar (1974) 
shows a -30 mgal gravity anomaly over the eastern side of the 
caldera attributed mostly to asymmetric caldera collapse. Heat
flow studies by Reiter et Gl. (1976) show that convective heat 
flow exceeds 10 HFU while thermal gradients exceed 50°C/km 
in the shallow system (Swanberg, 1983) . A conductive thermal 
gradient of 80°C/km was measured in metamorphosed Paleozoic 
limestone and Precambrian granite in the bottom portion of the 
deepest hole (3.2 km) drilled in the caldera (Hulen and Nielson, 
1986) . Seismic studies by Ankeny et Gl. ( 1986) and Olsen et Gl. 
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{1986) show that a low-velocity body {6.0 to 5.6 km/s) having 
a diameter of 15 km occurs beneath Valles caldera at a depth 
of 5 to 10 km. This is interpreted u a hot crystallized pluton 
that may still have pockets of residual melt . Nielson and Hulen 
(1984) modeled the resurgent dome of the caldera as a brittle plate 
deformed by a laccolithic intrusion and estimated the depth to the 
top of the crystallized pluton at 4. 7 km. With the assumptions 
that the measured thermal gradient in the lower portion of the 
deepest well drilled within the caldera is conductive and that 
convective hydrothermal flow does not occur beneath that well, 
the temperature expected at the interface of Precambrian granite 
and the young pluton is 500°C. 

Although hydrothermally altered rocks abound in the older 
volcanics of the Valles caldera wall and an Au-, Ag-quartz vein de
posit is documented in the Cochiti Mining District in pre-caldera 
volcanics at 6 m.y. , few studies of the altered older rocks have 
been made (Wronkiewicz et ol., 1984) . Hulen and Nielson (1986) 
documented the zonation of hydrothermal alteration in the Valles 
hydrothermal system, which ranges from argillitic to propylitic 
to phyllitic grade. Fractured zones contain abundant pyrite with 
high Ag values. Charles et al. {1986) characterized the argillitic 
to advanced argillitic alterations in the acid-sulfate zones of the 
resurgent dome. The first CSDP core hole in Valles caldera (VC-1) 
drilled to 856 m in the southwestern moat zone penetrated hy
drothermally altered Paleozoic carbonates, sandstones, and shales 
displaying argillitic to phyllitic alteration (Goff et o.l. , 1986) . Ore 
minerals identified in core and cuttings from the many holes drilled 
at Valles include chalcopyrite, sphalerite, galena, and molybden
ite u well as ubiquitous pyrite. Clearly, the ore minerals and 
alteration assemblages of the Valles hydrothermal system are rep
resentative of epithermal base-metal deposits of the Creede and 
perhaps Questa types (Bethke and Rye, 1979) . 

A program of scientific drilling has been initiated at Valles, 
and additional scientific drilling has been proposed. The first of 
the new holes would investigate the vapor cap associated with the 
hydrothermal system at Sulphur Springs in the southwestern part 
of the caldera where a hole 500 to 600 m deep should penetrate the 
steam zone and bottom in the liquid-dominated system in frac
tured Bandelier Tuff. There are also plans to reenter and deepen an 
abandoned geothermal test well (Baca-12) that presently bottoms 
in Precambrian granite at a depth of 3242 m and at a temperature 
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of 341°C. The intent is to drill into the crystallized pluton beneath 
the Valles caldera that produced the resurgent doming. The top 
of that pluton is thought to be at a depth of about 4700 to 4900 m 
or approximately 1500 to 1700 m beneath the bottom of Baca-12. 

LONG VALLEY 

Volcanism in the Long Valley /Mono Craters Volcanic Com
plex is the most recent (-550 yr.B.P.) of the three major silicic 
caldera complexes. Moreover, high seismicity (including swarms of 
spasmodic tremor) , uplift of the resurgent dome, and renewed fu
marolic activity, along with evidence for recent volcanism, caused 
the USGS to issue a "Notice of Potential Volcanic Hazard" for 
Long Valley in May 1982. 

