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1. Introduction

Los Alamos Scientific Laboratory (LASL) has had a continuing irlterestin

the earth sciences because they relate directly to containment of radio-

activity in underground weapons testing programs, facility siting, and

environmental monitoring. The past emphasis has been in seismology,

rock mechanics, and experimental high-pressure geophysics. In response

to national needs for energy resources, the Laboratory has expanded its

Interests. The present major non-nuclear energy related research Is

the hot-dry-rock (HDR) geothermal energy project.

As u consequence of this project and anticipated future national

needs (and ERDA programs) In energy and energy related resources,

research activities have been expanded to Include igneous and volcanlc

processes, geophysical hydroilynamlcsand geochemistry.

This paper briefly describes the HDR - geothermal energy project, the

geoscience actlvltles directly in support of It and the basic geoscience

research program of the Laboratory focused on the solld earth. There

also Is a slgnlflcant LASL effort in non-solid earth research, namely atmos-

pheric and space studies, which wI1l not be discussed here.



2. Hot-Dry-Rock (HDR) Geothermal Energy Project
●

A vigorous effort to develop the s~-called HOR technique

of obtaining geothermal energy has been in progress at the LASL since 1970.

Tw holes have been drilled into Precambrian basement rocks near the

southwest rim of the Vanes Caldera~ In the JerrezMountains of northern

Newh!exico (Figc 1). The basic concept is to drill a hole into hot but

dry and impermeable hydrologically tight rocks,

create a large planar crack by hydraulic fracturing, drill a second

hole and intersect the fracture, and set upan artificial circulation

loop in which cold water is pumped downone hole and hot water is

extracted from the other. The temperature dfffer~nce can be used, in

principal, to qenerate power (Fig. 2). This corcept has been described

in a number of papers (West, 1973; Smith, ?972, 1974; Brown and others, 197’3;

Tester, 1974).

The principal problems anticipated and experienced In this

technique are: (1) drilling techniq~lesin hot hard crystalltne rocks are

not well developed~ (2) techniques for creatlono control and manage-
ment of deep hydraulfc fractures in crystalline rocks are rudimentary,

(3) neither theory nor experience permit prediction of fracture geometry

or mode of growth and reliable detection methods are in the development

stage, (4) problems of solution of crystalline rocks by circulating

hot aqueous solutions may be severe, particularly in reco~densation

in the cooler parts of the system such as the heat exchanger, (5)

corrosion of metallic parts of the energy conversion system may be

sfgnlflcant, and (6) heat transfer from the rocks to the circulating

fluid must be optlmlzed, perhaps by the therral stress cracking and

the prevention of channeling of the flow over the crack surface.

.



Oneof the most severoproblm encount~red by all attempts todvill

in hot, geologicall,Yyoung volcanfc areas for geotherma? purposes has

been uncertainty of the structureof these terranas, In spfte of

extensivesurfac@exploration by geophysical and geological methods.

Oeepdrllllngat Kllau@a~lla~lf~Wrysvllle, Mntana* and J-z ~ns.,~w~xicot
presentedeach projectwtth important surprises, many Involvlng unanttctpated

hydrological situations which were simply not predtctcble from surface

data. Host serious has been th~ effectof thesegroundwater problems
on predicted temperature at depth~ Fortunately for t~ los Alams

KOR project, as thedrfll hole was deepened,theseproblemsbacame

lCSSsevereand at presantdepth (2928m) the geothermalgrad~entIs
nearlyllnearat about60°C/kat,and the bottomhole tqwature (197°C)
Is high. Rock permeabilltymeasuredIn the laboratoryand estimated

from In situ flowmeasurements1s 10U (.2aifcrodarcies).Hydraulfc
fractures have been made and their !ocation successful1y mapped using

down-hole Instru!nentatIon, prlnclpally seismology. A largenumberof

bottom-hole and associatedexperimentswil1 proceedunttl sufficient
data exist to confidentlylocatethe fractureand aftercharacterizationof

the ttrraneat the hole bottom In general,however,the condttlons
are favorablefor proceadlngwith the dry hot rock damonstratton.

