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FOREWORD ‘ h

The Department of Energy supports research in the geosciences in order to
provide a sound foundation of fundamental knowledge in those areas that are
germane to the Department of Energy's many missions. The Division of
Engineering, Mathematical and Geosciences =- part of the Office of Basic
Energy Sciences which is under the Director of Energy Research ~- supports
the Geosciences Research Program. The participants in this program include
Department of Energy laboratories, industry, universities, and other
governmental agencies. Their support, formalized by a contract between the
Department of Energy and the organization performing the work, provides
funds for salaries, equipment and other materials, and an overhead
allowance,

The summaries in this document, prepared by the investigators, describe the
scope of the individual programs and detail the research performed during
1984-1985. The Geosciences Research Program includes research in geology,
petrology, geophysics, geochemistry, hydrology, solar-terrestrial relation-
ships, aeronomy, seismology, and natural resource analysis, including their
various subdivisions and interdisciplinary areas. All such research is
related either directly or indirectly to the Department of Energy's tech-
nological needs.




(‘t

. INTRODUCTION TO THE. GEOSCIENCES RESEARCH PROGRAM
OF THE OFFICE OF BASIC ENERGY SCIENCES

The Geoscliences Research Program is directed by the Department of Energy s
Office of Energy Research, within the Office of Basic Energy Sciences, _ .
Division of Engineering, Mathematical and Geosciences. Research supported‘
by this program may be directed toward a specific energy technology, na-_
tional security, conservation ‘of the environment ‘or the safety obJectives .
of the Department of Energy. The purpose of this program is to develop ,fﬁ
geoscience or geosciences-related information relevant to one or. more of ’"i
these Department of Energy obJectives .or to .develop the broad basic under-“
standing of geoscientific materials ‘and- processes necessary for attaining
long-term Department of Energy goals. .In general individual’ research -
efforts supported by this program may involve elements of all four’ K
objectives. S

The Geosciences Research PrOgram is diVided.into five broad categories:
Geology, geophysiecs, and earth dynamics ' Lt
Geochemistry ‘ :

Energy resource recognition, evaluation and development
Hydrologic and marine sciences '
Solar-terrestrial-atmospheric interactions. .

00000

The following content outline of these categories is intended to be il=
lustrative rather than exhaustive, and will evolve with time. Individual
research efforts at the Department of Energy,.university, college, cor-
porate, not-for-profit, and other Federal agency laboratories supported by
this program frequently have components .in more than one of the categories
or subcategories listed. : '

1. Geology, Geophysics, and Earth Dynamics
A. Large-Scale Earth Movements. Research related to the physical

aspects of large=scale plate: motion, mountain building, and regional
scale uplift or subsidence. s .

B. ‘Evolution of Geologic Structures. Research bearing on the history
and development of geologic: structures (e g., folds, faults,
. landslides, and volcanoes) on a local or subregional scale.

C. Properties of Earth Materials., Research on physical properties of
' rocks and minerals determined in the laboratory or in the field (in
~situ) by direct or indirect techniques. o

- D... Rock Flow, Fracture, or Failure.. Research related to response of
- minerals, rocks, and rock units to natural.or artificially induced
stress, including the strain rates that range from those appropriate
to drilling to viscoelastic response.-

SXiC




2.

Geochemistry L R ..

A.

B.

Thermochemical Properties of Geologic Materials. Research related

to thermodynamic and transport properties of - natural geologic
materials and their synthetic analogues.. Emphasis 1s on generic
rather than site-specific studies.

Static Rock~Water Interactions. Laboratory-based research on chemi-
cal, mineralogical, and textural consequences of interaction of

natural aqueous fluids, or their synthetic analogues, with rocks and
minerals.

Oﬁganic Geochemistry. Research on naturally océcurring carbonaceous
and biologically derived substances of geologic importance, includ-
ing research on the origin and development of coal, petroleum and
gas.

Geochemical Migration. Research on chemical migration in materials
of the earth's crust, emphasizing a generic rather than specific
understanding, which may (ultimately) lead to predic¢tive capability.
These¢ experimental and theoretical studies focus on chemical
transport induced by pressure, temperature, and composition
gradients within, between, and by a phasée or phases. This component
is part of a multiagency (Department of Energy, National Science
Foundation, U. S. Geological Survey) joint program.

Energy Resource Recognition, Evaluation, and Utilization

A.

Resource Definition and Utilization, The>principal goal of this
research is to develop new -and advanced techniques that are physi-
cally, chemically, and mathematically based, for energy and energy*
related resource exploration, definition, and use.

Reservoir Dynamics and Modeligg. Research related to dynamic model-
ing of geothermal and hydrocarbon reservoirs in their natural and
perturbed (by production, injection, or reinjection) states.

Magma Energy Resources. Field, laboratory, experimental, and
theoretical research bearing on the origin, migration, emplacement,
and crystallization of natural silicate liquids or their synthetic
analogues. These studies emphasize the extraction of energy from
such liquids. : ,

Information Compilation, Evaluation, and Dissemination. These
research activities are principally oriented toward evaluating
existing geoscientific data to identify significant gaps, including
the necessary compilation and dissemination activities.

Continental Scientific Drilling Program (CSDP). Research on ad-
vanced technology and services as well as scientifically motivated
projects concerned with utilizing shallow (0.3 km), intermediate
(0.3 to 1 km), and deep (> 1 km).drill holes in the United States
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continental crust to (a) obtain samples for detailed physical,
chemical, mineralogical, petrologic, and hydrologic characterization
and interpretation; (b) correlate geophysical data with laboratory-
determined properties; and (c¢) use the drill hole as an experimental

facility for studying crustal materials and processes. The

Department of Energy focuses on drilling through an active
hydrothermal system (or systems) into a magma chamber or into high-
temperature igneous rocks. Research includes aspects of drilling

- technology development for such hostile environments. Part of a

multiagency (U. S. Geological Survey, National Science Foundation,
and Department of Energy) coordinated program under the aegis of an
Intergency Accord on Continental Scientific Drilling.

Hydrologic and Marine Sciences

A L] |

Ground Water Hydrology. Research related to chemical and physical
principles underlying the flow of water through porous and permeable
rocks near the earth's surface.

. Fresh Water Systems. Research on the chemistry, physics, :and

dynamics of fresh water systems, including streams, rivers, and
lakes. _ ‘

Oceanography. Research involving materials and processes of the
marine enviromment. Principal emphasis is on geological, geophysi-
cal, and geochemical research related to rocks and sediments beneath
the water column. : , «

Solar-Terrestrial-Atmospheric Interactions

A

Magnetospheric Physics. Research directed toward developing a
fundamental understanding of the interactions of the solar wind with
the terrestrial magnetic field. Research related to the earth's
magnetosphere as.a model magnetohydrodynamic generator and as-
sociated plasma physics research.

Upper'Atmosphere Chemistry and PhySics. Research on thermal, com-
positional, and electrical phenomena in the upper atmosphere, and

. -the effects induced by solar radiation.

'ASolar Radiation. Research on the solar constant,'spectral‘distribu-

tion, and characteristics of solar radiation of the earth, including
the long—term effects of solar radiation on the climate.

Meteorology and Climatology. Interrelationships of weather and
climate with energy systems. .- ‘ . -~
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Contractor: ARGONNE NATIONAL LABORATORY b
Argonne, Illinois 60439

Contract: 109 ENG 38

Category: Geochemistry

Person in Charge: F. A. Cafasso

Scope of Work

Geoschemistry research at Argonne National Laboratory is focused on
research in the areas of geochemical migration and mineral thermochemistry.
In the migration area, chemical and lsotopic studies of hydrothermally
altered materials are being done as part of an effort to describe the trace
element redistribution processes in active hydrothermal systems while
thermodynamic studies of actinide complex formation reactions with

inorganic constituents (e.g., C03=, SOHS) in groundwater are being pursued

to develop a better understanding of the chemistry underlying actinide
element transport. The thermochemistry part of the program is largely
focused on measuring, by a variety of calorimetric methods, the ther~
modynamic properties of zeolites and related materials. The intent is to
develop thermodynamic-structure correlations of these materials and to use
the data to explain mineral equilibria.

A. Trace Element Migration in the Earth's Crust (N. Sturchio, M. Seitz,
S. Boggs, D. Livermore, and C. Johnson)

The objective of this program is to achieve a deeper understanding of
the geochemistry of trace element migration in the Earth's crust. We
are particularly concerned with the redistribution of trace elements
under hydrothermal conditions, and are directing our efforts toward
studies of the active hydrothermal systems associated with the
Yellowstone, Valles, and Long Valley calderas. This work has relevance
to the exploration for and utilization of geothermal and nuclear energy
and hydrothermal ore deposits.

Our approach involves chemical and isotopic analysis of rock, mineral,
water, and gas samples from drill holes and surfacial manifestations in
these systems. These analytical data are coupled with other available
data to interpret various aspects of the geochemical evolution of the
systems. A general understanding of the evolution of each individual
system is required before optimal interpretations of trace element
migration can be made. Therefore, some of our work is directed toward
basic problems such as the time scale of hydrothermal activity and the
nature of previous conditions in each system. 1In this context, we are
exploring the application of U-series disequilibrium in geochronologic
and tracer studies. Oxygen, hydrogen, carbon, and sulfur isotopes are
useful in establishing previous conditions of temperature and
water/rock ratios.

o
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“Several detailed studies of hydrothermally-altered rhyolite from
Yellowstone drill cores Y~7 and. Y~8 ‘have been completed. These in-
cluded (1) a study of the redistribution of major, minor, and trace
elements; (2) a study of oxygen isotope ' ratios; and (3) a study of U-
series disequilibrium. We found extensive mobility of the alkalis,
alkaline earths, Mn, Sb, and U:in the altered rhyolite. The patterns
of element redistribution correlate closely with the hydrothermal
mineralogy and extent of alteration. The effective water/rock ratio

. has been at least 10,000, and may have been much larger. Oxygen

isotope exchange between thermal water and primary or secondary
minerals has not reached equilibrium except for calcite. Oxygen
isotope ratios in obsidian~replacing smectite and veinlet celadonite
and silica indicate that these phases precipitated from thermal water

enriched in 18O,relative to_present,thermal water, Ukseries disk

equilibrium is extreme, and is consistent with a major redistribution
of U about 13,000 * 27,000 years ago. . Along with other observations on
hydrothermal selffsealing and the timing of the Pinedale glaciation,
the U-~series data suggest a hydrogeologic connection between the
Pinedale deglaciation and the initiation of thermal activity in Biscuit
Basin, o

Two more regional Yellowstone projects have been initiated: (1) a U~
series geochronologic study of hydrothermal activity in the Park (in
collaboration with members of .the U. S. Geological Survey, Menlo Park),
and (2) a study of oxygen and carbon isotope ratios of hydrothermal
precipitates in additional drill cores (in collaboration with Prof. K.
Muehlenbachs, University of Alberta) :

Also under investigation is the history of hydrothermal activity at the
Valles and Long Valley calderas through U~series geochronology of
hydrothermal precipitates. We have" begun a study of U in thermal

waters of the Baca geothermal system. We are analyzing thermal. water

and gas samples from the Nevado del Ruiz volcano in Columbia following
the November 13, 1985. eruption in an. attempt to determine the relations

" between volcanic and hydrothermal processes.

,A second element of the program has involved 1aboratory experiments on
',the effects of dissolved organic substances on the migration of ac~

tinides in basalt“groundwater systems., - In this connection, batch
partitioning experiments were performed in which humic and fulvic acids
were added in various amounts ranging.from 1410 mg/L to\actinide“spiked
groundwaters. We found that sorption of 241#Am on basalt is reduced
strongly by the addition of humic and fulvic acids, but sorption of

" 237~Np is reduced only slightly.. A study of the average distribution
‘ratios obtained for 241~Am in batch partitioning experiments using

groundwaters containing natural concentrations of indigenous dissolved
organic substances showed that the distribution ratios are positively

. correlated ‘with dissolved organic carbon, as well ‘as Ca‘and Mg. This

suggests a possible inhibiting effect on actinide-organic complexation
due to the concentrations of Ca ‘and Mg. No further work in organo-
actinide geochemistry 1is planned.

'..3}..’7 .




B.

Migration of Heavy Element Chemical Species in Geologic Media (Ax
Friedman, F. Schreiner, and W. Ullman)

This activity is concerned with the measurement of the thermodynamic
properties of aqueous actinide complexation reactions that may be
important in describing the groundwater migration of actinides.

Our thermodynamic¢ studies have involved titration microcalorimetric
measurements of complexing reactions of uranyl, neptunyl and plutonyl
ions with sulfate and carbonate. Earlier work on the uranyl and nep*
tunyl systems has been followed by measurements of the reactions
leading to the formation of sulfate and carbonate complexes of the

dioxo plutonyl (VI) ion, Puo

Standard state enthalpies for the formation of Pqu(SOu)0
PuOZ(SOH)ZPZ, PuQZ(CO3)2ﬁ2, and PuOZ(C03)3

calorimetric enthalpies obtained at ionic strengths in the 0.5 to 0.9
mol/% range by application of a computer code developed at the U.S.
Geological Survey. The code, designated as PHREEQE, makes use of a
modified Debye~Huckel and Davies expressions to convert concentration
data at the experimental ionic strengths to ionic activities.

wehe derived from the

With the acquisition of the data on the plutonium systems a complete
set of enthalpies for the formation of sulfate and carbonate complexes
of the dioxo ions of hexavalent actinides has been determined. For the
majority of the species these data include the first direct
calorimetric enthalpy determinations, complementing equilibrium con~
stant measurements yielding Gibbs energies for the same complexes.

The aggregate data indicate that in most natural waters sulfate complex
formation should not be of major importance. Equilibrium constants for
the formation of the 1:1 dioxo actinide ion + sulfate complexes vary
from 1584 to 2818 in the series UOZ+2, Np02+2, Pu02+2. While
calorimetric data show that complexes with more than one sulfate group
exist, they are much less stable than the 1:1 complexes. The standard
state enthalpy value for the uranyl monosulfato complex is AH® = +19.6°
+ 0.6 kdJ/mol. The corresponding values for the neptunyl and plutonyl
complexes are smaller by 2.9 kJ/mol and 3.5 kJ/mol, respectively. :

In contrast to the sulfate complexes, the carbonate complexes are

notable for their rather high stabilities. All three dioxo actinide
ions form well~defined carbonato ions with carbonate to actinide
ratios of 2:1 and 3:1. Equilibrium constants for the 2:1 complexes are

of the order of 10+15

viz. ~ 10+22

; those for the 3:1 complexes are even higher,
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-t The earbonato complexes form according to equation 1

+2 “2 > 2(1#3) C

Aco, : +_JCO3‘ « An(co3)j (i)

where j may assume the.values,Z or 3. The standard state enthalpies of

reaction for the various values of J have large negative values., From

the calorimetric.data an average enthalpy decrease of AH® = # 14,0 +

_ 0.5 kJ/mol is calculated for the attachment of one. carbonate group in

; reaction 1. This enthalpy which is strongly negative compared to that

; of sulfate reflects the fact that a substantially higher energy is
involved in the bonding of a carbonate group to the actinide central
atom. The stability of the aqueous carbonate complexes results in the
hexavalent actinides remaining in solution at pH values above 8. This
behavior may be significant because both neptunium and plutonium can be
oxidized under the influence of radiation to the hexavalent state. As
a consequence, it is likely that both elements would remain in solution
in carbonate”rich waters. : :

C. Thermochemistry of Geothermal Materials (P. A. G, O'Hare, G. K.
Johnson, I. R. Tasker,,D. A Howell, and W. S..Wise) :

The objective of this program is to measure precisely, by calorimetry,
thermodynamic properties of zeolites,. silicates. and structurally~
related compounds. Materials selected for study are often key
components of geologic ensembles, they may have actual or potential
technological value, or they may be of basic scientific interest in
terms of structure or chemical bonding, Calorimetric techniques used
are as follows: solution calorimetry in aqueous HF or combustion

f calorimetry in F, or 0, for. the determination of standard molar en*

thalpies of formation, A

fH°~‘lbw—temperature‘calorimetry (5 to 350 K)

for the determination of molar heat capacities, Cs-m, and the derived

standard molar entropy, S°' drop calorimetry (T> 350K) for the deterr

mination of enthalpy increments, {H°(T)-H°(298 15 K)}, and the derived

p m(T), and differential scanning calorimetry for the determination of

1 .