The Long Valley caldera, 17 km wide by 32 km long, is located 
on the eastern front of the Sierra Nevada. The volcanic rocks that 
fill the caldera are underlain by metamorphoeed Paleozoic sedi
mentary rocks and granitic rocks of the Sierra Nevada batholith. 
According to Bailey et aL (1976) , the oldest volcanic rocks in the 
caldera are rhyolitic and basaltic flows 3.2 m.y.B.P. Volcanism re
lated to the present Long Valley caldera began about 1 .9 m.y.B.P. ,  
and the caldera formed 0. 7 m.y.B.P. There were extensive intra
caldera rhyolite eruptions and the formation of a resurgent dome 
0.68 to 0.64 m.y.B.P., rhyolitic volcanism from peripheral vents 0.5 
to 0 .1  m.y.B.P., and dacite erupted from the outer ring fracture 0.2 
to 0.05 m.y.B.P. In the lnyo chain, just north of the caldera, rhy
olitic domes were emplaced 1500 to 600 yr.B.P. (Miller, 1984) , and 
a phreatic eruption occurred within the caldera just 450 yr .B.P. 

The thermal character of the Long Valley caldera has been 
discussed by Lachenbruch et al. (1976) , Sorey et al. (1978) , Sorey 
(1985) , and Blackwell (1985) . The convective heat flow has been 
estimated by Sorey and Lewis {1976) and Fournier et al. { 1979) . 
Heat discharge by convection and conduction is 2 .9 x 108 W, 
resulting in the overall average heat loss for the caldera of ap
proximately 630 m W /m2 , or a factor of -3 less than that of 
Yellowstone. 

Earthquake activity began to increase in Long Valley in 1978, 
and in 1980 seismic swarms occurred about 10 days before the 
occurrence of four earthquakes of Richter magnitude 6 {Miller et 
al. , 1982; Cramer and Toppozada, 1980) . The M6 earthquakes 
all had epicenters in the Sierra Nevada block and occurred within 
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a 48-hour period. Since then a continued high level of seismic 
activity and an uplift of 25 em, possibly within 2 years, suggest 
that magma is being intruded to a more shallow position beneath 
the resurgent dome (Miller et tal. , 1982; Savage and Clark, 1982). 

The location and boundaries of what appears to be a magma 
body currently existing within the caldera have been delineated 
by several recent experiments (Muffler and Williams, 1976; Her
mance, 1983; Hill et Gl., 1984, 1985; lyer, 1984b; Kissling et tal. , 
1984) . Seismic reflections indicated a low-velocity region 5 to 8 
km wide at a depth of 7 to 8 km beneath the western section of the 
caldera; a gravity low was interpreted as indicating a low-density 
body of uncertain size at 8 to 16 km depth; and teleseismic data 
were interpreted as indicating a low-velocity body 8 to 10 km wide 
at a depth of 7 to 12 km. Recent shear wave attenuation data 
suggest that melt zones may exist at depths as shallow as 5 km 
beneath the resurgent dome (Sanders, 1984) . Temperature data 
obtained in three moderately deep (1550 to 2100 m) holes drilled 
east and south of the main resurgent dome, to the east of where the 
main magma body is likely to reside, indicate that shallow magma 
is probably not present under the eastern part of the caldera. The 
temperatures at the bottoms of these holes all were much lower 
than would be the case if molten rock is at a depth of just 7 km. 
If the conductively controlled thermal gradient in the eastern part 
of the caldera is maintained at depth, the 600°C isotherm would 
be deeper than 15 km. In contrast, a linear temperature gradi
ent of about 650°C/km was measured in the lowest 157 m of a 
hole (PLV-1) recently drilled to a depth of 715 m in the western 
moat of the caldera (Benoit, 1984) . However, the bottom temper
ature was only 124°C, and temperature-depth profiles in Blackwell 
{1985) and Sorey {1985) show that the steep conductive gradient 
in PLV-1 projects to an aquifer within the Bishop 'lUff. There 
is a high probability that there will be a temperature inversion 
below that aquifer. A second hole drilled to a depth of 640 m in 
the western moat of the caldera, about 3 km north of hole PLV-1 ,  
had isothermal temperatures in the lowest 6 1  m of the hole and a 
bottom temperature of only 46°C (Benoit , 1984) . However, this 
hole did not penetrate deep enough to intersect the high gradient 
observed in hole PLV-1 .  The isotopic composition of helium at 
Long Valley, prior to the onset of increased seismic activity in 
1978 and subsequent uplift, showed only a slightly larger amount 
of a mantle component than is present at Valles. New collections 
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and analyses of helium show a trend of increasing 3Hef'He and 
He/C02 between 1978 and 1983 (Riaon d aL, 1983) . A decrease 
in 3He/'He was observed between 1983 and 1984. 

