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3 ABSTRACT

. An objectlve of the Thermal Regimes portion of the

‘Continental Sc1entific Drilling Program (CSDP) is the development

'of a fundamental understanding of energy transport w1thin and B

between hydrothermal and magma systems. A comparative assessment

i'fof five potential hydrothermal-magma s1tes for this facet of the
iThermal Regimes part of the CSDP has been prepared for the DOE

| : Office of Basic Energy Sc1ences.} Four DOE Laboratories (Los Alamos

-‘National Sc1entif1c Laboratory, Lawrence Berkeley Laboratory,

:Lawrence Livermore Natlonal Laboratory, and Sandia National
: Laboratories) participated in this study. The five 51tes are. A

vThe Geysers—Clear Lake, CA, Long Valley, CA, Rio Grande Rift, NM,

Roosevelt Hot Springs, UT, ‘and Salton Trough, CA. This site'

assessment study has drawn together background information (geology,

'_geochemistry, geophys1cs, and energy transport) on the five sites

as a preliminary stage to s1te selection. Criteria for site

selection are that potential sites have 1dentifiable, or likely,

_hydrothermal systems and assoc1ated magma sources, and that
iimportant SClentlflc questions can be 1dentif1ed and answered

' by deep scientific holes._'

It 1s recommended that adequate drilling, logging, and

iinstrumentation technology be developed to permit resolution of

f the scientific questidns. It 1s also recommended that further

',activities center about the Valles Caldera, The Geysers-Clear Lake '

Region, and the Salton Trough Wlth the Valles Caldera offering the

greatest advantage.f.-




FOREWORD

: ‘ The future supplies of energy and related mineral resources in the United States
- hi:freQuire an- increasing level of knowledge beﬂFing on the deeper portions of the earth' fl‘v
'gdfft?continental crust. Magmaéhydrothermal systems are. significant energy resources.:l, |
”f;They also produce geochemical concentrations of essential mineral resources, includ-__.i'
:»'d;ing uranium, thorium and other important metals.l The mdgration of elements in the .
7;ﬂ;}fpresence of a heat source and groundwater also has obvious application for the study'f '

"'1of nuclear waste isolation.

. The National Academy of Sciences workshops on continental drilling in 1974 and :

if51978 recognized the importance of the thermal regime in energy and mass transport ;79" o
;ffﬁsystems.' The Department of Energy, through “four. of its laboratories, has assumed an;f
:=”“ear1y role in the Continental Scientific Drilling Project by sponsoring ‘the compara- e
:_;‘itive assessment of five potential sites for studies of magma-hydrothermal systems -
,gfh;ggthrough deep drilling._ Structural, stratigraphic and petrological information obtained
17fffrom rock ‘and. fluid ‘samples. obtained by drilling are needed to calibrate and supple-

Q?ability, porosity and other important variables can only be measured in a meaningful
‘*;Qway under in situ conditions. Thus, carefully selected drilling targets will help :5* e
1}?to define the third dimension of the earth as no other method can. The Department of :
fﬁf;iEnergy will assist the geoscience community in meeting the challenges and surprises 'f'fl'v‘

";that await such an undertaking.ifg,’u"‘“
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7ff;ment existing geophysical and geochemical methods and techniques.‘ Temperature, perme- ,.:,




POTENTIAL SITES FOR HYDROTHERMAL-MAGMA
SYSTEMS

1.
2,

-3

u
-5,

RIO GRANDE RIFT (VALLES CALDERA), NEw Msxlco
THE GEYSERS ~CLEAR LAKE, CALIFORNIA

SALTON TROUGH; CALIFORNIA |

LonG VALLEY, CALIFORNIA

RoosEvELT HoT SPRINGS, Uran




‘1.
2.
3.
4.
S.

6.

7.

OUTLINF

INTRODUCTION
TRANSPORT SUMMARY
GEOLOGY SUMMARY.
GEOCHEMISTRY SUMMARY
ceopnysxés;suunany
RESEARCH AND DRILLING AT SPECIFIC SITPS
: séltoﬁ Trough
Rio Grande Rift -
‘I.ong'Vallleyi |
The'Geysérsr- Clecar Lake
Roosevelt Hot Springs
CONCLUSIONS

12
20
24
33
35
38
42
44
48
48




1. INTRODUCTIQN

o

Background
Following the Workshop on Continental Drilling-:for .

Scientific Purposes held at Los Alamos, New Mexico, July 17-21,
1978, a: National Academy of Sciences report was issued entitled
"Continental Scientific Drilling Program. The report identified
primary,scientific objectives in four major areas: «Basement
Structures and Deep Continental Basins; Thermal’ Regimes; Mineral
Re sources: and'EarthQuakes. ‘The bepartment ofﬁEnergy-has a
particular interest in thermal regimes-because:of the Department's
need to understand thermally driven processes’related“to~Utili-
zation of energy resources and the disposition*of heatﬁproducing
wastes in the geologic environment. - Although utilization of

geothermal energy' and disposition of geothermal fluids, are the

wmost'obviOus examples of-thermal effects in‘geOIQgieﬁmedia,'

there are parallels in the:areas of in situ fossil-fuel utili-
zation and nuclear Wasterdisposal.

Under the topical heading of thermal regimes, the workshop

- report identified five specific regimes: Vapor-dominated hydro-

thermal convection systems: (The Geysers):'hot~water?hydrothermal
systems driven by high-level igneous intrusions (Yellowstone, ‘

Salton Sea, Valles Caldera); hot-water geothermal systems driven

" by regional‘conductive heat flow (Nevada, Utah): thermal and

,chemical processes in -active volcanic regions (Hawaii, Cascades,

Alaska); and thermal processes in stable regions. Several

: .‘of_these regimes involve a linkage‘between magmatic-and
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hydrothermal-systems. Thus one broad objective of. the thermal
regimes portion of the Continental Sc1entific Drilling Program,
might be phrased aS'f0110ws:» ‘ '

" The - ‘development of" ‘an understanding of energy and mass:
transport within, and between magmatic and hydrothermal
systems through a scientifically directed program of

shallow, moderate and deep drilling, sampling, and
vexperimentation ‘in the continental crust._.

-J'A joint proposal to: conduct a comparative assessment of

.five potential hydrothermal-magma sites was prepared and sub-'

mitted to the Department of Fnergy s Office of Basic Fnergy

;wSciences, Geoscience Program in November of 1979. The ﬁour f

DOE laboratories involved were: Los Alamos~Nationa1 Scientific_
Laboratory, Lawrence Berkeley Laboratory, Lawrence Livermore!g

National Laboratory, ‘and Sandia National Laboratories. “ The five

sites selected were: The Geysers, California, Long Valley,

California, the’ Salton Trough, California, Roosevelt Hot Springs,
Utah, and the Rio Grande Rift, New Mexico.

Five sites were selected, rather than’ a greater number,'

because of: the desire to prepare a report during the 1980 fiscal

year.~ These five sites were selected ‘on ‘the basis of recommenda~

" tions of: three workshops (Ghost Ranch WOrkshop on Continental
“'Drilling, June 10-13 1974 DOE Workshop on: Magma/nydrothermal
>“Drilling and Instrumentation, May 31—June 2, 1978° and the NAS
. WorkshOp on ‘a Cont1nenta1 Scientific Drilling Program, July 17-21, .
‘ 1978), 1nvolving widespread participation from the scientific

community. Because of - strong recommendations in the NAS Workshop




.iythe subgect of 1ntens1ve geothermal exploration;

‘2sequences of the Cascades.» Time constraints prevented the

WJObJective of the Comparative Site Assessment

h’{: Report on use of technological drill holes for add-onf,sciéntific ?;f

o fpurposes, the five 31tes selected for this study are thémselves

?vyThese five sites are believed to involve the broadest and most ; e

".Winten31ve existing data base of any of the potentialrcontinental L
:bs1tes other than Yellowstone.r It should not be construed that |

',specific con31deration of these five 51tes representstan elimina-f*‘

.'_tion of any other sxte or 51tes., There is a need forv51milar

assessments of other potential s1tes, for example, the'volcanic

o

1nclus1on of additional s1tes in this report.;;:5ﬂ5;7fl{:ifszn““?“” s

]

The objective of this comparative 51te assessment 1s to

rev1ew the available information pertinent'to each.51terand

vfto 1dent1fy specific scientific- questions which may be resolved_ff'

through dr1111ng,‘sampling, and down-hole experiments at

ceach site. ' Sites may then be ranked. in. terms of the signifl—ﬁf
icance of . the questions, additional surface data requirements,;

v_testability of site. speciflc transport models, and sequence

or t1m1ng of proposed dr1111ng efforts., In addition. the

7'comparat1ve site_ assessment prov1des ‘a bas1s for utilizingv¥‘”

lexisting (or planned) holes to. 1nvestigate scientiflc questions.7f“s
A comparatlve site assessment is a. necessary prelimlnary step i

Cin the broader site selection process.:;ﬁ
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~f:Comparat1ve Site Assessment Procedure

. Earth. sc;entists from each of the four DOE laboratories

;5[cparticipated in. the preparation of the geology, geochemistry,;
;v?geophysics, and energy transport rev1ew papers. Sandia was
| ;fassigned the responsibility of coordinating the effort.; The
loverall Comparative Site Assessment consists of five separate,pf'h:t“
IQbut related, documents. Each laboratory has published, through:‘
-fiits internal publication system, a- revxew document where the |

",author is the chairman of the discipline-oriented review group'x

,«_Energy Transport -~ He C. Hardee, SNL
~ Geology -~ F. Goff, "LASL '
'iGeochemistry - A. White, LBL. )
Geophysics - P. Kasameyer, LLNL g L
Summary . - W. Co. Luth and H..C. Hardee, SNL

The summary report is drawn from the four review papers."h

‘Generic drilling‘opportunities are identified‘and specific
- research. and drilling plans are proposed at each of the five.