CS and temperatures and enthalpies of - transition of decomposition.'
D

% Measurements cover the temperature range from 5 to 1500 K or the upper

temperature limit of stability.
In the past year, mordenite (Na0 361Cao-zagAl0 9&0315\060 12-3 . 468H 0)

and the" corresponding ‘anhydride have been studied extensively and the
i following preliminary thermodynamic values have been obtained..

H(T) ; % (T)  se(m)ese(0) 80(T)
kJomol ™" JeK 1-mol A S kJ-moi“‘1
Mordenite ~(6756.2+4.5) (484,.33+0.97) (486.54+0,97) (~62L47.614.5)

Dehydrated Mordenite ~(5661.8+4.6) (295.76+0.59) (299.10+£0.60) (~5338.6+4.6)
'.'-5..




Studies of silicalite (S510,) have been concluded with the determinatdop
of the high temperature enthalpy increments:

*y

{Ho (T)-He (298,15 K)}/(Jemol™") = 592881 (1/K)"" w15773.2
+ 387780 (T/K) + 2.7288142 X 102 (1/K)% » 7.6509874 x 107 (1/K)3.

. ‘ . . 0 ‘
1.019%%0.,136X0.006%22.1805%6.820 18.733H;0
- ‘the following values have been obtained at T = 298,15 K: AfH;(T) =
1. | ,

’

For stilbite (Ca

~(11034.616.6) kJ-mol"

= (805.5411.61) J-K"‘_amo;"

. S R .
g, n(T) = (808.7311.62) 3K mol” ' ;55(T)=52(0)
'3 and A.GS(T) = K(10143,046.6) kJemol™ .

Three compositions of faujasite with different Al~to>~Si ratios have
been synthesized and their thermodynamic properties are being measured.
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Contractor: - LAWRENCE BERKELEY LABORATORY

University of California
Berkeley, California 94720

Contract: - DE~ACO3=76SF00098

CategorYi SRR ~ Geology, Geopnysics,band Earth Dynamics
Person in Charge: . ' 'T. v. McEvilly |

A,

Deep Electromagnetic Sounding of the Crust (H. F. Morrison, N. E.
Goldstein) .

The electrical resistivity of the shallow crust is related mainly to
the degree of connected pores and fractures, the degree of saturation
and the salinity of pore fluids, as well as past and present~-day ther-
mal effects which increase conductivities due to increased fracturing,
hydrothermal alteration and elevated temperatures. Less is known about
in situ conductivities of rocks in the lower crust (depths of 10 km or
more) except from laboratory experiments and from deep sounding data.
Deep zones of anomalously high conductivities have been reported in a
number of areas, and there has been considerable speculation on pos#
sible cause(s). - Although it was initially believed that some of the
conductors might be extensive regions of partial melt, recent informa-
tion suggests that brine~filled and/or graphite-lined microfractures
are also likely causes of deep crustal anomalies.

" The objectives of our investigations are to develop and'apply advanced

techniques for carrying out deep electromagnetic soundings, to develop
better numerical methods for data processing and interpretation, and to
develop better conceptual models for deep crustal anomalies.

During field surveys conducted in 1984 and 1985 we acquired a 3 Gbyte
data base of simultaneous natural magnetic and electric fields together
with biasial tilt signals. - These data were collected at stations on
two orthogonal arrays in eastern.California-western Nevada, with sta=
tion separations:.ranging from 100 m to 120 km. .The purpose of this
work is to develop better noise cancellation techniques for magnetotel+

_luric and controlled*source soundings. We have developed a linear

fitting, least~squares method which accurately predicts 40 to 70 dB of

-the natural magnetic field at .any station from data at one or more

other stations. This approach is valuable for cancelling natural
geomagnetic noise during a controlled-source sounding. . _

Nnmerical’processing techniques employing‘both stendard FFT's in the

frequency domain and by convolution in the time domain are also under
development. : e

Fast ASP Development (E. Majer and T. V. McEvilly)

‘The problem of inrfield processing of seismic data has been addressed

in many different aspects. Depending upon the type of data sought,
various amounts of computing power have been transported to the field.
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_In 1977, as part of the Department of Energy's geothermal program,
Lawrence Berkeley Laboratory began an effort to design and build an
Automated Seismic Processor '(ASP) that would detect and process data
from microearthquake arrays.. At that time it. was not uncommon to use
“an 8- to 12~element microearthquake array .to record. 20 to. 30. events per
~day. To provide faster answers to basic earthquake monitoring

~ problems, the ASP was designed as a low~power (-1 watt/channel), port=-

able, in-field processing system. The ASP was built and designed using
CMOS technology based upon the RCA 1802 microprocessor. Each seismic .
input channel is controlled by an 1802, These individual channel
devices, or WORKERS, are responsible for making a detection on a single
channel of data, picking the P~ S~wave performing FFTs on the windowed
P=- S~waves, and determining the quality of the data. Once detected by
each of the individual WORKERS the information. is sent to a central

‘Vmicroprocessor (LSI 11/23) that performs the event association and

determines if it is a valid ‘event, i.e., not a noise spike or other
noise. If the event is valid, then the 11/23 is programmed to perform
a number of higher#level processing sequences, i.e., to determine event
location, source properties, brvalues, etc. -

The ASP concept has served us well, but with the increased availability

" of ofr—the-shelf board sets and the dramatic improvement in CPU and

memory since 1977, we felt that a new improved version of the ASP was
necessary. We wanted the new version not only to be faster (e.g., a
sample rate of 500 sam/s at 16 bits rather than 100 sam/s at 12 bits
for very detailed microearthquake studies) but to include many features
that cannot be attained with CMOS technology (e.g., it is relatively
expensive with CMOS technology to devote a CPU or microcomputer.to each
channel of data). Therefore, in the Fall of 1984 we began designing
and building a prototype Fast ASP system. The system is designed to
carry out all of the functions of the ASP, in addition, the Fast ASP
will have the capability to store the time series data for each event
(80=mbyte disk drives; tape drive for backup).

The system is designed around the Motorola 68000 series CPU and a
'VME/VMX bus. We are currently using 68010s, but we plan to use 68020s
as soon as they are available in board sets with sufficient memory.
The first stage of the project is to build a 2li«channel, fully opera~
tional system. The target parameters for this firstrstage system are
as follows: ‘

1. 24 channels, 500 samples/s/channel.

2. 12 bit A/D.

3. Storage capacity for up to 100 events (i.e., full waveform data
plus processed data).

4. Capability of performing all present ASP processing plus the
capability to designate a P or an S channel (for three=
component data).

5. Streaming a disk at high data rates for AE data. The data
would be read back at slower rates for full processing.

6. Enhanced processing for array studies (i.e., F~K analysis, beam
forming).

7. Ethernet connection for networking to other systems.

-8
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a lt the present time we have built and or acquired all hardware to meet

the above objectives. The only exception being. the integration of an
array - processor. into the system to obtain- the. necessary ‘speed. . The
event detection, preprocessing, and FFT's 8 will be done in the workers
with the software written in C and assembly. The higher level process*
ing: (location, moment tensor, b*values, etec.) will remain in Fortran.
The overall system is controlled with a UNIX 4.2 (UNIX is a tradename
of Bell Labs Inc.) CPU. . This allows for I/O flexibility and interfac®
ing with other systems.

Upon completion of the prototype system (summer 1986), it ‘will ‘be field
tested. During our first field test with the ASP, we discovered many

“operational bugs that could have been found only through actual use.

Upon successful debugging, the 24~channel system will be- expanded to 96

channels by adding additional CPUs and analogrto*digital (A/D) convert*

ers. ' Plans also call for interfacing the system with digital telemetry
for full digital capability.r

Center of Comp;tational Seismology (T. V._McEvilly and E. L. Majer)

The purpose of The Center for Computational Seismology (CCS) is to
provide a facility with a wide range of. computational tools to serve
DOE programs in the basic energy sciences and other -areas of energy
research. Research over the entire spectrum ‘of ‘seismology is carried
out at CCS, from basic studies in earthquake source mechanisms to the
applied work of reflection seismology. The corner stones of CCS are
the solid theoretical base provided by the involvement with the depart
ment of Geology & Geophysics and Engineering Geoscience from uc
Berkeley, and the hardware and. software facilities found at a national
lab suoh as. LBL ’ : : , : . _ '

~In the pst year, having successfully implemented a solid base of
;software and addressed our data base problems, ccs has. evolved into a

“.useful ‘and flexible research tool. CCS now has. its own . dedicated DEC

1VAx 11/780 (VMS). in addition to. significant Cray X=MP access’ provided
by DOE's office. of Basic Energy. Sciences. The software ‘base is made up
- of some three years of our own efforts in coding internal analysis
‘routines in addition to the processing tools of DISCO (Digicon Ine.,

INGRES, (Relational technology) and the Geoquest Inc. AIMS package. We
now have the ability to address research topics that we were previously
not capable of embarking on. For example. we have been putting

. together a. solid program in fracture detection using. seismological

methods. The thrust’ is to integrate theoretical studies in wave

__propagation with the already existing software tools of". reflection
-8eismology and vertical seismic profiling (VSP). In. addition to .this

' work, we are also supporting the data processing efforts of CALCUST, a
. consortium of several California universities to use innovative refleck

" tion techniques to ‘address ‘the structural complexities of California.
" Overall, CCS has grown into a mature research unit carrying out a broad

range of research topics. Following is & list of the principle re#

.search projects during the last year.




(1) CALCRUST, California Cbnsortium for Crustal Reflection Studies.’
(2) Use of Shear wave Vertical Seismic Profiling for Fracture

Detection,

(3) Vertical Seismic Profiling at The Salton Sea Scientific Drilling
Site.

(4) The Application of Tomographic Inversion Techniques to Seismic
Data.

(5) The Application of Vertical Seismic Profiling/Tomographic
Techniques for The Delineation of Geothermal Reservoirs.

(6) The Development of Seismic Techniques for the Real Time
Monitoring of Grout Injections.

(7) The use of High Frequency Seismic Monitoring for Mapping
Hydrofractures.

(8) Crustal Velocity and Attenuation Modeling Across the San Adreas

' Fault Zone in Central California

(9) Synthetic Modeling of Global Digital Seismic Network Data

(10) Lateral Variations in Mantle P-Wave Velocity from Tectonically

N Regionalized Tau Estimates

(11) Tectonically Regionalized source and Receiver Tau Perturbations
for estimation of P-Wave Travel Time Corrections.

+(12) Velocity Inversion of Near-Field Acceleration Data

(13) Aftershocks from Nuclear Explosions as Possible Indicators of
Fault Movement.

(14) Data Base Studies with the Center for Seismic Studies

(15) Extremal Inversion of Static Earth Displacements Due to Volume
Sources.

‘Test of an MHD Source for Crustal Electromagnetic Sounding (N. E.
- Goldstein and H. F. Morrison)

An engineering test of a horizontal loop electromagnetic sounding
system using a magnetohydrodynamic (MHD) generator will be conducted in
conjunction with field tests of the generator at a site in southern
California. Crustal conductivity mapping will be greatly facilitated
if compact and transportable electromagnetic loop sources are developed
with moments >10° Amp*m?. The Russians have reported considerable
success with such a system using MHD generators of up to 60 MW with
pulse durations of up to 10 seconds.

A 5.0 MW prototype MHD generator has been built by STD Corporation of
Monrovia, California. The unit is trailer mounted and can deliver
multiple pulses of 10,000 Amp into a 0.06 ohm loop for 3 to 5 seconds.
Further tests are planned in August>September 1986, using this source
to drive an EM loop transmitter. With a square loop of 250 m on a side
the moment will be ~6x10® A#~m?, more than enough for sounding to 5 to 7
km. Several soundings will be made using this source, SQUID mag~
netometers, a remote reference cancellation scheme, and accurate
current monitoring. This experiment will yield a conductivity profile
of an interesting geological area within 10 km of the San Andreas Fault
and in the area of planned Cajon Pass hole. It will further enable us
to access the practical limitations of this, and more powerful MHD
generators, for future routine crustal surveys.
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F.

Effect of Fracture Characteristics upon Acoustic Wave Propagation in
Boreholes (M. S. King) ,

Fluid flow in rock 1s.governed by the product of a single rock
parameter, permeability, and the hydrological potential.gradient exist~
ing in the rock mass. The determination of permeability is critical to
any endeavor for which a knowledge of fluid flow is required. Such
fields of interest lie in geothermal energy extraction, oil and gas
recovery, deep crustal studies, energy storage in aquifers, and the
storage of hazardous wastes. In rocks of low porosity, including many
igneous, metamorphic and massive calcareous types, the in situ per~

meability is controlled by the presence of fractures rather than by the
. rock matrix permeability. :

Geophysical borehole methods are available for detecting the presence
of fractures adjacent to a borehole and therefore offer the potential
to assess the rock mass permeability in those cases that it is control#
led by fractures. - In particular, the borehole sonic log has shown
considerable promise for. locating fractures in rock. Field experiments
have been conducted in which digitized sonic log waveforms were ob®
tained across single,,horizontal,‘isolated fractures intersecting a
borehole in a crystalline rock mass. The fluid flow characteristics of
these isolated fractures were measured using conventional borehole
packer techniques, and the results compared. The field test will be

~extended. to zones in the same rock mass where systems of fractures

intersect the borehole, and again-the”results,of sonic and conventional
packer tests will be compared. The theoretical aspects of elastic#wave
propagation along a borehole intersecting a fracture of systems of

- fractures are also being studied, to establish the importance of frac

ture parameters, such as frequency of occurrence, aperture, and
roughness, on velocity and attenuation. The theoretical studies are
complemented by laboratory tests involving acousticAwave propagation in
rock specimens containing systems of fractures and microcracks. The
field and laboratory experiments, and theoretical studies will estab*
lish correlations between acoustic wave parameters and the permeability

.of the rock mass-adjacent to the borehole.

Microcrack Growth in Crystalline Rock (L. R. Myer and N. G. Cook)

~ The obJective of this research is to develop a better understanding

through theoretical and laboratory investigations, of the inter#
relationships between microcrack formation, changes in microcrack
density, and the thermomechanical properties of crystalline rock.

 Analogous in many ways to the effects of microcracks on properties of

laboratory sized samples are the effects of joints-and fractures on the
thermomechanical properties of rock masses. Comparative evaluation of
the effects of microk.and macro® cracks on physical properties of rocks
has become an important element of this research.

In earlier stages of this research program fracture mechanics concepts
were employed to evaluate the effective moduli of an elastic solid
containing strongly interacting rocks. The same concepts have been

Mpl&




.
L}

uSed‘to‘evalnatenthe‘stitfneSs of a single fracture represented in two
dimensions by a series of coplanar closely spaced cracks.

Stiffness of a single fracture 1s an essential element in a new model
of the propagation of seismic waves across such a feature.
Essentially, a single fracture is modeled as a zero thickness. interface
which produces a discontinuity in seismic wave displacements while
"seismic stresses remain continuous across the fracture. The magnitude
of ‘the seismic displacement discontinuity is dependent upon the stiff~
ness of the fracture, that is, the ratio of stress to displacement
across the fracture. . A consequence of" the. theory is that the attenua#s
tion and decrease in group velocity of a wave propagating across a
fracture 1is dependent upon frequency and the .contrast in acoustic
impedance between the fracture and adjacent rock.

'The seismic displacement discontinuity thecry has been verified in
* laboratory tests using steel samples with a single interface calculable
- stiffness, Laboratory tests have not been performed on cylindrical '
- samples of granitic rock containing a. single natural fracture. In
these tests compressional and shear waves with a center frequency of
about 400 kHz were propagated across the fracture while it was sub~
Jjected to normal stresses ranging from about 1.4 MPa to about 82 MPa.
Effects of the fracture on wave propagation were evaluated from the
ratio of spectral amplitudes of the measurements on the fractured
sample to those of identical measurements on the fractured sample to
those of identical measurements on a sample without a fracture. 1In
addition to the seismic measurements, fracture deformations were ob*
-tained under quasi~static loading conditions. From these measurements
values of incremental displacement discontinuity as a function of
stress across the fracture were derived.

Above a normal stress of about 70 MPa, the presence of the fracture had
little effect on the transmitted wave as evidenced by a spectral ratio
of nearly unity. Correspondingly, the incremental displacement discon*
tinuity across the fracture approached zero. At lower normal stress
the effect of the fracture was to cause a frequency dependent attenuar
tion of the transmitted wave. Corresponding to the increase in
attenuation was a significant increase in the incremental displacement
discontinuity. As the normal stress across the fracture decreased the
stiffness of the fracture also decreased, leading to the observed
frequency dependent attenuation.