He feel that a major result of thfs project ts thl~ta new tech-
nology,namelycontrolleddeep drillingfn hot hard r~xk and hydro-

fracturing at depthsof severalkilometers,has been created. The
hydrofracture Iocatfon can be mappedand p~rhapscontrolled. This

technologyprobablyhas applicationsfn $eologfcalmglneerlnguhich

transcendgaothwmal energy alone.



3. Geoscience Activities in Support of HOR-GTE

Research actlvl.tiesin geothermal energy Include: 1)

geochemlcal tindmetrological investigationsof drill cores; 2) physical

and mechanical

3) seismology,

interaction of

investigations

properties of the cores, in situ and in the laboratory,.—
4) experimental and numerical investigationof the chemical

granite and hot aqueous solutlons, 5) field and laboratory

of heat flow and the thermal properties of the cores, 6)

characterization and selection af future HDR sftes, (in cooperation with

ERDA, USGS, Universities and industry), and 7) investigationof igneous

and vn ,anic systems.

Ffeld activities in the last two catagorles include 1) the Vanes

Caldera and Rio Grande rift of northern ?IewMexico,

2) the Southern Cascades of northern Calffornla, and 3) San Francfsco

Peaks, Arizona - in caopsration with the USGS.

Investfgatfonsof solution geochemistry M+veproved to be especially

interesting because they have possible applications in solution mfnfng,

suggesting coupled geothermal energy and mfneral extraction operations.

Figure 3.1 shows a number of the fundamental geoscience problems

related to the evolutfon and state of igneous-relatedgeotherml systems.

Some of the most useful results obtained to date have been obtafned

on down-hole measurements and on cores from the LASL geothermal drfll

hole (GT-2)0 These results were summarized in a special sessfon of

the Amerfcan Geophysical Union, Annual Sprfng F!eetfng. (See EOS, Trans.

AGU, 1976, abstracts V 80-90; 106-113).
t
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40 Characterization of HDR Resources of the United States

A major geoscience actlvityof the Laboratory involves the character-

Ization and assessment of thetiDR geothermal resources of the United States -

a cooperative effort involving scientists from the USGS, ERDA, several ERDA

laboratories and universities. White anc!Milliams (1975) point out that the

heat stored in the conduction-dominated parts of the crustal rocks of the

United States is vast. Smith and Shaw (1975) identified approximately 19

volcanic centers likely to contain magma and HDR resources; these centers

rust be cons~dered the high-rank deposits of geothermal energy. Some of

these being investigated by ERDA at prese~t; others are being considered

for future exploration (see Fig. 4). Much of the western U.S. Is underlain

with crustal rock likely to be hot enough (approximatelyl!iO°C)at sufficiently

shallow depths (approximately 10 km) to be useful for power generation

(Figure 5). The magnitude of the geothermal resources is very large with

respect to rein’spresent energy consumption (see Figure 6 and Table 2), !

although required extraction technology is at the limit of our current ‘

capabilities.



5. Basic Geosciences Research at Los Alamos

Basic geosciences research activities at LASL include geophysical

hydrodynamics, thermochemistryof minerals, aqueous phases and rock-fluid

systems, the application of shock wave and other high-,pressuretechniques

to investigations of the equation-of-stateof rocks and minerals to

questions regarding the physics and chemistry of the earth’s interior,

and preparation of high priority crystals for experttnentalstudies.

Brief thumbnail sketches of these activities are presented in

Table 2; a more detailed list of some of LASL’S basic geoscience research

activities can be found in the recently published “Summaries of

Physical Research in the Geoscience,” ERDA-76-44, (po13-26).

Field activities in basic geosciences are focused on areas related

to HDR geothermal energy, namely: 1) The Jemez Mountains-Rio

Grande program provides information on the geothermal energy potential

of the Rio Grande rift zone and its environs. Problems of seismic risk

to LASL facilities are important to ERDA and LASL as well as interesting

questions in volcanology (such as caldera formation) and tectonics

(evol~tion of the Rio Grande rift). Many investigatorsbelieve that the

Rio Grande rfft zone may be an incipient spreading center which may

eventually split the American continent (see Figure 1). 2) The Cascades

program will deepen our understanding of andesite volcanoes, which are

typical of the entire circum-Pacific volcano-seismic belt (see Figure 7).