1sites.__,'

o ey m'ssm sommry

Tl ew

- Ene:;gy Transpdrt Regimes ' . "‘t‘:':',]'f’?'"df'x s S

The subject of heat and mass transport within and between [

| 1!the hydrothermal and magma system encompasses a wide range of

;isgpo$$iblegtherma1 processes including.i conduction, radiatiOn,,f"
P‘_enclosed,natural convection, and. single and multiphase permeable o
r:convection.j There - are three principal thermal zones-'the magma

‘7??zone, the hydrothermal zone, and the intermediate or transition




zone between the two. Anvadditional locaiized‘zone?Of;criticalv

state" convection may exist in special s1tuat10ns.b«a R

Thermal 51tes of the type con51dered 1n this study obv10usly

'have,‘or ‘had," magma as the bas1c source of heat.g In some cases,

'the magma may ex1st as a large s1ngle body and in other cases

it may exist as a plexus of dikes and s1lls.' The magma body may

be continuously or. episodically resupplied or it may have been
Aemplaced 1n a 51ngle 1ntrus1ve event.y Depending on the type of -
fmagma (basaltic, andes1t1c, rhyolitlc), viscosxty and propor--k-'

prtions of crystals, liquid, and gas, the magma body may have

«internal natural convection or 1t may be virtually stagnant

with conduction the dominant mode of heat transfer.a In somelx'
areas the magmatic source of heat may be uncertain and the magma ;
body may be laterally displaced from ‘the surface thermal anomaly o

or hydrothermal zone. The hydrothermal zone -in this case can

be produced by a lateral and gradual upward movement of heated

groundwater from the v101nity of the magma body. Efficient

thermal and mass transport in many hydrothermal zones tends to

" mask thermal information from the deeper-magma body;aﬂThe
nature .and position of the suspected magma body are. important

yin assessing the thermal processes expected at particular sites.

o Thermal processes in the transition zone between the hydro- i

thermal zone and the magma body are largely unknown.. The
| transition zone may be a region of porous convective brinerjt

,-circulation which extends down to and perhaps even 1nto the




.. magma. {Anothergpossibiﬁiﬁg is that the”t?ﬁisitionnzone,is.,;
one where conductive.heat,transfer is;dominant becauseﬂthe‘rock
is impermeable to.fluid or because heat transport is. reduced
when the temperature exceeds the critical temperature of the. -
hydrothermal fluid. o

An. additional thermal zone which might exist . in. special
'\situations is.a zone of critical state natural convection. This
can occur at significant depths in the crust (2-10 km) ‘where the
_local pore pressure and temperature reach the critical pressure
and temperature of water.; .The depth where this -can occur'depends
on the local An, situ pore . pressure and the salinity of. the pore

water. At the: critical point, natural convective heat transfer

increases dramaticaily.» This. zone could have a significant ;

- impact on the overall heat transfer in- the magma/hydrothermal sys-

tem and would possibly show extensive effects of. dissolution
and precipitation caused by the enhanced convective circulation.
Critical convection zones have been suggested as ' a mechanism
'for ore deposition and these zones may also provide a preferred

vsite for sill emplacement of magma.

‘Research Needs ~$‘

Most energy transport questions relate to 'the. in situ con-

~l'vective and conductive mechanisms active in the Magma-Transition-vv

_Hydrothermal ZOnes. While: there is ‘no shortage of ‘models of. geo-
'thermal and- magma systems, there is a scarcity of- data which are

-.required to evaluate energy transport. “Such data are. needed
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to discriminate between and-improve on models that.aré éresently
based on indirect infbrmatiqn_(é.g., exhumed or fossilized
syétems). The following typicai questiéns are amongfhany of.
interest: | |

What factors distinguish one zone from the other?  For
example, is permeability a controlling factor in dis-
tinguishing the various zones? What is the effect of
fractures, dissolution (secondary .porosity) and pre-
cipitation (sealing) on permeability? If convection
dominates, what fluid phases exist? c

What is the maximum depth of fluid circulation? For
instance, what is the maximum depth to which downward
percolating meteoric waters circulate? Do brines cir-
culate downward to the magma surface or even into the
magma? ‘

What are the necessary conditions for the formation of
vapor-dominant and liquid-dominant hydrothermal zones?
What are the temperature-pressure-phase-chemical-

- characteristics of these zones? How do these zones
evolve with time?

Does critical state permeable convection exist? How would
supercritical permeable convection be evident in the
field? 1Is critical state permeable convection a limiting
mechanism for temperatures and depths in hydrothermal cir-
culation zones?

What is the nature of magma bodies? What conditions
determine whether magma exists primarily as a localized
(large liquid body) or diffuse (plexus of dikes and sills)
heat source? How is magma emplaced? 1Is the magma chamber
isolated or resupplied? What is the state of convection
in the magma chamber? S
Efforts to answer these questions will require the collection
and interpretation of data from shallow, intermediate.and deep
drill holes. The field data will have to be synthesized and

interpreted through the use of various analytical or numerical

models.
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The most important set of transport data collected from
a deep dr111 hole is
Temperature as a‘functlon of depth
‘Pore-fluid pressure as a functlon of depth
Fluid phase and composition as a function of depth

So0lid and melt (glass) phase proportlons, dlstrlbutlon
"and composition as a functlon of depth

Nature and magnltude of in 51tu porosity and in 51tu
permeability with depth :

'Surfacefand downhole heat flux measurements’
Thermal conduct1v1ty and thermal diffusivity at depth
- Core and cuttings analyses
-Geophysical and geochem1cal,measurements are also needed to
inte:pret'thefmal and mass transfer processes. For instance,
~downhole ﬁherhal geophysical\measurements and geochemical fluid
measurements can yield infbtmatioh-about‘the thermal character
of a deeper magma body before it is reached by the drill hole.
.'The,syntﬁééis 6f.data'will be achieved thtough the use of
vmathematiéaifmodels, Interpretation can be achieved through
the usé oﬁ.aﬁélytica1 and humetical;solutions. ‘A variety of
v,analytiéalnSQlufions have appeared‘in the literature on heat
.and masskttansport problems related to hydrothermal and magma
_systgmé,‘>Ih addition} overfthe»past'decﬁde mény numerical
,;modelsyhavegbeennproposéd to handlelhéat‘and‘mass tfansfer in
complex,,thtée,dimensional, heterogeneous systems. Considering

the quality and quantity of data likely from deep drill holes,
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it‘appearS'that current computational abilities far exceed
the'sophistication warranted by fietd data.

3. GEOLOGY

Comparison of the Five Sites

Surface manifestations of both magmatic and hydrothermal
activity are present at all five sites. However, these
sites do not fully represent all geologic settings in wh1ch
magma-hydrothermal systems occur, because they are limited to
areas of current geothermal exploration. Nevertheless, they
111ustrate some of the similar and contrastlng geologic condi- '
tions under which magma bodies and hydrothermal reservoirs
develop. |

Important geologie features of these sitesAare summarized
in Table 1. One of the obvious similarities is that present
hydrothermal activity is associated with silicie*v61canism
youhgertthan 1 m.y. at all five locations, although the volume
of siiicic lavas, lithologic assemblage, and relationship of
volcanic events in space and time differ greatly; The Valles
and Long Valley Caldera systems provide strong geologie evidence
for the past existence of a single large magma body at'shallow
depth. Geologio data from the Clear Lake field, and to a lesser
extent the Roosevelt field, permit the existence of such a body.

There is no geologic evidence for large, single megma-bodies at

- the Salton Trough.
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TABLE 1. comparative informatxon on volcanic styles, tectonic settings, and hydrothermal reservoxrs
of five magma-hydrothermal systems. .

Tectonlc Settlng

Hydrothermal Systems

Clear Lake region, CA

‘Long Valley Caldera, CA

Roosevelt Hot Spgs., UT

Salton>Trough, CA

Valles Caldera, NM

Volcahic:Stylev'

‘Silicic volcanic field;

mostly dacite with.