In addition to the single fracture seismic wave studies, a technique
was developed for study of the effect of anisotropy in microcrack
density on acoustic waves properties. In this technique, a cylindrical
core is encased in a titanium sleeve and the space between the core and
the sleeve is filled with a Wood's metal~like alloy. Acoustic wave
transducers are attached to the sample so that the wave propagate
diametrically from one side of the sample to the other. By rotating
the transducers around the sample of the effects of anisotropy on the
wave properties can be evaluated. In-an initial test on ‘anisotropic
Bandera sandstone, a 10% anisotropy in both compressional and shear
wave velocities was evident.
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Advanced Research Concepts (T. V. McEvilly) *

Research performed under this project allows selected new scientific
concepts in the Geosciences. to be pursued to a stage sufficient for the
investigator to present the concept in terms of a well formulated
technical proposal. Work on such conceptual research topics may in#
clude literatrue reviews, scoping studies, first*order conputational
efforts or generation of basic experimental data. New topics are

- selected annually based on the concepts' scientific ‘merit, its

relationship to Geosciences Program plans and the efforts' potential
contribution to- the research missions of the Lawrence ‘Bérkeley

“?Laboratory.

In fiscal year 1986 AGRC emphasizes innovative research initiatives in
geophysical remote sensing of the earth's crust. Topics encompass

early investigations of long‘distance remote rererencing of electromag-
netic surveys, borehole * based seismic profiling employing ‘poYarized
shear waves, and acoustic tomography to characterize heterogeneous rock

masses. A second activity is in the area of advanced

hydrological/geochemical transport code development.

Beyond FY 1986, AGRC will emphasize characterization of physical®

 chenical processes at great depths in the earth's crust. In addition
to activities supporting the CSDP and URL initiatives, we plan to
‘explore the concept of a centrifuge for high temperature (to 1600°C)

environments to investigate properties of silicate melts.
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NA. Thermodynamics of High Temperature’Brines (K. S. Pitzer)

This project covers theoretical and experimental studies concerning the
thermodynamic properties of aqueous electrolytes at high temperatures.

The components important in natural waters and brines are emphasized.

The resulting data are important in understanding certain geothermal

- and other natural resources and in fission#product waste disposal.

Moreover, this information has a wide range of applicability, since

‘similar solutions arise in many industrial processes and in high#®

pressure steam power plants.

The experimental program involves measuring the heat capacity and the
density of solutions in the range 0 to 300°C and 0 to kbar. These
measurements suffice to give a comprehensive equation of state,
provided that other thermodynamic properties are known for a particular
system at room temperature and pressure.

Theoretically based equations have been developed for the thermodynamic
properties of aqueous NaCl valid from 273-823 K, to 1 kbar, and to
saturation with the solid. Recently, an equation was developed for
NaCl in steam valid to the pressure of the three~phase line below 900 K
and to 500 bars from 900 K to 1300 K and probably to still higher
temperature. This result clarifies the NaCl~H20 phase diagram where
there were conflicting data above 900 K.

Other theoretical work has yielded equations predicting the properties
of mixtures based on the knowledge of the pure component solutions in
water. In a number of cases, the calculated results for mixed brines
are well verified by direct measurement. Phase equilibria can be
predicted. In collaboration with the Whiteshell Nuclear Research
Establishment, Atomic Energy of Canada, equations h§ve bggn developed
for systems involving such fission product ions as Cs , Sr , I, IO, .
When these data are combined with earlier results, a comprehensive
treatment can be given of phase equilibria over a range of gempegaturgs
for solutiong containing the geochemically important ions H, Li, Na_,
K,Cs,Mg ,Ca ,S9 , S ,and¥F, Cl, I, IO,, so, , HCO, ,
OH .
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Thermodynamic Properties of Silicate Materials (I S.E. Carmichael, R.
A. Lange, D. A, Snyder) ~ - . ,

Accurate data t'or the thermochemical and physical properties of sili-
cate minerals and melts is tantamount to modern quantitative igneous

. petrology. - There is a growing need for these data for predictive phase

equilibria models, heat balance calculations during magma evolution,
and for developing ‘and: constraining chemical models of silicate
liquids. It is'the objective of this proJect to measure these ther=
modynamiec parameters and the physical properties of silicates and their
melts. R R : .

Currently, the emphasis is: o‘n determini‘ng the enthalpies and enthalpies
of fusion of refractory minerals. A highly.accurate adiabatic high

~ temperature drop calorimeter. has been: brought to its final stages of

construction and is being: ,prep_ared for calibration. This instrument
will operate between 1800 and 2700 K and hence is suitable for measure~
ments on corundum,: Al,0y, and minerals (e.g., forsterite, Mg,SiO,, and
spinel, MgAl,0,) that constitute the 'source regions of many magmas.

Enthalpies of t‘usion of these minerals, which have never before been

determined, promise to- provide a large piece in the puzzle of magma
generation and evolution. ’ S

4

Generation of Petroleum and its Precursor Compounds (0. Weres)

The objective of this project is to simulate the generation and evolu~
tion of petroleunm: hydrOQarbons -and their precursor. compounds in the
laboratory. The ultimate purpose is to. improve understanding of the
chemical reactions that produce petroleum in'nature. The knowledge may
lead to improved: methods of findings and recovering oll and gas. This
work has contributed to a ‘better understanding of the hydrothermal
chemistry of organic compounds, a topic with applications broader than
petroleum geochemistry. SR

A variety of organic compounds and polymers have been reacted with clay
and brine. in an autoclave at.315°C for several years. The reaction
products are extracted and fdentified using gas chromatography, coupled
gas chromatography ~ mass spectrometry, and mass spectrometry.

A series ofl'e'xperiments with alcohols, alkenes, and alkanes have

‘demonstrated why alkenes are largely absent from petroleum. Alkenes

rapidly add to alkanes producing alkanes of higher molecular weight.
All reactions of hydrocarbons may be explained in terms of free radical
chain mechanisms, and there 1s ‘no clear evidence for ionic reaction
mechanisms. K : . e

Experiments with carboxylic acids have demonstrated the source of the
abundance acetate ion in hot ‘gas’ field waters. . Larger molecules and
polymers that contain carboxylate groups preferentially decompose to
yield acetic acid." Acetate then slowly decomposes to methane and
bicarbonate ion, and may be an’ important precursor of natural gas in
certain situations. v

. ~15-




h)

A computer program which models phase relations in the system brine ~
0il - gas at high temperature and pressure has been completed and used

to explain the production of liquid hydrocarbons from geopressured gas
wells. A small amount of oil is present, dispersed in the formation.
The more soluble aromatic hydrocarbons dissolve in the brine, and are
produced with the brine and gas. Gas dissolved in the brine combines
with the remaining paraffinic hydrocarbons to form a supercritical gas

_phase, which is very’fluid,and able to migrate to the wellbore.
*Increasing production of gas condensate indicates the supercritical gas
“phase is migrating toward the wellbore, and appearance of alkanes CH8

and up indicates that production of oil is 1mm1nent.

Studies of the Interactions Between Mineral Surfaces and Ions in
Solution (D. L. Perry) . .

- This project determines the basic surface chemistry of common minerals

(both synthetic and natural) and the chemical reactions of metal ions

‘with the mineral surfaces. The research consists of the following

areas: 1) basic spectroscopy of natural minerals and their synthetic

“counterparts, 2) spectroscopic studies of the chemical states of metal

ions that have been adsorbed onto the mineral faces from solution, and
3) syntheses and spectroscopy of model compounds that form in the
mineral/metal ion reactions.

Multiple experimental techniques used in the spectroscopic studies
include x~ray photoelectron, electron paramagnetic resonance, Auger,
and infrared spectroscopy. Secondary ion mass spectrometry, along with
depth profiling, has also been used to study the extent of radionuclide
migration into the mineral bulk. The research to date has focused on
the interaction of uranium with zeolites, components of basalt and
tuff, two of the leading candidate host rocks for nuclear waste
repositories.

Other research has involved the reductive chemisorption of high-valent
metal ions such as uranium(VI) onto sulfide substrates (galena, pyrite,
etc.). The chemical states of the metal ions can then be translated
into oxidation states and functional groups and chemical species; this
work is also being conducted using complementary laser-~oriented tech=
niques (Raman and Fourier transform infrared spectroscopy).

The results of these studies will provide a more comprehensive under#
standing of the bonding between metal ions and geologic materials, and
they will provide a larger data base for theoretical models used to
predict metal ion migration in geologic media. ‘

Abiogenic Methane Production from Igneous and Metamorphic Rocks (J.

Apps)

The purpose of this project is to determine the origin and conditions
of formation of methane associated with igneous rocks. The possibility
exists that methane derived from abiogenic sources may have. contributed
substantially to the world's oil and gas accumulations. The problem is
being approached from three directions: (1) through examination of the
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. thermodynamics of methane stability in the upper mantle and lower

crust, (2) by theoretical simulation of the hydrolysis from mafic and
ultramafic rocks between 25 and 500°C, (3) through autoclave experis
ments of mafic rock hydrolysis between 150 and 400°C.

Investigations have focused on refinement of the thermodynamic
properties of minerals participating in hydrolysis reactions involving
mafic and ultramafic rocks, and the role of seawater components in
inhibiting or modifying methane formation. Computer code modifications
to facilitate theoretical modelling have been completed. Modification
of an autoclave for experimental verification of theoretical modelling
results is under way.

Nonisothermal Reservoir Dynamics (C. F. Tsang)

This proJect encompasses a wide range of fundamental studies of fluid,
heat and solute transport in rock. - These studies are relevant to
geological disposal of nuclear. waste, chemical waste disposal, unders
ground energy storage, geothermal energy and other energy~related
problems. The goal is to better understand various physical and chemis
cal transport processes in porous or fractured media and their effects,
through theoretical. considerations, mathematical_modeling and
laboratory investigations. I SR ,

The following topics are addressed-;,

a. Coupled thermothydroﬁmechanical effects are being studied based on
‘numerical. modeling. The main’ computen code being used is ROCMAS,
developed by LBL under DOE funding. Besides applying to nuclear
waste storage scenarios, a case study in petroleum reservoir rer
search is also being addressed. The latter is related to
hydrofracturing an oil reservoir by injecting water that. is colder
than the formation temperature. _Recent indications from an oil
field show that the pressure required for hydrofracturing is lower

- by about 5 MPa in the non~isothérmal:than in the 1isothermal case.

- Such a study not only validates our computer code, but also
_provides the .physical insight .and understanding of coupled
processes in oil reservoirs. .. -

b. The work on borehole/surface resistivity measurement of hot water
-or. contaminant plume movements in an aquifer {s continuing. A
small fleld experiment will be carried‘out to validate the tech#
nique and computer results. If proven by the field test data, we
may have a useful and economic method to trace fluid plume
movements. The project is Jointly funded by the thermal energy
storage program of DOE.

C. Advanced well test techniques are being developed with emphasis on
_ non¥conventional measurements. Conventional methods mainly use
pressure or flowkrate measurements while we are exploring methods

involving temperature, tracer and geophysical measurements. These
new testing methods are needed to better characterize the aquifers
and fractured porous media of concern in toxic or radiocactive waste
transport. .
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Chemical Transport in Natural Systems (C. L. Carnahan and J. S. Remer)

The existence of coupling'between transport processes to create flows
of heat, volume, and solutes driven by forces seemingly unrelated to
the flows has been known for many years. The coupled effects cannot be
explained within the framework of equilibrium thermodynamics nor by
invocation of the classical phenomenological relations of Fourier,
Darcy, Fick, and Ohm. A new approach, the thermodynamics of irrevers®
ible processes, has provided a theoretical basis for interpretation and
study of the coupled processes, which include chemical osmosis, thermal
osmosis, thermal diffusion (Soret effect), ultrafiltration, electro#
osmosis, electrophoresis, .and coupled chemical diffusion.

We have been applying the thermodynamics of irreversible processes to
theoretical studies of chemical transport in systems where the coupled
effects could be expected'to be significant relative to the direct
effects predicted by Fourier's Law, Darcy's Law, and Fick's Law. Such
systems are acted upon by gradients of temperature, pressure, and
composition, and may contain materials that behave as semipermeable
membranes, in which coupled osmotic effects are especially prominent.
It appears from data reported in the literature that water®saturated
clays and shales can behave as osmotic membranes in nature, creating,
for example, observed anomalous pressure differences between aquifers
of different salinities. 1In addition to their intrinsic geological
interest, semipermeable clays are used as barriers to migration of
toxic chemical wastes and of radioactive wastes at uranium mill tai-
lings dumps, and have been proposed for use as barriers to migration of
radioactive wastes at underground nuclear waste repositories where
thermal, as well as chemical, driving forces will be present.

During 1985, we developed a numerical simulator of the coupled (and
direct) processes occurring in the presence of continuously evolving
fields of temperature, pressure and composition. We extended previous
work by others and derived governing equations for temperature and
pressure that include explicit contributions from entropy production by
irreversible processes. Because of the nonlinear nature of the govern*
ing equations, considerable difficulty was encountered in their
solution. In addition, no analytical solutions are available for
verification of computed results, and many manual calculations have
been done for this purpose. The results have been generally very good.
Simulations run in the coupled modes have produced highly interesting
results that agree qualitatively with our expectations of coupled
system behavior. For example, in simulations with a boundary condition
specifying zero flow of water in the presence of either a solute con-
centration gradient or a temperature gradient, the computed pressure
gradient is observed to change so that an advective flow of water
cancels the chemical osmotic flow in the first instance or the thermal
osmotic flow in the second 1nstance.

Our research has been aided significantly by access to the Cray X-<MP
computer at the National Magnetic Fusion Energy Computer Center.
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Impacts and Mass Extinctions (L. Alvarez, F. Asaro, H. V. Michel, and
W. Alvarez)

The overall bbJective of thisiproject is to determine the relationship

between asteroidal or other large-body impacts on the Earth and
repeated massive extinctions of life which have occurred in the last
570 million years (MY). The primary mechanism for the research con~
sists of intensive chemical and selective mineralogical studies (on
sediments near both major and minor extinction boundaries) which are
run in parallel with floral and faunal fossil studies by collaborating
geologists and paleontologists., A secondary but major objective is to
ascertain if a series of time markers of very high precision and ac~
curacy (in the form of iridium and other geochemical anomalies) can be
developed for relative dating and correlation of sediments in many
different parts of the world. A minor objective is to evaluate the

‘major chemical and mineralogical alterations which have occurred in the

sedimentation of the 65 MY old Cretaceous-Tertiary (K=T) boundary, the
one most closely linked to a large body impact, in order to predict the
behavior expected in older boundaries.

We have built and tested an Iridium Coincidence Spectrometer (ICS)
which can measure low~level Ir contents of very calcareous samples
after neutron irradiation 500 times faster than by instrumental neutron
activation analysis with the same precision. No chemical separations
are needed and the time for sampled preparation is very minimal. The
instrument is 100 times faster than measurements made on partially
separated iridium extracts which involve techniques developed at LBL in
the past for large scale sampling. It is 10 to 100 times less labor
intensive and more economical than analyses made on completely
separated iridium fractions. The ICS is not subject to uncertainties
in chemical yield of Ir 1like radiochemical measurements or the pos=
sibility of laboratory contamination by stable Ir carrier.

A 2 1/2 year systematic search for Ir anomalies (utilizing our
radiochemical separation method) in the 500,000 year span of the
paleomagnetic zone anomaly 29 reversed (G-zone in Italy) has been
completed. Besides the huge Cretaceous ~ Tertiary (K~T) boundary
iridium spike, ~ 3000 parts~per~trillion (ppt) Ir, there is a plateau
with sloping sides under the peak as high as 30 ppt of Ir. The plateau
extends 1.1 meters below the K=T boundary into the Cretaceous system
and up about 1.5 meters into the Tertiary system and rests on a back-
ground of 12 ppt Ir.

The lack of any significant Ir anomaly over a half#million year span
other than the one at the K~T boundary indicates these anomalies are
very unusual events not related to ordinary deposition of sediments.
These data give strong support to the asteroid (or comet) impact
theory.

A prominent Ir anomaly (180 ppt) has been identified in ~ 39 million
year old sediments form DSDP Hole 592 taken from between Australia and
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New Zealand. This is the most southerly 36° 28.40' south latitude) of
the approximately 10 locations where this iridium horizon has been
identified and confirms its world#wide distribution. Preliminary
measurements indicate there may be considerable fine structure in the
Ir anomaly with very small peaks (9+#30 ppt) in the region 1 meter below
to 14 meters above the main Ir peak.