$omeandesite volcanoes are also among theworld’s most dangerous and

interesting in terms of their behavior and tectonic setting.

3) Investigationsof active volcanoes and their eruptions provide data

of interest in geothermal energy research, such as the composition of

the volcanic gas phase, and the basis for working models of magma chambers,

their location, size, and shape. Computer modeliilgof the thermal evolution

of these systems bears directly on both geothermal resources (e.g. Smith

and Sh-iw,1975) and ore deposition (Cathles and Norton, 1975);

eruption phenomenoloqy (see Figure ~) is a small but very interesting part of the

behavior of igreous systems.
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6, Conclusion

We believe that the need for energy and therefore energy-related

resources will continue to grow. In response to this need, the Laboratory

recognizes and stresses the importance of application of high technology

to solution of technological problems of engineering the solid earth.

The hot dry rock geothermal energy project is an excellent exampleof

how this method can work. The

activity to many activities of

sciences will play a much more

ERDA’s missions. LASL’S geosc<

geosciences were an important support

theAEC, but it is likely that the earth

central role in the accomplishment of

ellcesresearch program is designed to

provide close support for specific engineering projects, to research

importantand relevant basic topics tied to these projects and to provide

effective professional liaison to the earth sciences community at large>

particularly the USGS and universities.
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The Rio Gronde Rift

Figure 1. Generalized map of the Rio Grande rift of New MexYco
and southern Colorado showing the location of the
Jemez Mountains. The Los Alamns HDR geothermal
energy project is located on the southwest margin
of tileVanes Caldera, jn north-central New Mexico,
noted by the star.
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Figure 2. Lower left is sketch showing the initial basic
engineering concept of the dry hot rock geothermal
energy project and the co:.figurationof the energy
extraction experiment. The upper right figure
shows the location of the Los Alamos drill holes
(GT-2 and EE-1). The map shows eology of the

!Vanes Caldera and its environs after R.L. Smith
and R. A. Bailey, U.S.G.S.).Shown are location
of major test holes (squares), heat flow holes
(circles and triangles). Thea~tual down hole
system currently bottoms at 2,928 m and 197°C.



SOME FUNDAMENTAL GEOSCIENCE
IN UNDERSTANDING GEOTHERMAL
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Figure 3, Some of the fundamental geoscience questions re?at~d
to igneous-related geothermal systems.
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Figure 4. Locations where igneous-related HDR geothermal resources
exist.
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Figure 5. Map of the United States showing the three principal
observed heat flow regimes; upper right is the approximate
thermal gradient in each province. The Sierra Nevada
province, shown in black on the map and (SN) on the
profile has little geothermal potential, The Eastern
province, shown in white, and (E), has geothermal potential
only at depths approaching 10 km. The Basin-Range and
similar areas, shown in grey, and (BR) has considerable
geothermal potential, and igneous-re’lateds stems (see

{Figure 4) have geothermal grtidientslike (I or greater,
contain high rank geothermal resources at shallow depth.
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Figure 6. The estimated HDR-GTE resources of the United States given
as a func”~lonof depth, In several different types of crustal
setting. The highest rank deposits of geothermal energy
especially at moderate depth (<6 km), are stored in igneous-
related sites; at greater depth in Basin41ange type crust
large amounts of dlsoersed heat are stored. Only at greater
depth is Eastern type crust important.
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SOME PROBLEMS IN STRATOVOLOCANOES
OF THE CIRWMPACIFIC, OR CASCAOE TYPE

-%

Figure 7. Schematic geologlc crossectlon of Cascade type stratovolcano.