- ‘subordinate rhyolite

"~ :.and basalt; few pyro-
~ clastic units; age:
2 " .01 m-y. ‘

Silicic caldera with
copious rhyolitic ash-
flow tuffs and rhyolite
to dacite domes; age:
.7 - <0.1 m.y.

Bimddalzbasalt-rhyolite

Suite; some small ash-
- flow tuffs; age: '

-8 - <001 m.y.

Four rhyolite domes and
one dacite dome; age:

< .1 m.y.

Silicic caldera with

_copious ash-flow tuffs
‘and rhyolite domes;
- age: 1.4 - 0.1 m.y.

Adjacent'(east) San ’
Andreas - transform zone;

located in early Tertiary
subduction zone.

Astride sierra Nevada
and Basin and Range
Boundary.

East margin of Basin and
Range province; adjacent
to NW. Colorado Plateau.

overlies transform zone
associated with East
Pacific Rise and San
Andreas fault system.

Junction of Rio Grande
rift and Jemez volcanic
lineament at SE margin
of Colorado Plateau.

Large vapor-dominated
reservoir at The
Geysers, T = 240°C;
several distinct hot
water reservoirs to
east, T <£200°C; many
fumarole areas and
mercury deposits.

Several small hot
water reservoirs;
one fumarole area.

Moderate-sized hot
water reservoir,
T = 260°C..

Many hot water
reservoirs, T £350°C;
one fumarole area.

Moderate-sized hot
water reservoir,

T = 260°C; contains
small vapor-dominated
zone; two fumarole
areas.
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There.is also a close association between volcanism and
tectonic activity at all five sites. Theblargest magma  systems,
représented by the Long Valley and Valles Calderas, are centered
on normal. fault structures with diéplacements~of several kilo-
-meters. These magma bodies, and‘most.of,the other magmatic
systems as well, have apparently developed within and migrated
hpward along major fault zohés.\ The regional tectonic environ-’

-ment of volcanism at all sites except Clear Lake is extensional,
? and. at The Geysers—Ciear.Lake site a local extehsiona1 environ-
ment presumably exists. Although the Salton Trough is cut by
strike slip faults of.the San Andreas system, vqlcanoes,are,k
centered on fault offsets which appear to act as spreading
~centers. As a consequence of the tectonic activity, all the
sitesiare structurally complex.

Another relationsﬁip exists between tectonic and hydro-
thermal activity., Active tectonism apparently maintains per-
méability within the. hydrothermal reservoirs and provides
pathways for the surface manifestation of tﬁe tectonism.

All the sites contain. zones of water-dominated hydro-
thermal activity, and vapor-dominated'zones also occur at The
Geysers—-Clear Lake and the. Valles Caldera. At Long Valley
and Valles Calderas, hydrdthérmal activity occurs within the
caldera structures and has: therefore developed/primarily in:
silicic pyroclastic!rocks.: Reservoir rocks are sedimentary

or metamorphosed sedimentary materials at the Salton Trough
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and The Geysers and mylonitized granitic basement at Roosevelt

Hot Springs.

Although magmatic and hydrothermal activity are clearly |

~ associated at all Sites, the character of this relationship'
vvarieSjgreatlyw Evidence at Long Valley'and-the-Valles Caldera
_suggests that ‘the hottest part of the 'hydrothermal systems are

,Jcentered over the shallowest portion of the magmatic system.

aowever, at The Geysers and Roosevelt Hot Springs, hydrothermal
activity is displaced’laterally from the associated volcanic
fields, and at the Salton Trough, surface expressions of volcanism

are minor in areal extent relative to the hydrothermal activity.

‘Table 2 shows that there is no apparent relationship between

energy contained in each “hydrothermal system and the volume of

.ass001ated»volcan1c rocks.

Three of the five sites,beiong?toftwO‘widespread classes
of systems: rifts and calderas. Results of drilling at these

sites have the potential.for wider'appliCation than at the more

uniqUe systems. Continental rifts,'of'which the Rio Grande

Rift and Salton Trough are examples, are’ characterized by an
elongate zone of exten31onal tectonics, basaltic volcanism or

intrusions, high heat flow, high electrical conductivity in the

‘crust or mantle,'thinfcrust,*and'positive gravity“residuals

(when the effect of low density basin- f111 is subtracted).

AThese features are generally interpreted ‘as a consequence of

'mantle.upwelling and{crustal‘spreading;vahe anomalous thermal
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TABLE 2. Total estimated thermal energy of five magma-
hydrothermal systems (to a depth of 10 km) compared
with thermal energy of associated hydrothermal : :
systems and volumes of associated silicic volcanics:
data from USGS Circs. 726 and 790 (1975, 1978).

Thermal energy
in magma-hydro-

Thermal energy
in associated

Volume of asso-
ciated silicic

‘therma gSystem, ’hydrothermalsi volcanics, mgstly
10+ systems, 10°°J 1 m.y., km
Clear Lake region, CA - 3610 100! 75
Long Valley Caldera, ca - 5780 78 20¢
Roosevelt Fot Spgs., UT 710 32 10
‘Salton Trough, CA2 | 480 2302 2
Valles Caldera, 3 8425 87 500

lpstimate for The Geysers only, does not include Calistoga, Shlphur Bank
Mine, Wilbur Springs, and small systems near Clear Lake.

2noes not include Cerro Prieto,- Mexico.

3o data available for entire Rio Grande Rift.
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regime of rifts is believed to result both from conduction through

thinned crust'and convective'transport'of heat by basaltic intru-
sions. Deeper drilling in ‘rifts would improve our understanding
of their thermal regime, would test geophysical interpretations'
of basin structures, ‘and would provide samples representing the
early history of the basins.

' Deep drilling in calderas, of which the Valles and- Long
Valley are classic examples, would directly test existing models

for ‘these systems, because the magma ‘bodies responsible for

" caldera formation are thought to evolveﬂwithin a fewikilometers

'of‘the surface. Geologic evidence for large, shallow magma bodies

beneath calderas. includes-

1. Eruption of voluminous, compositionally zoned tuff
sheets with contemporaneous, volumetrically-comparable
, collapse in the source region.

2. Post-collapse structural resurgence of the caldera
floor. L S : :

3. Analogy to frozen, exhumed plutonic systems consisting
of granite ring dikes enclosing downfaulted volcanic
sequences and a central granite pluton.. .These features
match in size and spatial arrangement the ring frac-
_tures, caldera fill, and resurgent dome of calderas,,
respectively. . ‘ .

Although the geology of these systems appears well understood,

'geophysical interpretation of their deeper portions is hampered
“by low density caldera fill sequences, structural complexity,

'and lack of confirmation by direct measurements.

"‘Opportunities exist to investigate different stages of :

caldera evolution. ‘The Long Valley system,.with minor young
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post-collapse volcanism and low temperatures in deep wells,

appears to represent a mature stage of caldera evolutlon w1th
low probab111ty of exlstence of shallow magma but: access to

the crystalllzed plutonlc system. Higher well temperatures and
more volum1nous young post-collapse volcanlsm at the Valles
Caldera indicate a more prolonged or, perhaps earller stage of
evolutlon. The Mono Craters system (adjacent to Long Valley)
of young crystal-poor, volumlnous rhyolite tephra and domes
extruded from an arcuate fracture system may represent an early,v
precollapse stage of caldera_evolutlon. These three s1tes.pro-
vide an opportunity to investigate not only the history of high
level intrusions, but(also the timing of development of hydro-'
thermal systems with respect to these intrusions.

Geologic Questions Relative to Deep Drilling

Geology is interpreted primarily from surface observations.
Since local relief on the Earth's surface‘rarely exceeds 2 to
3 km, geologic insights into the vertical dimension are severely
limited. Conceptual models of greater vertical extentbare
developed by linking results of comparable fossil systems exposed

at different levels. The great advantage that deep drilling

offers for development of geologic models of magma—hydrothermal

systems is the vertical sampling of several kilometer5~of‘a systen,
encompassing its volcanic, hydrothermal, and magmatic components,
at a single point in time. There could be a clear‘answer to the

question of what is presently under a volcano or geothermal'field.
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'This would represent ‘a large advance for understanding of, as an
example, caldera systems, where volcanoes are matched to intrusions
on the basis of geometry and whole rock compos1t10ns.

| Another unique opportun1ty prov1ded by deep drllling is
the study of magmatic crystalllzation. Volcanoes prov1de quenched
samples of magmas which are less than 50% crysta111zed, while
exhumed magma bodles have undergone a complete crystallization
" and subsolidus'history. Thus, samples representing more than half
nof.the crystallization history of magmas are inaccessible except
: by drilling. f ; |
| Crystal-rich magma can be expected to occur at the outer mar-
gins of crystallizing bodies. The margin should be a key region
in which to look for ev1dence of ass1m11ation and differentiation
fprocesses, because thermal and chemical gradients are high. No

,ev1dence exists that material from thlS zone occurs in volcanic

v vproducts, and the 1nformation contained in plutonlc rocks concerning

“this zone 1s very 11m1ted.