Fine structure in Ir anomalies is expected if the theory of multiple
comet impacts associated with periodic extinctions is correct. Also
the enhanced deposition of cosmic dust associated with such impacts
would lead to Ir plateaus under the major Ir anomalies.
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A. Hydrothermal Chemistry (A. F. White and H. A. Wollenberg)

This project supports the CSDP program by providing geochemical input
to define potential thermalsregimes drilling targets and to investigate
those targets. Activitles are centered at the Valles Caldera, New
Mexico, Long Valley Caldera, California and the Salton Sea geothermal
field California. ' .

. A detailed computer model of chemical reactions of hydrothermal fluids

within the Valles Caldera has been completed. These are the first
results from use of a reaction path model to characterize the
hydrothermal evolution from initial ground water recharge to discharge
from a thermal spring system. The model demonstrates quantitatively
that the liquid and gas chemistry in the reservoir can be produced
completely by reaction with reservoir rocks along a thermal gradient
with no magmatic input required. High measured CO_, pressures are
reproduced by silicate metamorphic reactions in carbonate rocks under~
lying the caldera. Reaction kinetics werg, employed with an estimated
reactive rock*water ratio of 0.5 kg.kg based on an independent es~-
timate from '°%0 shifts and lithium mass balances.: A total reaction
time of 3.5x10°® years was calculated for the hydrothermal system. The
chemistry of the retrograde thermal discharge system culimating in hot
springs outside the topographic confines of the caldera was also
modeled. Cationchloride radios indicate that chemical reequilibration
ceases to occur at temperatures below 295°C. The effects of chemical
reactions on the Na=#K and NakK~Ca geothermometers are quantitatively
explained. Fluid and gas samples were collected from the Casa Diablo
geothermal field and other hot springs in Long Valley. The alteration
mineralogy of rock cuttings from a number of wells is also being
characterized. Integration of this data will permit characterization
of equilibrium conditions in the Long Valley hydrothermal system.
Isotope ratios of meteoric water, ground water, and rock are being
investigated to determine the recharge source and circulation time of
the hydrothermal fluids. Carbon=13 data indicate that altered roof
pendant carbonate rocks within the caldera are significant contributors
of the dissolved CO, in the geothermal fluids. The '®C signature at
Long Valley can therefore not be attributed solely to a magmatic CO

source. 2
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The major project acti#ity at thé Salton Sea, in cooperation with LANL
and SNL, has been attempts at .in situ downhole sampling of brines at
the SSSDP well. Due to high temperatures (300 to 350°C) and the cor*

- rosive nature of the saturated brine, a large number of technical

difficulties were anticipated and encountered in the use of downhole
samplers. Two successful runs were made, one using the LANL two*liter
evacuated sampler and one with the LBL flow<through sampler. Analyses
of fluids collected by both samplers are currently being conducted.
Results will provide important information on effects of sampler design
and comparisons with analyses of flashed wellBhead samples obtained
during a flow test. .

Pre~Drilling Data Review for the Long Valley Caldera; Calforﬁia (N. E.

Goldstein, T. V. McEvilly, H. F. Morrison, Harold Wollenberg)

The Long Valley caldera is one of the best studied Pleistocene silicic

| volcanic features in the world, and a prime candidate. site for a
- phased, deep exploratory hole to penetrate into the "near#magmatic"

environment. To help determine the site for this hole, LBL is coor~
dinating and expediting the processing and interpretation of
uninterpreted geophysical data sets for the caldera. This presdrilling
data review, co~funded by DOE/GTD and DOE Basic Energy Sciences, will
lead to a major workshop in early 1987, where improved interpretations
regarding subsurface structure and thermal conditions will be
presented. To carry out the data review we have identified all re#
search being conducted in Long Valley and all researchers with data
sets under or needing evaluation. -Three working groups, seismology,
electrical®=gravity*magnetics, and hydrologyﬂgeochemistry, have been
organized to keep the various researchers informed of what the others
are doing and to plan presentations at the workshop.

New studies underway because of this project include:

a. 2-D and 3~D resistivity models, based on nearly 60 new magnetotelr
luric soundings, an airborne electromagnetic survey (INPUT), and
various controlled*source soundings.

b. Processing and interpretation of two lines of high resolution CDP
and wide®angle reflection seismic data.

¢. 3=D inversions of P2wave delay and seismic wave attentuation, using
data from teleseisms and local earthquakes.

d. 3=D density inversions, using over 400 gravity'stations with
topographic, isostatic and regional corrections, and: constraints
from drill hole and seismic refraction analyses.

e. Combined 1nterpretations of gravity, P&wave delay and magnetic
data.

In addition to the new data from the 2346 ft~deep Shady Rest core hole
in the caldera's west moat, we are currently negotiating with Unocal,
Geothermal Division to find a basis by which Unocal will provide us
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 with data from their 44-16 well in the west moat and their sets of

surface geophysical data, .We have also identified several studies
recently completed by. graduate students that include a Curie isotherm
analysis based on the high®level aeromagnetic data and.3kD extremal
inversions of vertical uplift and P#wave travel time data. Results of
‘these studies will ‘be. folded into the subsurface models.

Reflection Profiling at the Salton Sea- Deep,Hole (E. Majer and T. V.
McEvilly) s . R

As-a first step in determining the seismic properties of the Salton Sea

geothermal zone, a multi-source (PA, SV#, and: SH), multi~offset

- Vertical Seismic Profile (VSP) was carried out in the Salton Sea deep

well. The objective of this study.is to determine the seismic struc-
ture and lithology near and away from the well, and correlate the VSP
data with the well log and core information. A second objective is to
look below the well for reflections from the basement structure and/or

‘other  features ‘that may be actingTaS'reflectors,»1.e.»pluton3“or other

intrusive bodies. Also, ‘the VSP data would be very useful for planning

~ any subsequent surface reflection'studieS»or»further;VSP‘work..

The VSP work was carried out laté March of 1986.- The VSP. survey ex#
tended to a depth of 5700 feet, at which point the- high temperatures

- prohibited any further extension of survey. Two complete offsets were

carried out in the 42 hours of rig time.allocated. At the near (500
feet) and far (2500 feet) offsets the three: component‘gecphone was
moved from 5700 feet. to 2000 -feet.in 50 foot intervals. At: each'interﬁ
val in the well a P~, SV=~, and SH~wave source was recorded., In: total,
over 2000 "shots" were recorded . at almost 150 levels in the well.
Currently, the data are being processed at the’ Center for Computational
Seismology at LBL.V Preliminary processing indicates that there 1is
severe S~wave' attenuation at the bottom of the survey zone, with not as
severe P~wave attenuation. After complete processing’ the velocity,
attenuation and S®wave polarization anomalies will be- compared with the
known structure. The VSP data will allow extrapolation of the physical
properties measured in the well to zones below and away from the well,

Geophysical Measurements Facility (E Majer and T. V. McEvilly)

The Geophysical Measurements Facility (GMF) was established ‘at 'LBL to

;. facilitate the use of field instrumentation in BES and other programs,

by establishing a facility to maintain geophyscial equipment in a
field~ready and calibrated state. Many proJects that . involve field

_measurements often are required unexpectedly to devote large propor#
‘tions of the runds refurbishing, renting, and/or buying- ‘equipment in
order to carry out ‘the experiment.’ The concept behind GMF is to mini#

mize the unexpected peripheral costs associated with" the ‘collection

- field data. BES developing programs such as Continental Scientific

Drilling have. heavy elements of field geophysical studies.r By sharing
properly maintained equipment overall field costs will be minimized.
GMF, while valuable in LBL programs, is meant to prcvide a facility
available to all agencies participating in DOE programs. For example,
Sandia has placed a portable drilling rig at GMF. ‘
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The list of equipment at GMF is quite long, and it includes a variety
of seismic (ASP(2), digital recorders, two seismic vibrators, VSP
recording and processing system, acoustic emission system) and electri#
cal instruments (controlled- source EM, DC resistivity, SQUID

~i;magnetometers). There is also a large variety of general field and

test equipment (meters, scopes, etec.) at GMF. Ths most recent addi~
tions are a complete VSP recording and infield processing system, and a
complete well logging vehicle. The well logging truck was donated by
DresserkAtlas. It will be. outfitted with 18,000 feet of new high
temperature (300°C) THconductor cable., GMF is now serving many DOE

'a»programs; BES Geothermal,-Waste Isolation, and it has succeeded in its
- goal of providing a pool of field=ready state~of-the~art equipment for
,the collection of geophysical- field data.

Geomechanical Laboratory Studies (L. Myer)

if‘A study was 1n1tiated to obtain physical properties of core recovered

F.

from the Salton Sea borehole. - Measurements will be performed in a test

apparatus developed as part of a OBES~sponsored study of transport
properties of rock~fluid systems at elevated temperatures and

. pressures. Emphasis will be placed on measurement of acoustic wave
.properties and intact and fractured rock permeabilities. Measurements

of compressional and shear wave velocities and attenuation will be made
on cores from different depths to evaluate changes in these properties
as a function of depth and proximity to production zones. Measurements
will ‘be made on both intact samples-and samples containing fractures.
This data will be important to the evaluation of VSP surveys already

- completed at the site.

. The effort in the initial phase of this study was directed toward

readying apparatus for measurement of the permeability of low per#
meability rocks.- The technique used for these measurements is based on

-the pulse decay method in which the permeability of a sample is related

to the rate of decay over time of a small differential pressure over
the length of a sample.

Continental Scientific Drilling Review Group (T. V. McEvilly and H.

Wollenberg)

Technical analysis and reviews are-carried out in connection with the

" - proposed and ongoing Continental Scientific Drilling projects. For

this purpose, appropriate experts are drawn together from other Federal
Agenclies, universities, industry and other DOE laboratories. For FY
1986-8T they are Keiiti Aki, University of Southern California; James
Combs, Geothermal Resources International; William Dolan, AMAX; John
Eichelberger, Sandia National Laboratories; Wilfred Elders, University
of California at Riverside; Robert Fournier, United States Geological

‘Survey; Carel Otte, UNOCAL; James Papike, South Dakota School of Mines;
‘John Sass, United States Geological Survey; Daniel Weill, Chairman,

National Science Foundation; Harold Wollenberg, Lawrence Berkeley
Laboratory; -Lee Younker, Lawrence Livermore Laboratory.
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Aqueous Solutions Database (S. L. Phillips)

The focus of this project is a National resource of mainly generic

‘chemical thermodynamic data for geoscientific research and advanced
- development. This computerized tabulation centers around internally

consistent values of Gibbs energy of formation, enthalpy of formation,
entropy and heat capacity mainly for inorganic materials at 25°C and at

- zero -ionic strength. Uncertainties are included for most values. ' From

these intrinsic data, equilibrium constants can be calculated up to
300°C and saline brines for those reactions important to geoscientifiec

'research. Hydrolysis and complexation of metal ions, and solubility of
" s8ilica are examples of chemical reactions. Beslides generic geologic

materials, data are available for minerals associated with basalts,
tuff, granite and salt. Values of thermodynamic properties for several
hundred geologic materials are ‘available over ARPANET, and in LBL
report 14996 (rev. 1). 1In 1986, a comprehensive model relevant to
prediction of the biogeological ceycling of selenium in the
aquatic/terrestrial environment was completed. Equilibrium constants
were calculated, e.g., for solubility of metal selenides, formation of
metal#“selenate ion pairs, and biomethylation of selenium. Property
values for two methylation products (CH,),Se(g) and (CH,),Se,(g) were
calculated based on the incremental .change in A_G and S for =CH, groups
added to H,S(g), ‘assuming the increment is identical for H,Se(g). - The
correlation coefficient for the linear relation was 0.99. The selenium
database was reviewed by recognized experts, prior to incorporation in
the larger Aqueous Solutions Database. ,

A preFprocessor was planned -and designed together with M.D. Siegel of

Sandia (Albuquerque) ‘to permit use of our internally consistent thers
modynamic database for statistical analysis of the various
uncertainties relevant to the storage of nuclear waste materials.
Important Gibbs energy values are selected with their associated uncer®

- tainties in the factorial design procedure, using the Sandia developed

Latin Hypercube Sampling methodology. The resulting equilibrium con#~
stants -form the . input data to the PHREEQE computer code.

» Fundamental Studies of Fluid Flow in Fractured Rock Masses under Stress

(P. A.~w1therspoon, Y. W. Tsang and L. Myer)

‘Fluid flow and mass transport in fractured roek masses are processes of
-importance in many areas of practical interest such as the isolation of
nuclear and toxic wastes, recovery of fossil fuel and ‘the development

of geothermal energy. Prerequisite to predicting these processes in a
rock mass is an understanding of them in a single fracture. In this

»,research,;fluid flow and mass transport in a single: fracture subjected
.to stress is being studied. . Recent experimental evidence suggests that

flow in natural fractures under modest stress is predominately through

.-interconnected channels:. A theoretical study has been ‘completed in

which fluid flow .through a single fracture was modelled by flow in
channels :characterized by an aperturevdensity distribution function and
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a spatial correlation parameter. - The aperture density distribution
function was represented by a Gamma function consisting of one

parameter.  Thus channels with statistically generated aperture

profiles were defined based on two parameters. Tracer transport be#

~ tween two points in a fractured media was represented by a number of

such channels. Calculated tracer breakthrough curves were found to
have features that corresponded well to those in recent data by other
investigators. Calculated pressure profiles along the channels sug
gested possible measurements that may be useful in identifying the
geometrical characteristics of channels. Both the tracer breakthrough
and pressure profile seem to be insensitive to the value of spatial
correlation chosen. However, their dependence on the form of the
aperture distribution function remains to be studied. Finally, predic#
tions were made for tracer breakthrough curves in the case of a single
fracture under various values of normal stress. These calculations

- showed that very small decreases in the mean aperture result in very

large increases in breakthrough times because on flow rates of the

-effect of constrictions in the channel.

The laboratory phase of this program was begun with the measurements of
the hydraulic conductivity of a single natural fracture in granite
under normal stresses ranging from about 1.5 MPa to 75 MPa. Flow tests
were conducted on fractures oriented roughly orthogonal to the long
axis of the cylindrical samples using the quadrant flow technique. In
this technique fluid flow from one quadrant of the intersection between
the fracture and the cylindrical surface of the sample is measured.

In addition to hydraulic measurements careful measurements were made of
the mechanical deformation of the fracture in response to effective
stresses up to 75 MPa. With a resolution of better than 0.5y these
measurements permitted a careful evaluation of the change in mean
fracture aperture with effective stress.

At effective stresses of less than 20 MPa, the fluid flow was found to
be proportional to the mean fracture aperture raised to a power some-
what greater than three. It is believed that this deviation from the
"eubic law" is because changes in contact area with effective stress
cause the effective hydraulic aperture of the fracture to change more
rapidly than the mean aperture between the fracture surfaces. At
effective stresses higher than 20 MPa, the mean fracture aperture
continues to diminish with increasing stress; but this has little
effect on specific flow because contact area is changing little with
increasing stress.

Transport Properties of Rock-Fluid Systems at Elevated Temperatures and

Pressures ( M. S. King, L. R. Myer, and W. H. Somerton)

The purpose of this research program is to develop and test a theoretik
cal model for the transport properties of rock~fluid systems at
elevated temperatures and pressures, with particular attention paid to
the behavior of tight, crystalline rocks. Transport properties of such
rocks are strongly influenced by the presence and distribution of
interconnected fissures and cracks within the rock. These in turn are
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affected by chemical processes that take place at a given conf'ining
pressure and temperature in the presence of a pore fluid.
Consequently, any model must incorporate a description of these fea-
tures and their behavior at elevated temperatures and pressures, A
promising point of departure for establishing such a model is to study
‘the propagation of elastic body waves through a material containing a
distributionh of fissures and cracks of different shapes and sizes.
Recent studies of models in which the pore configuration is assumed to
be a population of oblate spheroids embedded in an elastic matrix has
shown that elastic~wave velocity data may be successfully inverted to
provide a spectrum of aspect ratios for regularly-shaped.cavities.
This approach is being extended to cover a material containing fissures
. and fractures consisting of rough surfaces in contact, in addition to
. regularly-shaped cavities. The theoretical model will be tested by
. inverting compressional and shear-wave veloclity data obtained from
tests on specimens of different rock types conducted in a multiple-~
properties, highfpressure, high-~temperature cell now in the final
stages of construction. This cell makes possible. simultaneous measure~
ments of several physical properties on .a rock specimen as it is
subjected to a prescribed cycle of changes in confining and pore pres-
sure at different temperatures. The effect of chemical processes on
these physical properties will be monitored before making measurements,
and comparative observations made of pre-~ and post=test changes in
- petrofabric and compressional and shear~wave velocities and
attenuation; fluid permeability; complex:electrical resistivity and
phase~ angle/frequency relationships; thermal conductivity, dif-
"fusivity, and expansion coefficient; bulk and pore compressibility.
The multiproperties cell is currently being used to test the
feasibility of a transient test method of 1ow-permeab111ty shale
specimens. -
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Contractor: . LAWRENCE LIVERMORE NATIONAL LABORATORY
‘ University of California
Livermore, California 94550

- Contract: » W-T405-ENG~48
Category: | Geology, Geophysics, and Earth Dynamics
Person in Charge: L. W. Younker

- Scope of wbrk

The Geology, Geophysics, and Earth Dynamies Program at Lawrence
Livermore National Laboratory consists of six projects: (A) Rock
Mechanics, (B) Diffusion in Silicate Materials, (C) Electrical Conductivity
and Temperature in Upper Mantle, (D) Attenuation and Dispersion in
Partially Saturated Rocks, (E) Surface Wave Method for Determining
Earthquake Source Mechanisms with Applications to Regional Stress Field
Studies, and (F) Advanced Concepts.