TABLE I
OUTLINE OF THE GEOSCIENCES RESEARCH ACTIVITIES ATLASL

Hydrothermal Alteration in

Crystalline Rocks

Calorimetric Research in

Geochemistry

Se\f-Dlffuslon Coefflclants
of Atoms fn Rocks

llynam~cHigh-Pressure
Studies on Materials of

Interest in th@Geoscfences

!Wdy of morphological, porosity, permaa-

mineralogical changes In crystalline rocks

with time due to aqueous fluids at 3,000 to

30,000 psi and 300 to800”C. Natural

rock, “pure” natural minerals, and syn-

thetic minerals in various solid solution

ratfos are subjected to dfsttlled water

carbonate, chlortde, and natural

solutions; also possible solutions for
miners! extraction in solutlon mtnlng.

Some experiment will be performed fn

systems with continuous monitoring of

of solutions.

Measurement of heat capacltyas a function

of temperature up to 350°C or more for
aqueous solutions of NaCl~ KCl~ CaC12~ Na2S04,

FeC12, and FaC13 for calculation ofsolubillties

as a function of temperature fc!rgeothermal

fluids. Measurement of enthalp~ of formation

at 298°K and heat capacfty from low temperature
to 1000°C ofmfnerals, Includtng pure synthetic
minerals, relevant to tho geothermal power
program.

Investlgatlon of mechanism ofmetasomatlc
rocks by measuretnontof jump times In crystal

lattices with NMR.

Measurement at hfgh, explosfon-induced,

pressure of shock and particle veloclty and

density in fron, sulfur, slllcon, nickel alloys

for modelfng the earth’s core In tarms of

compostttono selsmlc wave promgationg density,

&nd dynamo action.
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Figure 8. Computer Slmulatlon of Eruption from Large Sillclc Magma
Chambers. (The BandelIer Tuff - 13 seconds old.)
(After Sandford, Jones and McGetchln, 1975).



Remote Sensing Applied

to Geological Problems

Igneous Processes

Rock Mechanics and
G~ophysics

Development of techniques for recovering

compositional and structural data from aerial Imagery.
Mineralogical mappfng has Leen done on extra-

terrestrial bodfes by use of reflection spectro-

scopy, namely infrared wavelength shifts due to

positfons fn crystal structure. These and other

mappfng techniques may be made applicable to some

areas of the earth by evaluating effects of atmos-

pheric absorption and surface contaminants. Several

very advanced image enhancement projects also show

promfseo

Existing commitments to engineering projects fn

geothermal energy generate requirements for

knowledge of volcanic terranes, the physics and

chemfstry of rock-melt-vapor systems and the

mechanics of geological processes involvfng magmas.

Thfs program conducts research fn the ffeld and

Iaboratorydfrected at the behavforof rock melts

in theearth’s fnterior and ateruptfon sftes, usfng

ffeld and laboratory data to construct mathematical

models for geological processes involvfng molten

rock bodies and thefr envfrons.

Oneof the most important aspects of the geothermal
programat LASL fs the production and managenmt

of large hydraulfc fractures In hot rock bodies

in the ground. This research program fncludes

laboratory and theoretical work on fracture !

mechanics, detection methods and also the general

geophysics of volcanfc and geothermal areas.



Observational and The fundamental research capabilities required for

Analytical Petrology support of field and laboratory studies in the

and Geochemistry earth sciences are in the analysis of rocks for

mineralogical chemicals and isotopic composition.

Geochemical laboratory studtes include analytical

activities and experimental studies at elevated

pressure and temperature. The goal of this

research is to provide quantitative data regarding

the conditions oforlgin and ageof specificrock-

or rock bodies of interest.

Environmental Geology Investigations of the local geology and hydrology

and Hydrology new Los Alamos directed at problems of ground

water and waste management,

Seismology Downhole seismology has proved to be a very

effective means of determination of fracture

or~entation in the induced fracture system

associated with the HOR project. Also, the

regionalseismicarrayprovidesboth important
data for possibleearthquakehazardsto LASL

facllltlesand Interestingdata regardingthe

presentseismicityand tectonicsof the Rio Grande
rlftoa topicof much currentgeophysicalinterest.
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