Similar constraint5~app1y to«investigation'of'hydrothermal
’ systems.“ Samples of leaking hydrothermal fluids can be obtained
"at the surface and samples of reserv01r rocks: can be obta1ned from
',cooled foss11 systems.r Only drilling»can provide actual‘tempera-
tures and access to samples of both hydrothermal flu:ds and their
: host reserv01r materials. » : t | | |
In summary, the following geologic questions can . be addressed;

by deep drilling.
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-What is the structure and vertical thermal and chemical
zonation (fluid and alteration product composition) of
‘hydrothermal systems? , BT

-What is the structure and vertical thermal and chemical
zonation of magmatic systems?

What is the relationship, in space and time between .
hydrothermal and magmatic systems? : ; =

- What processes occur in crystal-rich magmas: and what are

the characteristics of the magma/wallrock or mobile magma/
- crystallized magma boundary zone?

4. GEOCHEMISTRY

Major geochemical processes at the proposed sites occur in:
1) magmas and associated lavas, 2) hydrothermal‘solution}'and
3) hydrothermal alteration.

Geochemistry of Magma and Associeted Lavas

Primary magma sources in the Earth's mantle are beyond the
reach of present drilling technology, however, magmas that have
been generated (or introduced) in the Earth's crust at shallow
depth represent possible drill hole targets. The five proposed
drilling sites represent such targets. However, their tectonic
setting ahd type of magmatism appear to vary significantly;

Whereas geologic and geophysical techniques can provice
information regarding the depth, size, and heat distribution of
such magma bodies, igneous geochemistry is the principsl~method

available in addressing questions concerning the origin and evoiué

tion of magmatic systems at a given site. OQuestions involving

the origin, coalescence, migration, contamination, emplacement
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and- crystalllzat1on of magma systems are of importance 1n “under-~
standlng thermal reg1mes.~ Sc1ent1f1c drllling can play an
important role\1n~resolv1ng questions of contamination during
magma emplacement. It iskimportant to note‘that plutonic rocks
now observed at the Earth's sur face, or found in drilling, |
have. typlcally undergone a long and complex subsolidus cooling
history resultlng in mlneraloglcal, chemlcal, and textural
modifications which significantly limit the use of observed

characteristics'in the analysis of magmatic phenomena. Scientific

drilling can provide samples of magmatic, or recently solidified

high temperature materials which have not undergone this long
and complex cooling history.
“Although drilling.into'an'actige'magmatchamber is a long~-

term objective of this part of the Continental Scientific Drilling

Program, it is reasonably clear that significant advances in the

teChnology~of,ﬁrilling,;logging,:sampling,‘and instrumentation
will be necessary to obtain the required;scientific data. However,
muchainformation‘of value.can be-obtained:prior.to~this stage
through-detailea analysis of associatedsvolcanic rocks both at

the surface and in drill cores. . ¢

 :Geochemistry of Hydrothermal Solutions:: :

Al of therproposed;siteskpossessusurface manifestationsvof
hydrothermal activity to varying degrees.: ‘Two of the sites, The
Geysers and to a much lesser extent, the Valles Caldera in the

Rio Grande Rift, possess vapor-dominated systems.
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In general, the data describing the chemistry of both the
aqueous and gaseous phases derived frém'deep-drilling have two
applications. One'appliCation is related to ahswering.scientific
questions . in related fields. For example, chemical»geothermométers
can be used to estimate reservoir temperaiures. Isotope,data can
be employed in estimating the age and origin of the hydrothermal -
water.‘ Trace element data can be used to define avenues of

recharge into the,hydrothermai reservoir. Dissolution and agueous

equilibrium constraints can be applied to determine the effects

‘of aqueous chemistry in controlling secondary permeability and

reservoir evolution.

A second approach is to use the data to answer basic ques-
tions coﬁcerning chemical mechanisms and evolution of hydrothermal
fluids. For example, the literature indicates that the hydro-

thermal chemistries at all sites are high in certain trace

"elements such as As, B, Br, F, and Li. What are the sources of

these elements? To what extent are they derived directly from
juvenile or magmatic sources and to wﬂat extent from dissolution
of reservoir rocks? What is the source of the abundant sulfur
associated with these hydrothermal solutions and gases? The

fluid chemistry at all five sites is generally dominatéd by sodium
chloride either as dilute or concentrated brines. Can such -
similarity in chemistry result from very different mechanisms?

For example, evaporite dissolutibn has been suggested in the

Salton Trough as compared to rhyolite dissolution,in Long‘Valley.

Does such similarity indicate a common trend in evolution? Are
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vapor~-dominated systems such,as The Geysers underlain by con-

centrated sodium chlorlde ‘brines?:

Another ma‘ior geochemical question- to be addressed.is the

@,relationshlp between hydrothermal solution and formation, trans-

'*port,»and'deposition of ore-forming elements. ' Is mercury depos1tion

indlcatlve of a present or past vapor-dominated system? What is

the source*of»heavy metals in the Salton Trough and is their

>transport~dire¢tly related to the concentrated brine cheﬁistry?

~ Are the sources of these elements related to a magma system or.

do,they'result‘fromileachingvof”reservoir?rocks?
To adequately,inferpret geochemical data on solid, liquid,

and gas samples of the Farth's crust obtained in a CSDhP, there

tis a-requirementrfor:broad-bésed‘generic«research~0n fundamental

geochemicalfprocesses;f*This‘iﬁCIUdeS»suoh'basic rock/water
interactions as the kinetics of diSSOiution‘and’precipitation*at
high temperatures as well as speciation of chemical elements in

aqueous phases in concentrated solutions:’ “In addltion,

:~technologlca1,advances.1n'sempl1ng.ig-sxtu,solut1on5'at'high -

temperatures, pressures and great depths must be''developed.

,GeOChemistry of Hydrothermal Alteraﬁion'” g

-In a sense, hydrothermal alteration represents the interface

between' the aqueous and/or vapor geochemistry and the geochemlstry*‘

*of ‘the " reservoir rock. Hydrothermal alteration is- dependent

‘on'the~distribUtion of thermal energy, controlled, for example,

by hydrologic constraints sUchoas the’aeVeIOpment‘of hydrothermal'
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circulation. The chemical changes are also restricted to po:tions
of the system where fluid/rock interactions can occur by advection
of components, intergranular diffusion, and both equilibrium and
nonequilibrium reactions. Hydrothermal alteration may, in turn,
increase or decreasé,rock permeability and affect both circulation
and convective heat transport. Alteration assemblages offer a
record:of present hydrothermaltprocesses and alSo;of pést spatial,
chemical} and temperature regimes in such sYstems. This recofd
is important in.assessing whether hydrothermal alteration reduces
petmeability sufficiently to cause a liquid-dominated hYdrOthermal
system to evolve into a vapor-dominated system;v The spatiél dis-
tribution of hYdrothermal alteration is also important in evaluating
geophysical~anomalies.éssociated with geothermal sites.

. .Déep'drilling also offers éh opportuhity to-observe altera-
tion assemblages and specific hydrothermal solutions at known
temperatures and pressures. These data will provide much needed

tests of~existingxmaSs'transfér;codes. In addition, it will be

_possible to evaluate the lower temperature limits. for fluid/rock

chemical equilibrium and the effect of reservoir rock type and

temperature on the observed alteration sequence.
5. GEOPHYSICS

The needs for geophysical research at each site are summarized
below, first for potential magma targets, then for hydrothermal

targets.
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'ﬂceothsical‘Evidence‘for Magma at Depth:

| . Because ‘the tectonic settings'and‘modes of‘occurrence'of

*nintrusive'rOcksvare different at the five sites, the‘means by "
"whichéthe'existencefof'magma'frOm geophysical data can be inferred
‘differ from site to site. The'siteS'can be placed in two groups:

‘3thoserfor‘Which*the occurrence of distributed bodies of magma

-'is inferred from a regional tectonic model and those where geo-

k loqic and geophyéical evidence indicates the presence of a

localized magma body. “The Rio Grande Rift and the SaltonfTrough

: are in'the first group; lLong Valley, Roosevelt Hot Springs,~

' The Geysers-Clear lLake area, and the Valles Caldera fall in-

"= the -second group.