A. Rock Mechanics (H. C. Heard, B. Bonner and W. B. Durham)

This laboratory program involves high pressure ~ high temperature
research in two broad areas: 1) Effects of porosity on the mechanical
and transport properties of rocks, and 2) Intrinsic physical
properties of rocks and minerals. Under 1), we are working on three
subtasks. The first seeks to quantitatively characterize the surface
topography of natural and artificial joints and fractures in order to
relate this to joint stiffness and fluid filow. To do this, we have
constructed a computer controlled profilometer and have made measure+«
ments on natural fractures from Fenton Hill (NM) and Stripa (Sweden).
The second subtask concerns thermal and pressure~induced microfracturs
ing in crystalline igneous rocks. Here, we wish to understand grain
boundary crack formation as caused by changes in pressure/temperature.
The resultant goal is to obtain a predictive capability for microcrack
generation and related physical properties under arbitrary pressure#
temperature paths as may be followed by cooling and unloading in the
crust, by operation of a geothermal production area or in a high level
waste repository. Using a simple inclusion model (Van der Molen,
1981), crack densities for three granitic rocks, a gabbro, and two
basalts have been calculated by combining the high temperature, high
pressure Young's modulus and bulk modulus data of Heard and Page
together with the theory of 0'Connell and Budiansky (1974). - These are
then compared with cracked densities derived from laboratory measures
ments of thermal expansion from Page and Heard (1981) and Heard and
Page (1983). For all six rocks, the results are dependent upon the P,T
path to which the rock is subjected. Considering the simplicity of the
model, we believe the comparisons are quite close for the three
granitic rocks. The model underestimates the crack densities of the
quartz-free gabbro and basalts. These results have been published
(Wang and Heard, 1985). We are now extending these studies to examine
crack location, crack volume and crack aspect ratio in four laboratory
tested granitic rocks over a range of P,T
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conditions. Diagnostic.techniques used in these studies include opti*
cal petrography, differential thermal strain measurements, acoustic
emission and compressional. velocity techniques.  The third subtask
emphasizes measurement of thermal conductivity and thermal diffusivity.
Here, we wish to understand how.microcrack formation, microchackfopenh

1ing or closure, affects thermal transport in igneous crystalline rocks

under pressure. For use primarily on relatively finetgrained rock
samples of the order of 2.5 cm in diameter, our automated measurement
technique produces precise and accurate measurements in a relatively
short time, allowing detailed studies to be made of subtle variations
of diffusivity with pressure and temperature and of variations from
rock to rock. Five different igneous rock types have been measured and
the results are now in press. : o R

There are also three subtasks which comprise the broad area of intrin=~
sic physical properties of rocks and minerals.  The first of these
seeks to determine the operative slip/twin systems and their charack
teristic critical resolved shear stresses for dolomite single crystals
plastically deformed at high temperature, high pressure, and under

‘variable strain rates. Such data will aid in sorting out the confused

state of strength measurements in dolomite aggregates and will be
useful in predicting dolomite behavior. .in nature. - A series of compres%
sion tests have been carried out on single crystals of d°12§1&F at 800
MPa confining pressure, 500~800C and at strain rates.of 10 “s. . These

~ crystals were tested in several different crystallographic orientations

with respect to the loading axis .in order to preferentially favor or
minimize slip on a single system. Results from these tests were then
coggag?d to a similar test series of dolomite crystals accomplished at
10 “s strain rate. These samples are being examined using TEM
techniques., Wepﬁrg1currentlyunepeating these test series but at a
strain rate of 10 's. . A second -subtask is underway to help interpret
these flow data in dolomite crystals.- This involves the determination
of the seven elastic constants forming the stiffness tensor of dolomite
at high pressures and temperatures. . These data will be taken in exist~
ing apparatus by the ultrasonic. method: .The 1ast”§gbtasktinxgstigates
the effect of trace amounts (0.1 - 0.6%) of K, Mg , and Ca upon the
steady state flow of NaCl at high pressures, temperatures, and variable
strain rates. The rheological behavior of five different doped
materials were determined:in stepped strain rate . testing at 200 MPa
pressure, in cggpressig?:g?d«at temperatures (T) of 200°%500°C, strain
rates (e) of 10 ° to 10 's . and-stress (¢) of 1°'to 55 MPa. ~"All secon~
dary creep results wererell'fit by a power law flow.equation of the
form: € = A exp (PQ/RT)o . where Q is an.activation energy for steady
state flow and A, R, and N are constants. Extrapolation of these
results to naturally occurring halite formation§ ind;gate that+;teady#
state creep r?Bes in meure'halite.containing K, Mg , and Ca can be
as much as 10 = lower at 20°C and : ~ -
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as much As 10u Iqwér at 200°C.” Such data are vital to the accurate

L }

prediction of the behavior of high level radioactive waste repositories
constructed in impure salt.- A paper describing these results is now in
press and is to be published in May, 1986.

biffdsion in Siiicaﬁé Materials (F. J. Ryerson, H. C. Weed, A. J.
Piwinskii) v

1)

2)

~0xygen diffusion in olivine. Oxygen diffusion,ih~s1ngle crystal
‘San Carlos peridot has been measured at -1200°C and 1300°C at oxygen

fugacities equivalent to thehNick?gﬁNickel Oxide buffer. Diffusion
anneals were performed in 99% ' “O=enriched CO/CO, gas mixtures.
Results to date can be described by the following Arrhenius Law,

D = 5.8x107 exp (~158,000/RT)

where Dn*s'given 1n_cm2 ‘s 1., The activation energy, 158
Kecalemol -, reflects the effects of both increasing oxygen fugacity
and temperature, and is approximately twice as large as that’
measured. for grain boundary diffusion of oxygen in polycrystalline
olivine (Watson, 1986). The apparent activation energy is in good
agreement with that for plastic creep if a 1/6 dependence on oxygen
fugacity 1is assumed. .

Diffusion in Accessory Minerals. Diffusion coefficients for Snm,
'Sr, -and Pb in fluorapatite at 900°~1250°C were obtained by measur#
ing experimentally”Rinduced diffusional uptake profiles to these
elements in the margins of gem*quality apatite crystals. The

erystals were immersed in synthetic melts enriched in the trace

elements of interest and presaturated in apatite, and the resulting
diffusion gradients were characterized by electron microprobe
analysis. Except in the case of Pb, the diffusivities define good
Arrhenius lines for the respective elements:

6

D o =2.3x 107° exp (~52,200/RT)

S

DSr = 412 exp (~100,000/RT).
(Diffusion perpendicular to and parallel to ¢ is measurably dif-
ferent in the case of Sr; the Arrhenius equation given above is an
average for .the two directions.) Results on Pb were erratic,
probably because extremely Pb=rich melts were used for some of the
experiments. Data believed to be reliable define the following
Arrhenius line: : '

Dp

b= 0,035 exp (F70,000/RT).
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Constraints based on closure of natural apatites with respect to Pb
suggest that the experimental data can be extrapolated, with sizek
able uncertainty, to temperatures as low as 550°C. When applied.to
the question of isotopic and trace<element equilibration of
residual or entrained apatites with crustal melts, the measured

diffusivities indicate that 0.054cm crystals will rarely preserve

the original Pbkisotope characteristics of the source; the same is
not true, however, of Sr (and, under some conditions, the REE),
which may be unaffected at crystal cores during typical melting
events. v

Thermodynamics- of silicate melts. Phase equilibria and spectro~

‘scopic data are used to develop a simple model for the interaction

of various oxide components and molten Si0,. Network modifying
oxides, M_O_ produce nonbridging oxygens thefeby depolymerizing the
Sio networ% The energetics of nonbridging oxygen formation are
least favorable when the field strength of the metal cation is
high. This produces relatively strong M®0 and Si~0~81 bridging

‘bonds at the expense of weaker Sin0&M bonds (De Jong et al., 1980).

This relationship is manifested by an increase in positive devia#
tions from ideality with increasing cation field strength in Mxo &
810, systems; the activity coefficlent of SiO, is inversefy
corfelated with Si%0BM bond strength. Network forming oxides
(aluminates, phosphates, titanates, zirconates, etc.) may
copolymerize with the Si0, network. Mixing on the same quasi#
lattice produces solutions Which approach ideality. Deviations
from ideality in such solutions can be linked to distortions in the

- 810, network. Discrete anion formers (phosphates, titanates,

chromates, zirconates) complex with metal oxides other than Si0, to
form discrete structural units which do not copolymerize with S10,.
The Si0. network is essentially shielded from the high charge

density cations in such systems and unmixing is common. As a
result, the relative deviations from ideality in such melts are

high. It is important to recognize that oxides such as P,0_, T10,,
and ZrO, may act as either network#formers or discréte anion
formers é%pending upon melt composition, and are probably dis#

tributed between these two "sites" in most geologically important
liquids. The latter structural role is favored in more basic
, compositions.

Thermal Constraints on the Emplacement of the Rhyolite Conduit at
Inyo Domes, Long Valley Caldera, California. ‘Emplacement of a
rhyolite conduit at Inyo- Domes into granitoid rocks caused a heat=
ing in the country rocks that 1is recorded by. isotopic systems in
the constituent minerals. To estimate the magmatic temperature
prevailing during eruption, we have analyzed microcline mineral
separates from drill cores of host rock samples adjacent to the
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contact by the Ar/39Ar age spectrum technique. When compared to
a 'background' microcline sample taken far from the possible thera
.. mal effect of the volcanic rock, saﬂales about 3 and 8 metres from
.. the contact. indicate radiogenic Ar losses of 51 and 23 percent
" respectively. The age profiles revealed by these experiments are
characteristic of recent episodic loss and together with Ar diffu*
sion data (obtained as a by#product of the laboratory gas
extraction) contain an integrated, temperaturertime history of the
magmatic event. Using a solution of the diffusion equation for a
time~dependent diffusion coefficient in a plane sheet geometry in
conjunction with a conductive thermal model which describes the
conduit as a 51 m wide slab, our results require an initial conduit
.'temperature of between 950 and 1000°C, consistent with preliminary
" . estimates from mineral pair thermometry. However, if flow through
the conduit persisted for times much. longer than several weeks,
then we would be overestimating the initial temperature by our
treatment of the problem as an instantaneous intrusion. @bsample
“taken from a breccia zone within the conduit reveals Ar loss
" which is indicative of relatively short residence time for the
xenolith in the magma. . :

Electrical Conductivity and Temperature in Upper Mantle‘(A. G. Duba)
(Joint research with T. J. Shankland at LANL) L

The thermoelectric effect S and electrical conductivity [ in the mantle

minerals olivine and pyroxene are being measured as a function of
temperature, orientation, oxygen fugacity, and iron content. The
results apply to inference of upper mantle temperatures rrom electrical
data. Although there are seismic models to explain the low velocity
zone (LVZ) as solid*state phenomenon not requiring partial melting, the
most well“constrained laboratory electrical measurements are more
consistent with the partial melting hypothesis for the high conduck
tivity layer (HCL) apparently associated with the LVZ. " If the LVZ/HCL
is not a partial melt layer, then mantle geotherms would be con¥
siderably lower than previously inferred on the basis of a partial melt
zone under extensive regions of the earth. Hence, it is necessary to
better understand electrical conduction in mantle minerals to find

- whether electrical data are an important constraint on the low tempera~

ture geotherms suggested by solid state explanations of the LVZ.

To date, we have measured thermoelectric effect ccncurrently with

electrical conductivity in the three principal directions in olivine
from San Carlos, Arizona, at 120°C to 1500°C under controlled oxygen
fugacity. Although there is little change in the activation energy for
conduction for olivine, S changes sign from positive to negative around
1400°C. Thus, electron holes as 'small polarons are the probable
dominant carriers below 1400°C; however, the sign change in S indicates
a change to conduction by negative charge carriers above 1400°C in
olivine. The important consequence of the sign change in S is that
olivine is probably a mixed electronic~ionic conductor over this
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?geophysically significant temperature range, thus resolving an old

controversy 1n'the’f1e1d. We have concurrently measured thermoelectric
effect and conductivity in forsterite in all three principal directions
and under both oxidizing and reducing conditions and find results

. consistent with negative electronic carriers as the conduction

mechanism._

Attenuation and Dispersion in Partially Saturated Rocks (J. G.

' Berryman, B, P. Bonner, R. C., Y. Chin, G. W. Hedstrom, and L. Thigpen)

The objective of this project is to combine theory and experiment to
analyze attenuation and dispersion of waves in partially or fully

saturated rocks over a broad range of frequencies. The techniques
developed in this work will be applicable to many basic problems in

energy recovery, particularly hydrocarbon and geothermal exploration
and resource assessment. The results will also impact code calcula~
tions for the Nuclear Test Containment Program and waveform analysis
for the Seismic Verification Program.  The major accomplishments of

“this project so far include: (1) In collaboration with the Ultrasonics

Group, Department of Welding Engineering, Ohio State University, we
have obtained results which suggest that the additional (slow) surface
wave predicted by the theory of Biot and observed by us in manufactured
porous materials may also be present in porous rock. -We are also
currently 1nvestigat1ng the bulk slow wave in greater detail. (2)
Recent theoretical efforts have led to a theory of wave propagation in
partially saturated porous media. The constants in this theory have

‘been determined for two models of the relative distribution of the

liquid and gas in the pore space. These results have also been shown
to be in good agreement with experiments which have measured wave
speeds in partially saturated Massilon sandstone.

"Surface Wave Method for Determining Earthquake Mechanisms with

Applications to Regional Stress Fileld Studies (H. J. Patton and S. R.

’ Taylor)

"This project utilizes seismic surface waves to map lateral shear

velocity variations in the Basin and Range of western United States.

“In addition, surface~wave observations and moment#tensor inversion
‘methods are applied to determine source mechanisms and depths of

earthquakes in selected: ‘areas -of the Basin and Range and surrounding
geologic regions. Interpretation of the velocity structures including
effects of anisotropy will glve insights into the processes controlling
lithospheric extension of the Basin and Range and into possible flow of
magma in the crust and upper mantle. Source mechanisms and depths

‘along ‘with better structural information will improve knowledge of the

regional tectonic stress field and provide constraints useful for
geophysical models of convective hydrothermal systems.

Our structural investigations have resulted in estimates of the lateral

“'yariation of shear~velocity structure through the application of stan~

dard tomographic methods to an extensive dataset of Love- and Rayleigh-
wave dispersion curves. Significant lateral heterogeneity is found to
depths of over 80 km, and in some areas there is evidence for
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shear~wave polarization anisotropy. We have published these results
and are following them up with further investigations to confirm struc~
tures in particular areas of interest. As part of a cooperative study
under the auspices of this program and the Institute of Geophysics and
Planetary Physics (IGPP) here at Livermore, a field experiment consistr~
ing of a linear array of 12 three~component sensors about 350 km in
length was carried out in northwestern Nevada to record broadband
seismograms from an explosion at the Nevada Test Site. The data col~
lected on this experiment is still being processed, but preliminary
results support the findings from our earlier tomographic studies
showing high Rayleigh~wave velocities in a 300 km square area encom~
passing the Carson Sink, a major geologic structure associated with
putative continental rifting. We have also published in the past year
our results of studying source mechanisms of seven western United
States earthquakes, four of which showed P&wave fault plane solutions
inconsistent with surface~wave excitation. The discrepancies were
reconciled in terms of probable errors in the P~wave solutions. For
events in or on the margins of the Basin and Range, the minimum com~
pressive stress axis is horizontal and oriented N 85° + 16° W.