If magma is currently being intruded to a shallow level be
neath the resurgent dome or the western moat, the rile to the 
present level may be too recent to have allowed the development 
of a mature convecting hydrothermal system. Temperature pro
files measured in wells in Long Valley have been interpreted by 
Blackwell (1985) to be the result of a complex history in which 
waning hydrothermal activity was rejuvenated about 3000 yr.B.P. 
and again 200-700 yr .B.P. 

CONCLUSION 

The silicic calderas at Yellowstone, Valles, and Long Valley 
present different target& for continental scientific drilling. Dif
ferent evolutionary stages of hydrothermal activity appear to be 
present within these three systems. Vallee appears to contain a 
very mature hydrothermal system that is associated with a heat 
source that may now be entirely crystalline. The critical geophys
ical measurement& at Valles that might confirm the existence of a 
magma body and determine ita probable size and depth have not 
been done. Deep drilling at Valles would intersect a well-developed 
vapor-dominated cap, ita underlying hot-water zone, and the alter
ation associated with a long-lived, possibly waning hydrothermal 
system. The present hydrothermal system probably bottoms at 
about 2.5 km at a temperature close to 3()()0C, but it could extend 
into a crystalline pluton at depths greater than 4-5 km. There 
is a good chance that fluid circulation is restricted to relatively 
shallow levels because there is a lack of seismic activity within 
the caldera that would serve to reopen fractures that self-seal at 
temperatures in excess of 350°C. Even though the magmatic heat 
source at depth beneath Valles may now be entirely crystalline , 
it is still very hot and presents a good target for investigating 
plutonic processes and associated ore deposita in what is now a 
relatively aseismic environment. 

Drilling at Long Valley offers the opportunity of investigating 
a magmatic heat source at a depth possibly as shallow as 5 km and 
a dike (or dikes) that have been injected at an even shallower depth . 
The associated evolving hydrothermal system may be very young 
and relatively immature. There is no evidence that there ever 
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was high-temperature hydrothermal activity in the eastern part of 
the caldera, and the present hydrothermal activity in the western 
part of the caldera may date from two pulses of recent volcanic 
activity, one about 3000 yr.B.P. and the other 200-700 yr.B.P. 
The nature of and depth to "basement• rock forming the heat 
conductor between the preaent or crystallized magma chambers at 
Long Valley has been thoroughly studied using a wide variety of 
geophysical techniques. 

By comparison to both the Valles and Long Valley calderas, 
Yellowstone presents a larger and more vigorous present-day 
hydrothermal-magma system (Table 2) . Yellowstone offers an es
pecially attractive target for attaining magmatic temperatures 
fllitla associated well-developed and long-lived (>10,000 years) hy
drothermal activity at depths of 5 to 6 km. At present, it appears 
that Yellowstone offers an outstanding target to investigate the 
nature of the transition from brittle fracture to quasi-plastic de
formation, an environment that is very important in regard to 
geophysical and hydrologic models. Yellowstone also offers an 
outstanding opportunity to investigate a system that is evolving 
as a result of "hot-spot• activity within the continental crust. 
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