‘The sites relatedito localized magma bodies share: many common
*characteristics. The most direct evidence for magma relates to
_seismic attenuation and delays, anomalously high electrical
‘fconductivityp gravity lows, high local heat flows, and’ reduced
.seismicity-a5sociated‘withvmolten rock. At some sites (e.g.,
‘Roosevelt Hot?Springs),fthe geophysical evidence for the inferred
'Qamagmafbody~is Sparse-lat'others'(e;gé,fThe Geysers-Clear Lake),

several geophysical methods indicate that “the body exists.:

9 a Targets in the Rio Grande Rift

The regional model of tensional deformation for the Rio Grande

-"¢Rift is generally accepted even though ' recent seismicity and

1defbrmation measurements fail to confirm it Seismic refraction

‘and reflection studies indicate complex graben-horst structures in :
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a sedimentary basin overlying a thin (34 km) crust and a méntle
with low P-wave velocity. Régional magneticland gravity lows and
inferred high conductivities for the crust or upper mantle -
support this picture. Local zones of high and variable heat
flow are superimposed on regionally high heat flow. Passive
and active seismic reflection methods have detected a particular
target area near Socorro. Thié extensive (1700 km2) target
is interpreted'as being formed of thin, sill-likefintrusions
ét~a depth of 20 km and smaller intrusions at*shallower'depths.
Little is known about these bodies apart from their loéations
as determined by seismic reflection. Near-surface heat flow is
high above the 20-km-deep body near Socorro, but the temperature
of the body and the thermal structure between the body and thé
surface have not been studied. Vertical deformations observed
above this target can be interpreted as resulting from inflation
or deflation of magma chambers at 20 km depth, but more‘studiés
are needed.

The Valles Caldera presents a different type of target.

Extensive volcanism (as recently as 0.1 my ago) high temperatures

in the geothermal field, and the absence of seismicity suggest

that a massive intrusion may bé cooling beneath the Caldera. -
Current geophysical evidence, heat flow, gravity, and magneto=-
tellurics, does not define a target. Teleseismic delay and

attenuation studies, seismic surveys, and geoelectric measure-

ments all could contribute to target definitions, if unique
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.interpretations can be made within the circular geometry of

the Caldera.

Magma Targets at the Salton Trough

The Salton Trough has a combination of tensional and shear

tectonic activity.' Long, en echelon strike-slip faults are -

.connected by short active spreading centers in a region of thin—

ning crust and rapid sedimentation.' Several possiblesspreading

centers in the Trough have been identified and are good candidates

‘.for studies of continental—crust augmentation by distributed

intrusions-.»r

' Several types of geophysical data are used to characterize
the regional model.‘ Grav1ty and seismic’ refraction data define
the structure- up to 6 km of sediments lying in a trough over -

a thin (about 20 km) crust with veloc1ties appropriate to

‘loceanic crust at depths of 10 to 16 km. ngh rates of regional

‘;sub31dence 1ndicate that crustal thinning is presently active.

Local gravity maxima indicate cementation of sediments '

“at a depth of less than 4 km' at East Mesa,'a dense basement feature

6 to 7 km deep at Brawley, and 1ntru51ons and/or metamorphism

; shallower than six kilometers at the Salton ‘Sea’ Gecthermal Field.

I
A positive magnetic ahomaly at the latter site is interpreted to

}show that cooled intrusions occupy 10 20% of the volume of rock as

shallow as 1 kilometer depth, and that a substantial dike complex
exists below 2 5 kilometers.- Local heat flow is high at all the

spreading centers and wells at several sites ‘have encountered

thin intrusive bodies.
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~ Additional geophysical wdrk in the Salton Trough could be 7
directed toward identifying specific target bodies at each spread-
ing center and determining whether they are still molten.
useismignreflgction and,;ele§§isﬁic delay studies might prdvide
moreﬁinfqymgtionvin areas where the Salton Sea doesrnotwinterferé'
with instrument siting. | |

Magma Target at Long Valley

- .Long Valley may provide a locale for drilling toward a silicic
magmg}chambé; asspciated‘witp recent, extensive volcanism. SeiSmic
refractibn, teleseismic P-wave delays, and gravity data all |
sgpporg‘the ipterppetation,thét a zone of magma or partial melt as
large as 10 km diameter could lie only 7 km below the,surtace,
Howeyer, heat‘flow and thermal gradient data suggestva deeper‘
level for the heat source.

. Reflections recorded on a seismic refraction profile indicate

a low velocity region 5-8 km across at 7 km depth. A gravity low
is interpreted as indicating a low density body of uncertain size
at 8-16 km depth. One interpretation of teleseismicvdaﬁa indicatgs
a low velocity body at 7-12 km depth and 8-10 km in diameter.
- Confidence in these interpretations will be strongly influenced
by evaluation of data recently released from two drillﬂhples
thét did‘no;ﬁshow the steep conductive gradients expeéted
above such a body.

- The major need at Long Valley is to resolve the,apparents'

contradictions between interppetations based on geophysics
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(seismic and gravity) and on thermal“gradient data from existing

‘holes.' An understandlng of the specific paths of fluid flow

and the geometry of convectlve heat transport is essential to -
reconcile those interpretations.

Magma Target -at -Roosevelt Hot Springs .

There is no direct geophysical evidence of '‘a magma body at

‘Roosevelt Hot Springs. An attractive target may lie beneath the
' Mineral Moutains, but additional work is required before the depth,

size, or nature of that proposed targetfcénfbérdiscuSSed.~fSimple

heat flow models suggest a potential magma source could be deeper
than 7 km. Other qeophysxcal data do not - show effects of a magma

body. Crav1ty and magnetlc observatlons are adequately explalned

by known, near surface features. Ceoelectrlcal measurements have

been strongly influenced by near-surface conductivity variations.

Preliminary P and S wave travel studies indicate a possible site

-~ for a body but are not conclusive. A 51mple model of deep con-

vection along normal faults in a Basin ‘and’ Range tectonic environ-
ment 1s'con51stent_with’the hydrothermaljsystems.‘

Magma Target at The Geysers-Clear Lake Area -

Several .geophysical methods point to an. area of approx1mate1y
200 km2 of. hlghly attenuatlve,‘low—strength material of low den51ty.
and ve1001ty that could be as shallow as:7 to 10" km.t These data
include a grav1ty low w1thout a correspondlng magnetlc anomaly,

1nterpreted as 1ndlcating a low density (partlally molten) ‘body

in the crust at 8 to 14 km depth.~gP wavewdelays and-attenuatlon
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studies indicating a low veldcity;zone‘ih the upper 30 km and
seismic‘refractibn studies‘shOW‘that_the*IOW'velocities must be
deepe: than 4‘km; The actual: depth and temperature’of this
targét have not been confirmed by heat-flow estimates from

drill holes passing beneath the hydrothermal system.

' Evidence for Hydrothermal Systems

Hydrotherma1 systems are usually'disébveréd becauSe of such
sur face manifestations as hot springs, seeps, or élteréd surface
rock. .Geophysical measurements are used to define the extent
and resource'pofential of these systems.

Hydrothermal Systems at the Rio Grande Rift

Rey evidence for the existence of hydrothermal systems in
the Rio Grande Rift zone comes from surface geological features,
spring occurrences, and petrographic-geochemical data. The large
variability of heat-flow values within the Rift zone implies a
dynamic geothermal environment at shallow depths: hydrothermal
systems contribute to this variability'throughout the Rift.

The Valles hydrothermal system in the Rift has been extensively
drilled and found to have temperatures as high as 300°C. It is
an attractive target to study because it is both well-defined and
hot. IndustrialAinterest could provide extensi?e data.

Hydrothermal Systems in the Salton Trough

Hydrothermal systems in the Salton Trough are generally large,
relatively high-temperature systems, and their characteristics

have been well documented. These hydrothermal systems have many
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features in common.  FEach system is found in a relatively simple

geological .environment. They are all 1iquid-dominated systems
-which occur in young sedimentary.rocks with high porosity and

_permeability,;Capped by rocks of low permeability several hundredv

meters thick.

The largest system (excluding Cerro Prieto, Mexico), the
Salton Sea Geothermal Field, has been well characterized by wells
on the order of 2 km depth whlch show . temperatures up to 360°C.

Heat flow,‘re81st1v1ty, magnetic data, and seismicity show the

:llateral extent of the system beyond the drilled area, indicating

the total area is at least 50-120 km2. The‘system'may also
extend beneath the Salton Sea where addltlonal heat flow data

are needed to confirm,1tsvtota1‘extent. The total thickness and

~ lower. boundary of the system have not been determined.

Hydrothermal Systems at Long Valley .

Geophysical data cover an area of about 50 to 200 xm? in
Longbvailey;where hydrothermaluconvection is ‘important in the
upper 600~ 1000 m. Measured temperatures in that system are. up to

160°C, but geochemical estimates of reservoir temperature are

';higher.b The hydrothermal system has not been characterized :
-,adequately to. determine the thickness of the convecting systems,

‘directions ofyfluidlflow, or the amount of fluld‘involved. - Well

logscand;geophysicalfeyidence indicate,substantial volumes of
porous BishoPituff within the Caldera, suggesting,that the hydro-

thermal system could be large and extensive, Low temperatures




and low gradients at depth in deep wells:indicate that the

loeatioﬁ.of the high~-temperature part of the system is not
known and could be quite deep.