Advanced Concepts (R. N. Schock and L. W. Younker)

Several activities were covered in this area. BR. N. Schock and A. Duba
collaborated with Prof. H. Tuller in the Electrical Engineering
Department of MIT to analyze experiments on the electrical conductivity
of olivine, and to plan new experiments to further elucidate conduction
mechanisms in this mineral. The objective of this work is to under#
stand the fundamental point defect structure of silicate minerals since
it is now believed that point defects are responsible for all of the
electrical, and most of the physical and acoustic behavior of minerals
in the lower crust and mantle. .

S. R. Taylor wrote a major review article summarizing the geophysical
framework of the Appalachian Mountains. The article, contained in LLNL
report UCRL-94837, is to be published in a GSA Memoir entitled
"Geophysical Framework of North America", edited by L. Pakiser and W.
Mooney.

L. W. Younker participated in the development of a science plan for a
Continental Drilling Program at Katmai Volecano, Alaska.
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Contract: , W-T4O5-ENG-U8
_Category: Geochemistry
Person in Charge: L. W. Younker

Scope of Work

‘The Geochemistry Program at Lawrence Livermore National Laboratory
consists of two projects: (A) Thermodynamic, Kinetics, and Transport in
Aqueous Electrolyte Solutions, and :(B) Kinetic and Compositional Model of
High#Pressure Kerogen Pyrolysis. Studies include laboratory measurements
of diffusion coefficients and activity coefficients for mixed salts, and
development of a model for the conversion of kerogen to oil and gas over a
wide range of heating ‘rates, temperatures and_pressures.

A. Thermodynamics, Kinetics, and ‘Transport in Aqueous Electrolyte
'Solutions (J. A. Rard and D. G. Miller)'j

Aqueous transport of dissolved chemical species is important in a wide
variety of geochemical phenomena.’ Geochemical applications include
radioactive and chemical waste isolation, diagenesis, ore formation,
and some mineral crystal growth and ‘dissolution kinetiecs. Mutual
diffusion coefficient data are required to understand and model these
processes. Little data of ‘this type ‘have been published, and the
largest portion of accurate data have been measured at LLNL. Diffusion
data are now available for most of .the individual brine salts and for
several other salts of diagenetie interest at 25°C, but very little
data are aVailable‘for mixtures or at hiéher temperatures.

Osmotic and activity coeffioients are required for thermodynamic equi~
librium calculations, including speciation in solution, reaction
thermodynamics. and solubility calculations in brines.
Activity/osmotic coefficient data are available for many single salts
in water, but such data are unavailable or inadequate (in quality of
extent) for many important mixtures.<"

We have now completed mutual diffusion measurements for ten of the
desired twelve compositions of aqueous NaCl~SrCl, at 25°C. This system
is of waste isolation interest.; Work - on aqueous NaCl~MgCl, (sea water
and its evaporites) has been started as part of an extenSive interna~
tional collaboration to characterize the. transport properties of this
system. Our part, among the seven American. Australian, Canadian, and
German laboratories, is to determine the mutual diffusion coefficients
for 12 to 15 compositions and to determine the ionic Onsager coeffi~
cients l1 " These will be compared with a new electrolyte theory of
Friedmarfj The results may be’ useful in predicting diffusion in
geochemical systems.
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Extensive Isopiestic activity experiments have finally been.compleiea
for aqueous NaCl<MgCl, at 25°C, and these data are presently being
analyzed by Pitzer's m:%hod and. by Scatchard's neutral electrolyte
approach. :

Theoretical work was continued on the theory of double diffusion con~

- vection as applied to multicomponent diffusion.

Kinetic and Compositional Model of High#=Pressure Kerogen Pyrolysis (A.

.K. Burnham and J. J. Sweeney)

The objective of the work is to develop a model, applicable to difé
ferent types of kerogen, of the conversion of kerogen to oil and gas
that can be used over a wide range of heating rates, temperatures, and
pressures. We want to be able to use the model to interpret laboratory

and field data, such as Rock®#Eval results, and to quantify and predict

the maturation state of hydrocarbons in a geologic basin with a known
thermal history. The model calculates changes in composition of the
0il and gas fraction with time and temperature. The compositional

. changes have been used to develop indicators of hydrocarbon maturity

levels which can be used to make predictions for comparison with pub#
lished data about present~day hydrocarbon composition .and maturity

. .levels in an oil field. We used geologic and geophysical data to

determine the time*temperature history of the kerogen-~rich (Type I =~
lacustrine) Green River shale in the Uinta Basin of Utah.. This thermal
history was used in our chemical kinetic model to calculate the
hydrocarbon maturity of the shale at the present day and at different
depths and locations in the basin. We were able to estimate the true
maturity of hydrocarbons recovered from the basin by using published
chromatograms and results of Rock-Eval analyses. For the deepest parts
of the basin, where migration is less likely, our model calculations of
maturity agree very well with the estimates of the true maturity. 1In a
part of the basin where our calculations indicate that the source rocks
are very immature, the recovered o0il shows a much higher estimated true
maturity; this result is consistent with the theory that the oil in
this part of the basin has migrated from elsewhere. These results show
that our pyrolysis model is valid when extrapolated to conditions on
the geologic scale and that it can be used to study the details of
hydrocarbon compositional changes with maturation and separate these
changes from those due to other factors such as migration.

During the past year we have been continuously upgrading our model by
making it easier to input parameters and by creating the capability to
calculate more properties that can be measured in the laboratory. The
model can now use time#dependent pressure or calculate the generated
pressure in a sealed system. ‘It currently calculates H/C, N/C, and 0/C
ratios in the generated oil and remaining solids, parameters related to
the biomarker concentration of the generated oil, and the Rock-Eval
transformation ratio in the absence of gas generation. We will soon be
able to calculate the transformation ratio and the hydrogen index with
contributions from the gas phase included.
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We have also been making changes in the network of reactions used in
the model to better account for gas generation and the effects of
hydrogen pressure. We have included reactions incorporating a two-step
coking process in which CHu and H, are released sequentially. We now
can incorporate the cracking of C Heu-hydrécérbons to methane and allow
for reactions of H, with char and cokable oil that produce CH, and
uncokable oil, respectively. ‘We have also devised a means to account
for the dependence of pyrolysis stoichiometry hydrogen pressure.

Other work we have been doing on the model involves the study of ac%
tivation energies used in the kinetic expressions. It has been
observed by many workers that activation energies (E_) for pyrolysis of
some kerogens and oils are small compared to those e%pected from chemis
cal bonding data and ‘that the T of Rock+Eval analysis (the

' temperature at which oil is genepg§ed'most rapidly) often increases
‘with maturity of the source rock. We are using our model and kinetic
-analysis programs to numerically study the effect of using a narrow
“distribution of activation energies in these situations. - '

All of this work is aimed at optimizing our ability ‘to characterize the

process of -conversion of kerogen to oil and gas over conditions ranging

from geologic basins to laboratory pyrolysis. We are in the process of

~obtaining kerogen samples of different»types'from different geologic
-basins that have a well®¥known thermal history. Eventually we hope to

apply our model to the analysis of hydrocarbon generatioh-and’migration
to other economically important basins, and develop a generalized
calculational method for a wide variety of kerogen types.
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Contractor: . : LAWRENCE LIVERMORE 'NATIONAL LABORATORY
University of California ‘
Livermore, California 94550

Contract: WATHOSHENGEUS
'Categor'y: ‘. Energy Resource Recognition, Evaluation and
Utilization .

Person in Charge: L. W. Younker

Scope of Work

The Continental Scientific Drilling Program at Lawrence Livermore
National Laboratory has focused on three research drilling efforts: Inyo
Domes Drilling Project, Salton Sea Shallow Hole program, and the Salton Sea
Scientific Drilling Project. Additional CSDP related projects include a
Continental Drilling Program Information and Data Management service,
laboratory measurements of viscosity and electrical conductivity of rock
melts, and seismic studies of possible magma related features in the Long
Valley region.

A. Continental Drilling Program Information and Data Management Unit (G.
Pawloski)

The extremely high cost of drilling makes .it crucial that the geologic
community be kept informed of the availability of drill holes and the
data obtained from them. Numerous government agencies, research
groups, and industry firms have drilled holes for a variety of scien*
tific purposes. In some cases, information has been disseminated on
the availability of these holes for research purposes, and cooperative
programs have been initiated between a number of academic, government,
and industrial groups. More often, however, this information has not
"been disseminated, and interested researchers have been unaware of the
avallability of these drill holes until it is toollate to participate
effectively, or monies are spent drilling an unnecessary new hole. An
information system has been established to avoid this problem. The
efforts of a Continental Scientific Drilling Program (CSDP) can be
expedited, unnecessary expenditures limited, and maximum effectiveness
attained by (1) utilization of pre~existing information; (2) reopening
of abandoned holes; (3) participation in current industry drilling
tests; and (4) participation in the drilling and study of future wells,

"~ LLNL has developed a computerized data base, with software for plotting
maps, for drill hole data acquired from research projects, and is
providing information to the scientific community on plans and drilling
activities when requested. This yedr, effort was also devoted to the
expansion of a separate computer file of information on drill holes:
which reached basement rock in the U.S, This file is the only such
source of this information since a 1list was produced by the AAPG
Exploration Committee in 1969. Our file was assembled because of many
‘requests from researchers about 1nformation on depth to basement in the

U.S.
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" LLNL has also established, using‘TERRASTATION, a site specific data

base for the Salton Sea Geothermal Area, the location of a CSDP dedi”
cated drill hole. The data base contains information on 18 wells in
the Salton Sea Geothermal Area near the dedicated well. The computer
system, with the data base, was located at the well site throughout the
drilling period. Geophysical log data was read into the system off of
field tapes soon after logs were run. This allowed timely predictions
ahead of drilling using data from drill holes located in the area, and
correlations of data from the new drill hole to existing drill holes.
GeophySical and lithologic data was stored and processed on~site to
infer information about. the wells. LLNL is currently assisting the
USGS in producing a data report: on ‘this dedicated drill hole, using
output from the TERRASTATION. N

Viscosity and- Electrical’ Conductivity of Rock Melts- Continental
Scientific Drilling Program (A. J. Piwinskii F. J. Ryerson, and H. C.
Weed)

The rheological behavior of magmatic systems has a large influence on
their ability to transfer heat and mass, both above and below the
liquidus. Though much information 1is available about the viscous
behavior of superliquidus magmas as a function of composition and
temperature, little is known about the rheology of subliquidus systems.
The goal of this program is to determine how rheological behavior is
affected by bulk rock compositions, residual liquid composition, the
volume of suspended crystals, and the temperature.- In order to do
this, we are combining the results of one®atmosphere phase equilibria
and experimental viscometry. The amount and type of crystalline phases
present and the composition of the residual liquid can be determined as
a function of temperature from the results of the phase equilibria.
These characteristics of the . system can: ‘then be. correlated with the
results from viscosity measurements. S :

Viscosity measurements are ‘usually performed by fixing the temperature, -
and then determining the torque. produced while shearing the sample at

“various fixed rotational speeds. We have now automated the viscometer

so that the rotational speed and temperature can be either fixed or
else continuously varied as a function of time. The result is a digi#
tal or graphic record of temperature, torque, and rotational speed as
functions of time. :

We are using the automated viscometer3to determine the rheological

 behavior of a calcsalkaline basalt from Medicine Lake Highlands. Under

continuously varied rotational speed at constant temperature, the

basalt behaves as a'non?Newtonian, pseudoplastic system. . At 1210°C it
is about 8 times more viscous than a tholeiitic basalt from Kilauea
Iki, which we have already found to be pseudoplastic. This is athk

4tributed to the higher concentration of aluminum in the Medicine Lake

system.

In addition to determining the rheological behavior of the basalt, we
are installing a new operating system in the viscometer computer to
increase its efficiency. This offers a substantial improvement in our
capabilities for data reduction and modeling of the results.
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C.. Seismic Studies.of Possible Magma Injection and Magma Chambers in ﬁhe
. Long Valley Region (J. J. Zucca, N. R. Burkhard, and A, T. Smith)

Resurgent Dome Aréa‘

Lawrence Livermore National Laboratory (LLNL) deployed a small network
~..of: 14, threetcomponent, digital seismographs during August 1982 ‘in the
. ..Mono#Craters area which-is located just north of Long Valley Caldera.

_-The network recorded a number of small earthquakes located.to the south
- of Long Valley. One event shows a clear arrival between the P and S

N .- phases which appears to be a reflected phase that other researchers

~have observed in the Long Valley area. The reflected phase follows the
P arrival by approximately 4.3 sec. The apparent velocity of the
reflected arrival is-approximately 7.0 km/sec and particle motions
~.indicate that the reflection arrives at the surface as a P wave.

Travel time and amplitude modeling of the P, S and reflected waves

- suggests that the reflected arrival is a P to P reflection from the
- base of a low®velocity layer (LVL). The layer is approximately 16 km
thick and has a velocity contrast of 20% with the basement-rocks. The
base of the LVL apparently consists of high+~velocity (7.0 km/sec)
material. A zone of partial granitic melt floored by ponded basalts or
mafic, cumulate rocks could account for.the computed velocity

~-.~structure. ‘

Western Moat - Inyo Dome Area

‘The Inyo Domes in the Long Valley Caldera are a line of rhyolite domes
and assocjated phreatic craters produced approximately 600 years ago.
A continuous dike between the domes and the explasion craters was
postulated based on the mapping of surface features running from south
.of Deer Mountain northward to Obsidian Dome. Through this area, the
dike trend is marked by grabens and extensional cracks seen on the
surface. Corehole RDO~3A, drilled into a dike just south of Obsidian
Dome, encountered a broad (>100 m wide) zone of heavily fractured
granite around the intrusion. Models of the mechanics of intrusion of
this dike and its relation to the regional stress field make predic#
tions about the geometry of these features, and their changes with
depth. Two seismic reflection surveys were shot September 27«29, 1985
crossing the trend of the dike north and south of Obsidian Dome. These
surveys were designed for two purposes: (1) to determine if the dike
can be detected with a surface seismic reflection technique, and (2) to
identify structural features associated with the intrusive process.
The eastr~west CDP lines with up to 30 fold coverage and 55 foot group
spacings were collected by Petty-~Ray Geophysical shooting 1 1/2 pounds
of explosives in auger holes. Preliminary processing shows three
results: clear reflections from the volcanic section above :the Sierran
Granite, a buried 460 m wide graben north of Obsidian Dome .similar to
that mapped on the surface in the southern portion of the chain, and
localized reflections within the Sierran Granite (1#2.5 secs two+way
time). These localized reflections may come from the intrusion or from
disturbed zones produced during intrusion. :
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"ShalloutHole Investigations of Long Valley, Valles, and Salton Sea

Thermal Regimes (L. W. Younker, P. W. Kasameyer, R.:L. Newmark.,and N.
R. - Burkhard) (Cooperative program with SNL. LANL, and LBL)

Salton Sea Shallow Hole Program

: Analyses of thermal and lithologic data from industrial drillholes in

the Salton Sea Geothermal Field (SSGF) has led to conflicting models

. for the natural circulation patterns in that hydrothermal system,

These models agree on ultimate source of heat, on a young age for the
present hydrothermal system, and on the general role that geochemical
alteration plays in controlling- permeability. However, they differ in

several important areas: the degree of localization of the heat

source, the direction of recharge, the relative importance of
thermally~driven and compositionally~driven convection, and the amount

. of vertical flow throughout the system. All models reproduce the

uniformly high temperatures and geochemistry seen in the center of the
field, but predict significant differences near the periphery and at

‘greater depths in the field.

Resolution of these uncertainties has been limited by the difficulty of
collecting. thermal data under the Salton Sea, whlch covers a large part
of the area of interest. Analyses of data. released by a geothermal
operator in‘the_area'(Kennecott) led us to the following conclusions:

- 1;’fThevdata from 250 foot holes‘will'adecuately"represent the thermal

‘regime in. the "cap" of the geothermal field. Our previous ex*
~'perience with deeper holes on land will enable us to extrapolate
- these" temperatures to depths of 2—3000 feet.

2. The offshore gradients are considerably lower than the earlier
gradients measured. in the upper 6 feet of sediments.

3. »Contours indicate that the anomaly is probably centered over the
: Salton Buttes.

In order to collect data in the unexplored offshore area. as ‘part of
the Shallow~Hole Initiative, a heat flow survey with drill#holes ap*
proximately 250 feet in depth was undertaken in the fall of 1985.

" -During November -and December, 1985, nineteen holes were drilled 250 ft.
- below lake level offshore in the region north of the volcanic domes
~which lie ‘along the southern short of the Salton Sea. - Temperatures

have been logged periodically in each hole and will continue to be
logged up to about three months after drilling to ensure that tempera-~
tures have reached equilibrium. - Natural gamma logs were run in several

" of the holes, short (3 ft.) cores were obtained from the bottom of four

holes and cuttings were collected in all holes every ten feet when
possible.  Thermal conductivities -are being measured on a number of
core and cutting samples which represent the range of lithologies
encountered. Participating scientists from organizations outside the
national laboratories are conducting studies of the recovered material
including analysis of the degrée of alteration through study of both
the pore fluids and solids and measurements of the bulk helium content.
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Thermal gradients over the lower 150 ft. range from about .09°C/m to
over .92°C/m. Thermal conductivities measured on samples within hours
after drilling range from about .4 W/mk to over 1.3 W/mk. Preliminary
results indicate a pronounced asymmetry of the high temperature
resource relative to the chain of volcanic buttes. These results
provide valuable constraints on the size and shape of the thermal
anomaly and the transition zone. We anticipate that these data will
allow us to refine our models of the hydrothermal system at the Salton
Sea Geothermal Field.

The Research Drilling Office at Sandia has been the operator for this
experiment, and also provided the personnel and system for temperature
logging. At present, we are still collecting data and have begun the
process of analysis and interpretation.

Inyo Domes Drilling (Joint Research with SNL and MSU)

The three research holes cored into the Inyo Domes chain of 600-year-
old rhyolite volcanoes have provided continuous samples and
observations in near and far vent sections through the largest lava
dome, the conduit of the dome, and the feeder dike between domes. The
suite thus includes samples cooled at time scales ranging from seconds
to tens of years and emplaced under loads ranging from 1 to 200 bars.
The prime objective of the thermal modeling work is to develop a
detailed description of the thermal evolution of the Inyo magma in
these four locations already sampled and in locations within the calM
dera as sampled by the proposed drilling program, using constraints
provided by the drilling, geophysical surveys, surface mapping, and
geochemical studies on the core. This thermal history will be combined
with results from an analysis of the core to develop an overall com~
bined thermal/crystallization/degassing model for the Inyo event.
Ultimately, the combined validity of the model will be tested in ex=
periments using calculated cooling histories and appropriate water
contents. The experiments will be run to see whether the widely vary-
ing crystallization behavior observed throughout the magma system can
be duplicated.

Initial modeling will be based on observations from the thermally and
geologically simple northern part of the chain. The hole proposed for
FY8T will allow observations in the more complex setting of the Long
Valley Caldera. A similar modeling approach will be applied to Opsers

vations from the caldera hole. From the standpoint of thermal
evolution, chief differences inside the caldera include: 1) the
possibility that the dike is larger and/or closer to the surface, 2)
the dike was emplaced into a pre+<existing long-lived hydrothermal
system, and 3) the heat transfer regime surrounding the intrusion was
dominated by convection. Combined and comparative analysis of the
thermal evolution of the Inyo dike in these two contrasting environ-
ments will enable us to test existing thermal modeling capabilities as
well as assess the significance of several widely used geothermometers
in these wellkdefined environments. Estimates of the thermal state of
the Inyo dike will, in addition, also allow us to assess the sig~
nificance of its contribution to the overall caldera thermal budget.
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Salton Sea Scilentific Drilling Program Science Management Activities

(A, G. Duba, :P. W. Kasameyer, and L. W. Younker)

We have participated in the planning and execution of all phases of the
SSSDP over the past year. The well was completed to 10,564 feet on

© March 17, 1986. The post drilling science phase at the SSSDP site was

completed on March 31, 1986, with the exception of temperature measure®
ments which will continue for approximately six months. The SSSDP has

- produced over 700 feet of core, cuttings from most of the well at 10
‘foot intervals, commercial logs as well as USGS logs, and flulds from 2
~depths. A preliminary report on the results of the program is being
" planned for the Geothermal Resources Council Meeting to be held in Palm

Springs, September 29. 1986 - October 1, 1986

SSSDP: Constraints from Borehole Gravity on Geothermal System Models
and Resource Definition for the Salton Sea Geothermal Field (J. R.
Hearst, P. W, Kasameyer, and L. W. Younker)

A commercial borehole gravimeter will. be modified and tested to survive
temperatures up to 250°C. Gravimetric data will be collected in the
SSSDP deep hole in the Salton Trough to the depth allowed by cooling
the hole. The observed data will be compared to information from a
density log to estimate the properties of structures hundreds of meters
from the borehole. This experiment will demonstrate the usefulness of
borehole gravity in a geothermal environment, and provide information
regarding the lateral extent and shape of the dense "metamorphic zone"
(of Randall). .- The details of the lateral terminus of this zone have
strong implications for different models of the evolution of the
hydrothermal system in the Salton Sea Geothermal Field.

SSSDP: Physical and Chemical Laboratory Studies of Cores from the
Salton Sea Scientific Drilling Project (W. D. Daily and W. Lin)

We presently have the unique capability to measure electrical resis~
tivity, compressional wave velocity, fluid permeability, and fluid
chemistry simultaneously on a rock sample under in situ conditions to 8
km depth and temperatures up to 200°C. We propose to extend this
capability to 300°C and study the behavior of samples from the SSSDP
drill hole under in situ conditions. The experiments will provide
insight into the interpretation of well log and surface geophysical
data, understanding of water transport meohanisms;‘interpretation of
flow tests, and the extrapolation of properties measured in the
borehole to greater depths.

Undergound Imaging (W. D. Daily, and J; G. Berryman)

The thrust of the underground imaging effort is development of data
collection methods, data processing procedures, integrated data inter#
pretation techniques, and enhanced‘means of data presentation in order
to characterize the subsurface environment. Our work involves develop~
ing improved laboratory and field instrumentation, acquiring
fundamental data on the properties of materials ‘under varied conditions
in the laboratory, and improving the overall data interpretation
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process. The results of this project will benefit'many"DOE programs

"including nuclear waste emplacement and monitoring, test ban verifica#®

tion through on#site inspection and cavity detection, -enhanced oil
recovery, and basic research through imaging the detailed flow patterns
of fluids in fractured rocks. A vigorous program is in progress to

-eontinue development of  computed impedance tomography (CIT) for
.’geophysical applications- ‘(1) Recent progress in field applications
has ‘included a comprehansive 'study of electromagnetic probing of the

layered earth. TFor cross*borehole work, two 24D computer codes have
been written to do forward modeling of apparent resistivity for various
electrode configurations. We have found several cross#borehole probing
configurations which are more than an order of magnitude more seénsitive
to a ‘conductive anomaly than that of conventional probing

nconfigurations. (2) In the laboratory, an automated data acquisition
system has been built. (3) A method of displaying the CIT data as a
function of time via video tape is currently being implemented and will

become available for use in the near future. . (4) Work has also been

'initiated to ‘develop new, more quantitative algorithms for interpreting
~the laboratory CIT data.

.
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Earth and Space Sciences Division
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-GeolosY. Geophysics, and Earth Dynamics

T. J. Shankland

| Electrical Conductivity, Temperature, and Radiative TranSport in the
"Earth (T. J. .Shankland, Joint research with A, G. Duba, Lawrence
S Livermore National Laboratory) ' :

Pl

The thermoelectric effect S and electrical conductivity in ‘the mantle
.~.minerals olivine and pyroxene are being measured as a ‘furiction of
<+ temperature, -orientation, ‘oxygen fugacity, and:iron content’. " The
results apply to inference of upper mantle temperatures from electrical
data. Although there are seismic models to explain the low velocity
zone (LVZ) as solids#state phenomenon not requiring partial melting, the
most wellkconstrained laboratory electrical measurements are more
consistent with the partial melting hypothesis for the high conduc~
tivity layer (HCL) apparently associated with the LVZ, If the LVZ/HCL
is not a partial melt layer, then mantle geotherms would be con~
siderably lower than previously inferred on the basis of a partial melt
zone under. extensive regions of the earth. Hence, it is necessary to
better understand electrical conduction in mantle minerals to find
whether electrical data are an important constraint on low temperature
geotherms suggested by solid state explanations of the LVZ.

To date, we have measured thermoelectric effect concurrently with
electrical conductivity, g, in the three principal directions in
olivine from San Carlos, Arizona, at 1200° to 1500°C under controlled
oxygen rugacity. : :

'Although there is little change in the activation energy for conduction
for olivine, S changes sign from positive.to negative around 1400°C.
Thus, electron holes as small :polarons are the probable dominant car-
riers below 1400°C; however, the sign change in S indicates a change to
conduction by negative:charge carriers above 1400°C in olivine. The
important consequence of the :sign change in S is that olivine is probs
ably a mixed electronic“ionic conductor over this geophysically
significant temperature range, thus resolving as old controversy in the
- field. We have concurrently measured thermoelectric effect and conducs
tivity in forsterite in all three principal directions and under both
oxidizing and reducing conditions and find results consistent with
negative electronic carriers as the conduction mechanism., ° ‘

From radiative heat transport calculations for silicic magmas, we infer
that these materials are among the most highly thermally conductive
materials in the earth, a matter of some consequence for those studying
evolution of silicic magma chambers. Results of both the electrical
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and optical research efforts help determine temperature distributions
in the crust and upper mantle. Because temperature differences drive
tectonic motions on the earth's surface and interior, improved
knowledge of thermal patterns is a requirement for evaluating seismic
and volcanic hazards to waste isolation and power plant sites.
Further, locating high temperatures is an essential for regional
geothermal prospecting. The results should clarify our understanding
of the regional geophysics needed for Continental Scientific Drilling
site selection, and for nuclear event detection and discrimination.

Nonlinear Generation of Acoustic Beams (T. J. Shankland and J. N.
Albright)

¥We are using the nonlinear elastic properties of rocks to generate low=
frequency, long+wavelength acoustic beams in analogy with the case in
laser optics. Two narrow beams of high-<frequency sound can interact in
a nonlinear medium to produce a narrow beam at their much lower.dif=
ference frequency. The lower frequency beam has the narrow width of
the generating beams, but it can travel much farther because of lower
attenuation. Such a narrow beam would permit examination of acoustic
interfaces from mine interiors and wellbores without the ambiguities of
conventional seismology that use undirected sources, for example,
transducers or explosives that broadcast energy in an almost spherical
pattern. Should beam formation prove possible, there would be numerous
applications to problems such as mapping fractures, the boundaries of
ore and coal bodies, burn fronts in underground retorts, and fluid
locations in oil, gas, and geothermal reservoirs. Of more interest to
basic research in rock physics is the investigation of nonlinear
properties of rocks and frequency dependence of elastic properties.

Nonlinear acoustic beams have previously been observed in homogeneous
materials and fluids; however, rocks have the advantage of much greater
nonlinear coefficients owing to the strong effect of crack closure on
elastic properties. 1In preliminary results we observed difference
frequency generation from vibroseis transducers operating in the field
and from piezoelectric transducers on laboratory specimens at high
frequencies. In the laboratory, we have shown that the intensity of
the difference beam is proportional to the product of intensities of
the driving beams as predicted by theory.

The definitive work, which has allowed us to discriminate between
difference beams generated within the rock specimen and spurious sigk
nals generated in other experimental components such as transducers or
electronics, has come from observations of the general case of two
driving beams intersecting at arbitrary angles to produce a difference
beam at a still different angle.  In this case we have been able to
verify the selection rules that govern these angles when sample
velocities and frequency rations are specified.

Creep Deformation of Roeck (J. D. Blacie)

Assurance of long~term isolation of nuclear wastes in mined cavities in
hard rock requires knowledge of time~dependent strength and transport
properties -of these rocks. Normal, shortrtime engineering tests do not
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encompass the full effects of phenomena such as water-aided stress

ceorrosion and hydrolytio weakening. Therefore, we. study creep deformas

tion of .basalt, granite. and tuff at simulated in situ conditions of
temperature, ‘pressure, pore pressure, and differential stress.
Emphasis is placed on evaluating effects of water on timerdependent

‘brittle deformation, of intact vs. fractured samples and the effect of

creep on fluid permeability. Results of the. experiments will be formu~

~.lated into creep:constitutive relations .in a form amenable to

predictive computer mode15«of'repository designs.

Pore=Size. Distribution from NMR Measurements (J. A. Brown and L. F.

.Brown)

This study congerns the use of nucléar -magnetic resonance (NMR) to
characterize the internal.pore structure ‘of porous solids. There are
three goals to this investigation, . The first is the development of
this new method for measuring the porersize distributions; the tech®
nique in theory will. measure a different property of the .individual
pores (volume/surface ratio) than is being determined by current
methods. ' The second:goal .is the use of this ‘technique to see how the
newly measurable aspects of the pore structure affect the gross
properties .of porous materials.“ In order to be certain of what is
being measured by this teehnique, there must be an advance in knowledge
of the basic fluidr#surface interactions that are responsible for the

" NMR signals. The third goal is_the acquisitions of this increased

knowledge.

An essential element in developing this method is devising a method for
inverting the firstekind: ‘Fredholm integral equation associated with the
technique. During the. year, extensive numerical modeling was carried
out using both computersgenerated and laboratory data. In previous
years we had chosen regularization as the most promising approach to
inverting the equation: and had reported that an unusual kind of distor#
tion of the result appeared when solving our. equation. This year, we
found that. this distortion . was caused-by error in the data. We also
developed a criterion ‘that enabled us to place very narrow upper and
lower bounds on the solution. These bounds were sufficiently close
that anywhere within them the solution was deemed acceptable. Thus we
now have a method for inverting the Fredholm equation associated with
acquiring pore structures using NMR methods,

Advanced Geoscience Concepts Research *(N. Marusak'and'C; ¥. Myers)

A major aspect of subsurface geologic interpretation is the comparison
and correlation of geophysical 1ogs .by expert geoscientists. This
research project proposed to create an expert system by applying patr
tern matching techniques. developed in speech recognition technology to
geophysical log analysis or comparison.

The first‘partvof the proJeot involved extended discussions between the
domain expert (geoscientist) and knowledge engineer (computer

‘scientist) to evaluate the scope of the project and how it should be
~ implemented. Initially, an IBM PC AT has been identified as being able

to handle this pilot project.
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In order for this expert system to be an assistant for the geologist,
many geologic and geophysical parameters must be included in the
system. Therefore, it was decided the project should be divided .into
four modules. The first is a forward chaining inference or a database
with interpolation. The geologic and geophysical parameters for a

8specific location are predicted from data in nearby holes. The second

module is a backward chaining inference. A site must be selected which
meets certain given parameters and includes appropriate heuristiecs.
The third module is the dynamic pattern matching used to correlate
geophysical logs. This module accomplishes geophysical signature
analysis. It will allow for missing section (faulting), non+~linear
stretching and lateral variation or interpolation. The last module is
that the expert system should incorporate a natural language query.
That is, the expert should be able to conduct a session at the terminal

.and have the interaction be in English. The expert should not be

required to learn "computerise”.

. The protype of this project uses data from the Nevada Test Site as its

Basis., A 1arge database incorporating most of the test site data has

-already been established. The last two modules, dynamic pattern match~

ing and natural language query, have been activated. Dynamic pattern
matching of geophysical logs can in fact be done using certain algo-
rithms related to speech recognition. Now, allowable variability and
lateral variation are being incorporated into the module. The natural
language query module is operational. A format has been set up which
includes discrete information about 300 plus holes. The same query can
be presented many different ways and gives the same answer. The first
two modules, which are the most difficult, are partially completed.  As
part of both modules, a polynomial fit routine is being developed to be
used on each stratigraphic layer to help determine structure and tec®
tonic activity. There have been extensive discussions about the
expert's thought processes and how one arrives at a decision. Many of
these processes are beilng incorporated into expert system.
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Scope-of Work

* Geochemistry research consists of six subtasks: (A) Coal Maturation:
Occurence, Form, and Distribution of Sulphur and Mineral Matter in Peat;
(B) Rock~Water Interactions and Element Migration in the Jemez and Long
Valley Hydrothermal Systems; (C) Thermodynamic Properties of Aqueous
Solutions at High Temperatures and Pressures; (D) Geochemistry of
Technetium and Ruthenium and Geochemical Controls on the Redistribution of
Multivalent Elements in the Lithosphere; (E) Trace Element Geochemistry of
Volcanic Gases from Basaltic Volcanoes of Oceanic Hotspots, and (F) RAMAN
Spectroscopy of Aqueous Solution Species. ‘

A. Coal Maturation. Occurrence, Form, and Distribution of Inorganic
Phases within the Peatrto—Lignite Transition (R. Raymond Jr., A. D.
' Cohen, and D L Bish)

- Peat, the precursor of coal, is composed predominantly of plant com~
ponents and secondarily of mineral matter derived from various sources.
The elemental, mineralogic, and petrographic composition of a peat is
controlled by a combination of both its botanical and despositional
environment. The coal resulting from this peat is controlled by
diagenetic alterations during peatification and later coalification.
To evaluate the occurrence of inorganic phases in a coal deposit, one
must understand the mechanisms for its introduction into the original
peat deposit and the physical and: chemical conditions affecting the
peat during its transformation into coal.