:An -area of 40 km2

shows high and variable heat flow
indicating shallow convection. Deep holes indicate that lateral
flow is important and that the.hydrothermai‘system is at least

600 m thick.

Hydrothermal Sysﬁem at Roosevelt Hot Springs

Hiéh heat flow is found in an area of more than 40 km2.
Faults and_freétures control the fluid flow. They are mapped by
aeromagnetic surveys which sense the truﬁcation of volcanic beds,
and by resistivity surveys which eense clay in fault zones.
Reported well temperatures are as high as 269°C.

The details of the deep plumbing of the Roosevelt system are
not well known. The hydrothermal system‘here apparently has few
inherently unique physical properties, only high temperatures and
high electrical conductivity in relatively localized fault zones.

Hydrothermal System at The Geysers-Clear Lake Area

The vapor-dominated hydrothermal system at The Geysers is
large, covering 50 to 100 xm? to a depth of at least 3.5 km, and
hot (epproximately 240°C). Projected commercial production of over
1.0 GWe testifies to the certainty of that system's existence.
Unknown features of the system include: its total depth, what

lies beneath it, and its evolution.
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Most information about the hydrothermal system has come from

drilling.  Because of the complex geologicgsetting; the physical

properties of the hydrothermal system could not be predicted

without measurements from drill holes. Consequently, geophysical

~data have only served to supplement the drill hole data. Gravity

and magnetic anomalies map out the steam field;f‘Seismic reflection
data indicate structures within the Franciscan rocks which may
be shear zones controlling the fluid paths.

Comparatively little is known about the extent of the hydro-

thermal system associated with the Clear Take volcanlc field. Two

‘holes have apparently encountered temperatures of 180-200°C in the

middle of an extensive resistivity low. . If the resistivity low

represents the size of the hot uater system}*then its area could
{

“beﬁaS'great as eo,kmz,

6. PROPOSED RESEARCH AND DRILLING PLANS

In.attempting tofidentify”site-specific‘scientific questions

' requirinér resOlUtibn by-drill‘ing’,-'it is necess,ary-’ to appreciate

that a single drill hole provides only a one-dimensional sample

k'a and a line source for experiments at one point in (geologic) time.

Scientific questions involving evolution of magma and hydrothermaly

| systems must be considered carefully in the 1ight of these space-

time constraints.
"Even with the most careful thorough, thoughtful, and inten-
sive site selection and pre-drilling activities it is highly
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probable that many of the observatlons made through dr1111ng w111
be unforeseen- Consequently, ‘the drilling plan must be flexlble,
and d1rected by an on-31te sc1entif1c team. The dr1111ng program
must plan to resolve scientific questlons that will evolve dur1ng
drilling, and not 51mply aim to “make hole".

Factors whlch should be considered in the development of site-
speciflc.research andvdr1lllng plans 1nclude:

The scientific Questions'to be addressed.

. Is drilling necessary for the resolutlon of the sc1ent1£1c
questions?

Wwhat level of dr1111ng, 1ogg1ng, sampling, and instrumen-
tation technology is adequate for resolution of the scien-
't1f1c questlons'>

_Are. present geologlcal, geochem1ca1, geophy51ca1 data
adequate to deflne a meaningful drilling program?

. What is the nature, magnitude, and extent of generic
supportive research which is required?

Can drilling for technological purposes be used for

"add-on” experiments which will provide data useful in

the resolution of the 501ent1f1c quest10ns°

Do quantitative models bearing on heat and mass transport

within and between magma systems exist at the specific

site and can they be tested by scientific drilling?

To what extent will resolution of these scientific guestions

shed 1ight on the origin and development of fossil analogue

systems?

An 1mportant point is that the pr1nc1pa1 role of the CSDP is-
to provide enhanced understanding of crustal phenomena and to

stimulate scientific and technological advances.
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~This section summarizes the’informatiOn on the specific

g;sites,'identifies siteiéﬁecific scientific questions, and suggests
‘5dri11ing plans. |

1Salton Trough

Six hydrothermal systems in the Salton Trough have been

'drilled,.but direct evidence;for magma is not definitive.

Indirect evidence derived from the regional tectonic model indi-

" cates the presence of intrusions, perhaps as dike swarms, at
bdepths of 2é10 km. Scientific drilling in this area would provide
;valuable information on the roots of an economically important
geothermal,system ‘and their relationship to hot dikes, but perhaps

-onlyilimited information on their magmatic source. It is probable

that magma targets are ‘small and distributed.

The intensive geothermal development of the area has led to
comprehensive qualitative models of the region based»on'seismic
refraction, gravity, electricalivmagnetic, heat'flom, geodetic,

and geologic data;'»At CerrO"Prieto, Mexico}~detailed studies

,leading to extensive conceptual and quantitative models, spec1f—
'ically for reservoir engineering, have been completed or are in

iprogress._ In the Salton Sea region, 1oca1 qualitative models

exist} Continental Scientific Drilling in this area could result

in development of quantitative models applicable to a number of

'«"fossil" analogues such as the Tertiary Brito-Arctic volcanic

prov1nce and currently active analogs such as the Red Sea-Afar

oy system. In addition,_observations obtained through a CSDP can




be used to test, validate, and.develop models based on extensive

geophysical data.

There is an extensive drilling program for geothermal explora-

tion andﬂproduétion in the Salton Trough. At Cerro Prieto there

are in excess of 60 wells (1.4-3.5 km deep) with temperatures up

,toA3SO°C. All data are in the public domain and there is a pro-

duction history of ten years. In the Salton Sea region there
are more than 20 wells (1.5-2.8 km) with temperatures in excess

of 300°C. Much of the data from these wells is proprietary.

. Exploration and production drilling for the.geothermai’resource

in this field may continue, perhaps providing opportunities
for add-on scientific experiments.

A scientific drilling program in the Salton Trough could
address a variety of specific questions reléted to hydrothermal-
magma systems:

What underlies the 350°C hydrothermal region (tem-
perature, fluid composition, metamorphic mineral

- assemblage, density, porosity, permeability); and
‘does the subhydrothermal region affect the near
sur face geothermal system and relate to thermal
sources at depth?

To what extent is deep-seated (> 3 km) hydrothermal
circulation important in recharge and chemical
alteration of the near-surface geothermal system?

Do systems near the critical point of the hydrothermal
fluid have distinctive physical and chemical properties
that are important in terms of mineralogic reactions

and the generation of fluids akin to ore forming fluids?“

Is the Salton Trough underlain by continental or oceanic
(or both) crust?
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'Are basaltic dike swarms emplaced along "leaky
transforms" the heat source driving the geo—
thermal system(s)° .
n What 'is the relationship of surface volcanic phenomena,
(rhyolitic), to the postulated subsurface (basaltic),
- source?. .
-1S'At'present;'onewof the problems associated with scientific
~drilling in the Salton Trough is the lack of a distinct magmatic
target. ' Specific drilling directed toward resolution of problems
vassociated with'magmatic.and transition zone (magma-hydrothermal)
problems requires additional geophysical studies for location
of possible magma bodies. Both seismic reflection and teleseismic
delay studies would be appropriate. -Several of.the'questions
require information from depths immediately below those reached
in%current drillihg.:AObtaining.this;informationAwill require a
technoloéical capability*for‘sampling»rock, fluid, and gas at
temperatures in excess of‘350°C'and pressures up to 1 Kbar.

After the development of adequate drilling, logging, sampling,
and instrumentation technology to resolve the scientific questions,
a scientific drilling prOQram to drill as km deep hole at the
SaltOn Sea is recommended. "his drilling would focus on resolution
of the first three questions above and provide ‘some basxs for
,selecting a 10 km deep hole site..i | |

Supportive research related to a sc1ent1fic dr1111ng program -
in the Salton Trough would 1nc1ude a. geophys1cal study directed

toward locating -and evaluating specific magma bodies, and detailed

mineralogic, petrologic, and geochemical studies concerned with
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the relationship of the exposed rhyolitic volcanics to the
igneous rocks found in the subsur face. It is probable that a
number of the existing wells at depths in excess of 2 km could
be used for development and testing'of a variety of both active

and passive downhole geophysical methods.

The reports of the Geolbgy, Geothsics, Energy Transport,
and Geocheﬁiétry working groups focus principally on two targets
in the Rio Grande Rift( the Valles Caldera and the Socorro.
anomaly) although attributes of the rift in its.ehtirefy are
covered.

Valles Caldera

The Valles Caldera in the Jemez Volcanic field:liés at the
junction of the northeast trending Jemez lineament, or zone, and
the Rio Grande Rift. Volcanic activity has been active from
10 my BP to less than 0.1 my BP. The two voluminous (> 100 km3)
rhyolitic eruptions responsible for the Bandelier Tuff were at |
1.4 and 1.1 my BP. Deep drilling (2-3 km) in the resurgent dome
of the caldera has identified temperatures of 300°C. Hot springs
along major rift-bounding faults southwest of the caldera appear
to be mixtures of near surface meteoric and deep thermal waters.
Thermal waters discharging at the surface iﬁ the caldera have
low pH and high sulfate‘content, but the high tempefatute fluid

at depth is chloride rich.
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‘The evidence for a hydrothermal system in the caldera is

Ireasonablyfclear'and.isisupported byhaz40:km?~region of
;hvdrothermal;alteration, generally coinciding with the resurgent
»idome 1n the caldera.l The evidence for magma, as contrasted with
'igneous rock, is fariless direct. There is high heat flow

,(> 4.5 HFu)?within‘the Jemez field. The Jemez volcanic field is
gringed by3moderatefearthquake activity in the upper 20 km of the
‘crust but is notably aseismic in a 50 x 100 km elliptical area
3centered on the»Valles Caldera. Calculations, based on thermal
;models and influx of magma to form the resurgent dome, suggest
'that a cooling silicic magma chamber could still retain a tempera-
lture of 600°C at 7° km beneath the Caldera complex. There are no
‘fdirect indications of magma by passive or active seismic methods,

,3;such as the case at Socorro.

e Although the Jemez. Vblcanic Field has been the subject of

intensive and thorough geologic mapping on a regional scale, a
’fcomprehensive quantitative model amenable to testing by a scientific

'adrilling program is not currently available.:

A scientific drilling program emphasizing features. .associated

‘with the resurgent dome of the valles Caldera would provide infor-
.émation of value in developing an. understanding of general relations
jtin caldera—forming geologic systems., Fossil analogues include
{;plutonic complexes such as the Mesozoic analogues in New England
;5and the Tertiary examples of Scotland. More recent examples would

f;include Yellowstone, Long Valley, the multiple Tertiary silicic
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centers of Southern Nevada, and the San Juan Mountains of Colorado.

: N M . . - ~ [y s' s
Because of the catastrophic and widespread nature of silicic

" volcanism associated with caldera formation, an understanding

"of processes leading to the development of such features is of

fundamental importance.
- There is a considerable'effort directed toward development
of the geothermal resource in the Jemez region, spécifiéally

within the Valles Caldera. There may be opportunities for scien-

‘tific experiments of an add-on nature. Most of the planned

drilling will be in the range of less than 3 km with a target
temperature near 300°C.

A scientific drilling program in the Valles Caldera could
address several specific questions related to hydrothermal-magma
systems:

What is the nature of the hydrothermal system at
depths corresponding to temperatures in excess of
300°C?

What is the nature of the geothermal plumbing system,
including recharge and flux from depth, at depths in
excess of three kilometers?

Is the thermal source solidified or active magma,
and how does it relate (chemically, mineralogically,
and physically) to the space-time evolution found in
this volcanic field?

What is the nature of the transition region between
the hydrothermal and magma (or still hot igneous rock)
zones'>

_How do the attributes of the transition and magma zones,
as sampled at high (> 300°C) temperatures, relate to
 fossil analogues which have undergone a long and slow
coollng hlstory°
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f‘Socorro Anomaly o

_..There is a persuasive~body-of evidence indicating magma or

still hot igneous rock underlying the Caldera at depths less

than 10 km, Additional geophysical studies would be required

to deve10p a detailed drilling plan.,-Of’critical concern, as in

the case of the Salton Trough, is the need for adequate drilling,

‘logging, sampling, and instrumentation technology to permit

.

:'resolution of the scientific questions.

The proposed drilling program for the Valles con51sts of a

ideep hole (m 10 km) 51ted on the resurgent dome.“ Technological
idevelopments would be required and a moderate depth (m 5 km) hole
”5'would be the initial tarqet. Supportive research needs would be

”largely in the areas of detailed geophysical studies, and of i

resolving stratigraphic and structural problems in the older -

volcanic sequences of the area.

The Socorro anomaly in the southern segment of the Rio Grande

t"ZRift lacks significant and related surface volcanic or hydro-

thermal manifestations, but several lines of geophysical ev1dence

'i”point to the existence of sill-like bodies of magma.’ Recent »
~ COCORP. data indicate the possibility of a Small magma b°dy at
'”aepths less than 5 kn, in addition to the 19-20 km s111 like

bodies. We cannot currently consider drilling to 20 km-:however,,

g, ".-

the shallow body is potentially accessible.f Because of a

(current) lack of geothermal interest at this site there is o

little potential opportunity fbr add—on sc1entific experiments.'
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The scientific questions appropriate to this site center
about_thevnéture of the anomaly:
1. What is the mechaniSm”of magma emplacement?

2. 1In view of the lack of surface manifestations, does
this site represent a pre-volcanic situation?

N3.’ Whatvis the nature of the rifting process?
A scientific drilling program at this site requires additional
geophysical studies in addition to the development of a tech-

nological base.- 1In addition to resolving scientific Questions_

. of the type just noted, a scientific drilling program at this site

‘would be valuable in terms of understanding rift structure, sedi-

mentation, and eVolgtion as well as providing a calibration of
gedphySical tools applicable to the rift in general.

Long Valley

The‘Long Valley Caldera is an elliptical depression, 17 km

.by 32;km. Volcanic activity in this area on the eastern side

of the Sierra Nevada has persisted to the last 500 years. Rydro-

‘thermal activity is localized along the caldera moat and in the

reéurgent dome and is interpreted as being controlled by caldera

‘ring fractures and the keystone graben. There are a large number

Qf,shallow'(< 30 m);'several moderate (< 300 m) and three deep

(v 2 km) drill holes in the Caldera. The deepest holes are
charactérizgd by temperature reversals with‘gradients of about
37°C/km at depth. Substantial lateral flow and convective

tfansport'are_indicated.




-

Direct evidence fbr a magma system is based on active and

passive seismic results and a gravity survey. Seismic refraction

Ndata suggest a possible interface at 7 km with an underlying zone

of lower velocity.r Teleseismic data are consistent (non-uniquely)
with a zone of reduced velocity at depths greater than 7 km,,
extending perhaps to 19 km, suggesting high temperature effects
such as partially molten material. Gravity data are consistent '
with a deep (8-16 km) 1ower density source. ‘:‘ _

The recent drilling indicating low geothermal qradients ..

(37°C/km) measured at depths of approximately 2 km would suggest

600°c at 15 km. This temperature would preclude the existence c
of magma at depths accessible by drilling._ The very recent |

(< 500 years) volcanic activity along the Inyo fracture zone on

._the west side of the caldera suggests recent magma.- The main

question is. does magma_ still exist, and at what depth. hIn:~
view of the low temperatures obserVed at depth in the recent

drilling it can be anticipated that interest of the geothermal

'vindustry will wane and that few opportunities for add-on scien-

tific experiments will present themselves. :

Many of ‘the scientific questions of interest to the CSDP -

at Long Valley center about validation of general concepts of

caldera development in terms of structurc and eruptiva history.

'However, Long Valley caldera offers no more promise than other

yexamples, such as the Valles Caldera, for studies bearing on '

‘such questions. Long Valley may provide an opportunity'for study_‘
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of a recently crystallized epizonal pluton at modest temperatures.

JOne of the recent 2 km holes has apparently penetrated 400 m.

i into such a body and thus samples are available.

We conclude that Long Valley is not a high priority target

| for an early CSDP effbrt.,

. The Geysers-Clear Lake Area

The two topics are covered together because the major geo— .

'thermal systems are at The Geysers steam field and the potential

magma target underlies the Clear Lake area some 10 km to the
northeast.v‘~ A P J -
| There are two geothermal systems in The Geysers-Clear Lake

region, the large and well-known vapor-dominated system and a.

,yless well defined hot-water hydrothermal system to the east and

Vnorth. The Collayomi fault zone, trending NW-SE, is active and f

separates the two provinces. _
Reservoir rocks for both geothermal systems are within marine

rocks of the Franciscan assemblage and to a lesser: extent the

| Great valley Qequence. Production is controlled by faults, frac-

' ,tures, and structural traps.. Intrinsic permeability is low, in

part due to hydrothermal recrystallization of the melange. -The‘

'heat source inferred for the geothermal system is presumed to be

silicic magma associated with the Clear Lake volcanic field.r
. There are two principal types of geothermal fluids in the

area-‘(l) the steam condensate and derivative waters associated

:with The Geysers field, and (2) a more complex and variable suite
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v _heat for the vapor—dominated system.: The te} ,
'uGeysers field is about 240°C at depths of nearly -
Ation wells drilled in the Clear Lake volcanic field indicate

‘F"Vblcanics, centered on Mt. Hannah, has been identified“f
,entiate at a depth of 6 14 km.; The requisite density contrast
- magma, is postulated. There is no magnetic anomaly rela"ed'

:,Vto the gravity 1ow.: However, interpretation of magnetic.data

e in a basement environment as structurlllw:complex

+45;, |

of fluids, rich in chloride and bicarbonate associated with hot_’“‘

water systems to the east and north of the Collayomi fault zone.ilw
"_The model for development of a vapor dominated system involves |

wsteam evolution from a boiling brine.< Drilling‘to depths of :'”

:greater than 3 7 km 1n The Geysers field has not found he

"- parental" brine.“ Dikes and sills of porphyritic volcanics jf:ﬂ

'.fOUnd in drill holes at The Geysers repreSent an early (m l my)

Vphase of silicic volcanism which cannot be theﬁdirect sourcevoffsﬁ.f

Explora- .

' temperatures of 200°C at depths of 2 km.;v‘;_,ﬂ¥ﬂ“

Although the case 1s quite clear for thecexistenceVOI hydro-:

'thermal systems at The Geysers—Clear Lake area ,the; ase _er activeb

lmagma is less well def1ned and rests principally on geophysical

data. A nearly circular gravity low, beneath the Clear Lake};]tv'

The nega- T

tive anomaly 1s assumed to reflect a low densitsi

can be satisfied if a partially molten silicxc body, i e., a _i |
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existence of a magma body at depths in excess of 4 km underlying

Mt. Hannah.‘ Earthquake hypocenters are not observed at depths

in excess of 5 km in the Mt. Hannah area, also cons1stent with a
high temperature, possibly magmatic, regime at depth.» Re51stiv1tyig‘
and heat flow studies provide somewhat limited support for the_t
existence of a magma body underlying Mt. Hannah._ S

_ Detailed quantitative models, amenable to testing through

a scientific drilling program, are not available for The Geysers-,z'e

Clear Lake area. Given the structural complexity and heterogeneity

of the Franciscan assemblage it is not clear that such models

'should be constructed._‘

It can be anticxpated that continued geothermal Production }~

activity in The Geysers field will provide abundant opportunities

‘fOr scientific experiments of an "add-on" nature. Direct oppor- gﬁ

tunities will presumably be limited to the temperature ‘range less'>
than 250°c at depths to 4 km. There may also be limited oppor-,
tunities for similar ”add—on" experiments associated w1th commercial
exploratory drilling in the hot-water geothermal reservoirs to
the north and east of The Geysers. .. .‘ | ‘

A number of 1mportant scientific questions bearing on the
origin and development of magma and hydrothermal systems could 7
be addressed through a scientific drilling program in this area. féf

Does a boiling brine underlie the vapor-dominated
-ageothermal system? R

- What is the nature of the. transition zone between f‘
the hot-water: geothermal system and the underlying
magmatic system?
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To what extent are the. vapor—dominated and. hot water .
geothermal systems coupled? :

“Why is the youngest volcanism displaced‘to the northeast of
the geophysically defined magma body and The Geysers
steam field to the southwest of the postulated body?

'A carefully conceived, comprehensive, and extensive program

of scientific drilling will be required, given the structural and

. geologic complexity of the area. As in the case of the Salton

'Trough and the Rio Grande Rift, resolution of the scientific

questions requires the capability to obtain solid, liquid, and gas

j'samples at high temperature and depths in excess of 4 km.

Drilling, logging, sampling, and instrumentation technology will

'need to be advanced as part of CSDP in order to address these

B Y P

questions.

Scientific drilling at The Geysers provides a unique oppor—
tunity to assess “the roots of a vapor-dominated geothermal system.

This uniqueness does limit potential application of the results. to

,\other active and fossil geothermal systems.

The Outline of a drilling plan has been developed, assuming

"adequate technology, for The Geysers-Clear Lake Region. The plan

involves two deep (5-8 km) holes. The first would be at The

3 Geysers and the second would be on the Mt. Hannah anomaly.,

- Supportive research might well include detailed and local

seismic reflection and refraction studies.” In addition existing
"wells in the area could be used to develop and test a variety of

‘hole-hole active and passive geophysical methods. ff g




'P-wave delay studies suggest a low-velocity zone at- depths of

'10 25 km and the possibility of a smaller low-veloc1ty body at
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Roosevelt Hot‘Springs

The Roosevelt Hot Springs, in southwestern Utah, is on the west
flank of the Mineral Mountains. The Mineral Mountains Tertiary

(<. 35 my BP) pluton is the dominant unit of the Mineral Mountains.r

a depth of 5 km or less underlying the central Mineral Mountains.

- There are abundant hot. springs deposits in the area which

appear to be localized by faulting. Hydrothermal'alteration is

associated with fractures in the Mineral Mountains pluton. |

At this stage there is not a comparable data base for comparison

with the other four sites. ;It'appears that this site is not a
primary candidate for the initial stages of a scientific drilling

program.
7. CONCLUSIONS

A scientific drilling program focused onrproblems associated
withyﬁydrothermal-MagmavSystems provides a'valuable opportunity
to advance the state of earth science and contribute to the
attainment of DOE objectives. Although geologic, geochemical,
and geophysical studies provide information on geothermal systems,'
the resulting models are nonunique;and'reQuire confirmation,
or validation. Petrologic and geologic studies provide informa-
tion on integral aspects of crustal processes and canihevusedv.i

to infer relations in the past. One of the most exciting facets




of. the program is the opportunity to obtain samples {solid,:
'.llquld, and gas) at deep -crustal temperatures and pressures.

Such samples can prov1de dlrect 1nformat10n on ‘the state of. the .
_magma-hydrothermal system in terms of chemical, mineralogical,
oand physical properties., The importance of this opportunity
cannot - be overstressed when it is reallzed that the bulk of our
ggeolog1ca1,.geochemlcal,;and.geophysicaltconceptual and,quantl-
tative modeling.is based'on'exanination of exhumed magma-
'hYGrothermal.systems andi"quenched" volcanic samples. In the.
case:ofvexhumedamagma-hydrothermal syStems_the samples that,we
~collect at the Earth's surface:haye undergone a long and'complex
_postmagmaticecooling'pr0cess."Inevitably, key chemical, .
mineralogical, and physical attributes are changed durino'the
‘cooling process,;posing najor'problems inrinterpreting the
_high-temperature”processes.’ On the other handlthe7quenching
'inherent_in,the case of volcanicrsampleS'can prouide*information
,only.on'preeruption andveruption'processeSQ..Samples from an active
hydrothermal-magma system can provide the basis. for linking the

. two traditlonal klnds of . studies. ‘

| ”he relationshlp to DOE objectives stems from ‘the vital needs

. of the agency to - develop a- fundamental and predictlve understandlng ‘

~_fof the consequences of energy-related thermal perturbations

” on processes and materials of the Earth's crust., This program
will foster and further such an understanding in a. generic sense

rwith applications in the geothermal, nuclear waste disposal, and




in-situ coal and oil shale. A second payoff to the agency will
result from the developmentfbf-drilling, logging;_sampling; and
instrumentation technology for very hostile geologic domains.-

However, a scientific drilling program fochsed on Hydro-
thermal-Magma systems iS‘subject to a number of constraints and
limitations. The objective is to resolve scientific questions.
‘This implies that an adequate technology exists, that the drilling
program does not emphasize the logistics of drilling but rather
‘evolves scientifically during the drilling, and finally that
scientific questions require drilling for their resolution.

It muét be recognized that a drill hole provides what is essen-
tiallf a one-dimensional sample, or experimental facility refer-
enced to one point in time.,

This review'has considered five speCific sites. Eaéh site
is somewhat different in terms of sdientific opportunities and
challengés. In'terms of further activities leading to site
selection we recommend that they center about the Valles Caldera,
The Geysers-Clear Lake Region, and the Salton Trough. ‘We do not
believe that the available data warrant serious consideration
of Long Valley or Roosevelt Hot Springs as early caﬂdidétes.
Within the three principal sites, considering-the the~cdmbinétiohi
of magma, hydrothermal zones and potential applications to other
other areas, we believe that the Valles Caldera offers the

greatest advantage as a site,
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Ve must also point out that other potential sites exist for

wi_scientific drilling related to. hydrothermal-magma systems, for

4‘vexamp1e, Yellowstone and the Cascades. Yellowstone was not cone-
’ﬂysidered here because of environmental reasons, as noted in the

| :NAS "Continental Scientific Drilling Program" report. The same
:'ireport noted (p. 102) . that "The diversity and number of strato-
'hefvolcanoes in thelUnited States preclude an intelligent drilling

'f'-program at this time." with respect to the Cascades.

f The Thermal Regimes Panel of the NAS Continental Scientific

' ‘Drilling Committee has prov1ded valuable review comments on a
‘;‘previous draft of this summary. We are confident that incorpora-
dftion of a number of the suggestions of this panel has resulted
1in significant improvement. However, the responsibility for
'ferrors of fact, interpretation, and analysis necessarily rests
].;on the authors. STt is our hope that this Summary, and more
‘importantly, the four supporting documents, will be of value to
fﬁf,the scientific community in pursuing the objectives of a

b;AContinental Scientific Drilling Program.;,v