The objectives of this research are: 1) to 1dentify and correlate
authegenic and detrital inorganic phases found in different peat types
and compare these with those found in lignites; 2) to identify the
processes that enhance and/or inhibit distribution and preservation of
inorganic material in the initial coal=forming environment; and 3) to
construct geochemical models for formation, preservation, alteration,
and distribution of 1norgan1cs in peats and lignites based on the first
two objectives. : .

To achieve the above objectives, we will -investigate the occurrence of
inorganics within peat and lignite deposits and the physical and chemi~
cal conditions affecting these deposits. Deposits will be chosen such
that the most reasonable correlations can be made between the deposi=
tional environments of the peats and those of the lignites. Our
approach is to use scanning electron microscopy, x-ray power diffrac~
tion, x~ray fluorescence spectrometry, fluorescent and optical
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microscopy, bulk chemical analyses, and conventional sedimentological
analyses to characterize the modes of occurrence and content of
biogenetically and nonbbiogenetically derived inorganic phases in the
peats and lignites. We will then establish geochemical models for the
alteration of those phases during the peat-to-=lignite transition. This
model should eventually allow us to predict the occurrence and dis-
tribution of inorganics within various lignite and higher rank coals
seams. .-

Results to date suggest that factors controlling the amount and type of
inorganic material in peats are: 1) underlying bedrock or sediments;
2) detrital source areas; and 3) the ecology of the peat~forming
botanical communities.  -Within this context, inorganic phase contents
and major and trace element contents of peats relate directly to
depositional and ecological setting rather than geographic provinces.
When comparing peat and lignite deposits, volcanic ashfall~derived
materials are easily distinguished from sedimentary materials in Costa
Rican peats and lignites based on differences in bulk inorganic con-
tents and chemical compositions.

Rock~Water Interactioné and Element Migration in the Jemez and Long

Valley Hydrothermal Systems (R. W. Charles, D. R. Janecky, T. M.

Benjamin, and P. S. Z. Rogers)

Field, experimental, and computational studies examine rock~fluid
reactions in hydrothermal systems in the Jemez Mountains with applica~
tions to other geothermal and hydrothermal environments in the CSDP
context. These investigations delve into the stable mineral as~-
semblages characteristic of these environments.

Sample collection and experimental hydrothermal reactions investigate
various natural hydrothermal systems, for instance, Sulphur Springs,
Cochiti Mining District, and CSDP wells VC~! and VC-2a in the Jemez,
well RDO-2b at Long Valley, and the deep Salton Sea well (SSSDP). The
discrimination of major, minor, and trace element (via nuclear
microprobe) chemistry and associated phase equilibria during mobi~
lization, transport, and deposition is the thrust of this
investigation. Experimental systems are used to develop models for
element migration in strong brines using single minerals as well as
rocks.

The results will aid in developing a model relating the various
hydrothermal systems using the mineral assemblages after the method of
Schreinemakers as modified by Korzhinskii and Zen. Solubility (mass
transport) models such as dissolved aqueous speciation models, EQ3 and
Solveq; reaction path calculations, EQ6; and coupled flow and rock~
water interaction calculations are progressively upgraded as the
experimental data is analysed.. Activity coefficients in concentrated
brines are obtained using various -models, including Pitzer's models,
where applicable. . . »

Recent results define the state of local equilibrium at Sulphur Springs

and the effects of groundwater upon alteration at depth in RDO~2b, Long
Valley. Advances in analytical techriiques using the nuclear microprobe
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include the .deconvolution of.complex x#ray spectra to quantitatively
detect spatially resolvedA(S um) trace element abundances to concentraﬁ

'.tions of about’ 10 ppm.

Thermodynamic Properties of" Aqueous Solutions at’ High Temperatures and
Pressures (P. S. Z Rogers)

g -

Knowledge of . the thermodynamic properties of aqueous solutions is basic
to an understanding of. many. geochemical systems. -Hydrothermal altera~
tion, element migration and geothermal activity, are a few examples of
processes largely dependent on the properties of the associated aqueous

. fluid. Studies.of these processes require information on:the heat

. content and ion activities of mixed eleotrolyte solutions over a wide
- range of composition .and temperature.

: Construction of a flow miorocalorimeter, designed to measure the heat
- capacities of aqueous solutions from 298 to 623°K was completed last
. year. The calorimeter -is completely: automated, allowing the continuous
. recording of several experimental parameters. .Operation of the
. calorimeter-has shown that it maintains good temperature stability and
..that -temperature discrimination in the measurement circuit-is-excels

"lent,;with uncertainties in the temperature difference measurement

ranging from only .0002 to .0005°K. This ‘precision is better than that

. required for determining heat -capacities to 0.1%, ‘leaving calibration

... of the calorimeter as the limiting -factor in both . the precision and
. "accuracy of the heat .capacity measurements.  Heat capacity data are

presently being obtained for mixtures of NaCl“NaZSourH 0, an important

"‘{system in many cases of hydrothermal transport and deposition.

"The number of different electrolyte solutions of interest at high

temperatures is’ large, ‘50 a’ method of obtaining thermodynamic

. properties from a minimum ‘amount of experimental data 1s desirable.
. Heat=capacity measurements are ideal for this purpose because .the heat

capacity;data can be integrated as a:function of .temperature to.deter=~

o mine solution enthalpies and:the ion activities of solution species.

D.

These thermodynamic properties.will be used .to provide .an.accurate
model for electrolyte solutions at high temperature and pressures.

tThe Geochemistry of Technetium and Ruthenium and Geochemical Controls
on the Redistribution of Multivalent Elements in the Lithosphere (D. B.

- Curtis, R. Perrin. and D. Rokop) el

iET

aé;aTechnetium is an extremely rare element in nature.“-A single-isotOpe,
- --99 '

Te, exists, a product of the fission of isotopes of U., This nuclide
5

-fsis radioactive, with a half“life of 24 13 x 157 yr. Consequently, in a
« .chemically:unchanging:environment, it:will establish a state of
.--radioactive-equilibrium with the: parent: element:U. The result is an

invarjant-ratio of the two.elements, i1ts magnitude dependentron:the
neutron fluence in the geologic environment and the time that has
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passed since the parent and daughter were fractionated with respect to

one another. The value is expected to be on the order of 10 ~12 g Te/gU.
Chemical changes with respect to these two elements can be characs
terized and quantified by deviations from the anticipated ratio.‘

We have completed development of an analytical procedure that allows us

to measure as little as 10 g of 99Te in as much as 10 g of material.

This capability provides the means to determine Tec abundances in
geologic materials that contain more than 100 ppm U.

~ Each of the two elements are multivalent. The high. cx1dation etates

being more soluble than the lower ones. - Therefore chemically induced
changes in the relative abundances of these two elements are likely to
be most extreme in a hydrologically active, oxidizing environment. The
Koongarra U deposit in the Australian Northern Territory presents an

-excellent opportunity to: study the dispersion of Te in such an

environment. This deposit has been characterized in detail in conjunc®
tion with attempts to develop the deposit for economic purposes.
However, as yet the deposit has not been mined ‘and the Australian
Atomic Energy Commission has conducted extensive research on element
migration at Koongarra.  The deposit is distinguished by 'a zone of
alteration that extends from the surface to depths of about 30 meters.
It is highly altered by a flow of oxidizing surface waters. ‘Uranium is
dispersed down the hydrologic gradient away from that portion of the
lens ore that resides in the weathered zone. The concentration
generally decreases as a function of distance from the lens and the
mineralogy changes from secondary uranyl phosphates within the altered
lens itself to U dispersed on clay at the edges of the dispersion fan.
Samples were collected from drill core taken at regular intervals along
the hydrologic gradient. The samples grade from highly enriched ore to
nearly ambient levels of U. These are being analyzed to determine the

abundances of 99Tc and U. The data will characterize the dispersicn of
Tc and U along the hydrologic gradient and provide the means to examine

the geochemical controls on the transport of these two multivalent

elements in an oxidizing environment.

Trace Element Geochemistry of Volcanic Gases from Basaltic Volcanoes of

Oceanic Hotspots (B. Crowe and D. Finnegan)

Field and laboratory studies are being undertaken to- investigate the
trace element compositions of volcanic gases of active volcanoes.\ We
have sampled volcanic gases during four separate eruptions and at the
cooling vents preceding and following eruptions of Kilauea and Mauna
Loa Volcanoes, Hawaii. The collection system consists of a series of
filters contained in a polycarbonate canister. Volcanic aerosols are
pumped though the filters using a portable vacuum pump. 'The first

- collection filter is a particulate filter and efficiently traps con-

densed gases and particles. The following filters are based-treated

—-‘52:—’.
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and absorb acidic gases that pass through the particulate filter. The
filter canister and pump are portable and can be set up at the edge of
a volcanic vent or connected to the wing struts of an airplane for
sampling the eruption plume. After exposure to:volcanic aerosols, the
filters are analyzed using nondestructive INAA for about 35 to 40

. elements. The major .goals of the project are: 1) Determine the

characteristic trace element contents of volcanic aerosols associated
with the eruption of ‘Hawaiian magmas, .2) Evaluate the variations in the
trace element composition of aerosols through eruption cycles and 3)
Evaluate the variations in the composition of aerosols immediately
following eruptions and continuing through the period of magma recharge

- preceding subsequent eruptive activity. This information will be used

to examine possible geochemical mechanism of trace element enrichment
in the volcanic aerosols and the potential use of monitoring of
selected trace elements in: aerosols for the prediction of volecanic
eruptions. During July of 1985, we conducted a sampling mission to
collect. aerosols for a complete eruption cycle of Kilauea volcano.
Aerosols were collected at the vent edge starting four days after
eruptive episode 33 and continued on a near~daily schedule until 3 days
before the episode 34 eruption on’ July 26: Aerosols were not collected
during the episode 34 eruption because-of inclement weather. However,
we were able to collect aerosols at the vent edge and a new fissure
site that opened up~rift of the vent for T successive days following
the eruption. Additionally, we sampled the volcanic plume by aircraft
during the episode 35 eruption..' We have shown that calculation of

conventional enrichment factors for volcanic aerosols is not suitable .
‘for ash+laden volcanic plumes. Variable mass loading of the particle

filter by ash causes major variations in ‘the calculated enrichment
factors. This effect can be removed by normalizing the data to a
volatile phase that is present in trace amounts in the ash such as
fluorine or chlorine. Preliminary data normalized to chlorine show
systematic variations of selected trace metals with stages in an erup~
tion cycle. C

i,

RAMAN Spectroscopy of Aqueous Solution Species (T. Benjamin. P. Rogers,
"and G. Bayhurst) ‘ v

Knowledge of the specification behavior of metal®ligand complexes is
important to understanding the modeling mineral solubilities, metal ion
transport, and ore deposition. However, data for the quantitative

.- speciation of metal~ligand complexes in aqueous solutions at geologi#

cally significant pressures and temperatures are quite limited. Few

complexes have.been studied above 100°C, while there is a need for data

. to at least 600°C. Speciation of geochemically important complexes

(predominantly those involving metal?chlobides)vwill be determined by
high temperature and pressure Raman spectroscopy. Laser Raman

-spectroscopy is a powerful. technique for the determination of struc-

tural speciation in'aqueous solutions, because unlike the complementary
technique of IR spectroscopy, it is relatively free of interferences
due to the presence of water.

=53




L ]

This is a new project in 1986. Our objective is to gather and decon~-
volute Raman spectra generated by a continuous wave laser beam
impinging upon a special diamond windowed, externally heated, high
pressure (4 kbar) fluid cell. ‘Thus far, we have developed a workable
diamond cell and pressurizing fluid system and have obtained a Spec
Physics Model 2025 argon ion laser. The high power (5 watt visible and
0.4 watt UV) will improve the sensitivity and range of the Raman
measurements. We have also initiated software development for the
quantitative spectra deconvolution. The system has been tested to 3.5
kbar at ambient temperature. Sensitivity measured in the cell appears

to be 10n3 m for Zn#Cl. As the Raman spectra cannot always be unam-
biguously deconvoluted, we are coordinating these experiments with
calorimetry measurements and hydrothermal experiments to narrow the
possible interpretations.

“‘5”-“"




. »

Contractor: - - -LOS ALAMOS NATIONAL LABORATORY

Earth and Space Sciences Division
Los Alamos, New Mexico 875&5

Contract: S w~7u05-ENG-36

Category: | T Energy Resource Recognition,,Evaluation; and
' Utilization A St T

Person in Charge: P E..Goff

A. Field and Geochemical Studies of the' Polvadéra Group, Jemez ‘Voleanic

Field, New Mexico ' (W. Scott Baldridge and David T. Vaniman [Los
Alamos National Laboratory]) L

The Polvadera ‘Group consists ‘of tnree major units (oldest to
youngest):  Lobato ‘Basalt, Tschicoma Formation’ (mainly andesites,
latites, and dacites), and El:Rechuelos’ Rhyolite.. ‘These units span
the age range from 10.8 to 2.0 million: years ago and immediately
preceded eruption of Bandelier tuff at 1 4 and 1.1 million ‘years
ago. In 1984 and 1985 we made major progress in understanding
particularly the Lobato Basalt and El Rechuelos Rhyolite.‘:

Through detailed field mapping and K-Ar dating (collaboratively with
M. Shafiqullah.of the University of Arizona) we recognized that the
Lobato Basalt Mesa. consists dominantly of a:group.of ‘overlapping
shield cones, each with numerous, smaller subsidiary and "parasitic"
cones. . Although individual shield cones are slightly different in

- age, all of the cones were erupted during the interval 10. 8to 9.2

million years ago. Each ‘'shield cone is characterized by a slightly
different composition,.although all are tholeiitic basalt generally.
These differences in . composition Andicate that each.shield ¢one was
fed by a separate magma chamber and "plumbing system.™. ‘Late in the
eruptive cycle -a .group. of more evolved (i.e., higher in SiO and

'incompatible elements) hawaiites were erupted from a series of

vents, the loci of which were5strongly'controlled by fractures and

‘faults which later displaced most or all of the basalts. A dacite
"dome was -also emplaced. fairly late in the Lobato cycle (9.6 m. Y.

ago). These more silicic rocks may anticipate the petrogenic
processes’ which' later (at approximately 7 million years ago) gave
rise to the voluminous Tschicoma magmas. '.e

The El Rechuelos Rhyolite unit consists of a group of five rhyolite
domes and a pumice ring. Previously, all of the domes and the
pumice ring were presumed to be 2 million years old based on a
single K#Ar age date on one of the domés. We have. dated several of
the domes, and find that they range from 7.5 to 2.0 million years
of age. The earlier and intermediate domes (7.5.and 5.8 million
years old, respectively) are equivalent in age to the much more
voluminous rhyolitic volcanism in the southern Jemez volcaniec field
(Canovas Canyon and Bearhead Rhyolite), although they are
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petrographically distinctive. Therefobé, we restrict the terminol®

:-ogy -"E1l- Rechuelos Rhyolite" to. the ‘latest (2 million year old)

domes: - The Nd and Sr isotopic data suggest that lower and/or upper

..erust was involved, as well as crystal fractionation processes, in
‘the petrogenesis of these rhyolitic magmas.

The Bahdelier-?luton (K..H.: Olsen and L. A. Ankeny)

Our basic scientific understanding of many aspects of the evolutjion
of the continental crust -and the development of ore deposits and
large-scale hydrothermal systems depends on knowledge of processes

‘of intrusion of magma, magmatically derived fluids, and associated

heat into the uppercrust, and of the consequent processes of magr

v matic differentiation and assimilation/modification of surrounding
“erustal rocks. The Jemez Mountains volcanic field (JMVF) of north~
- ern New Mexico is one of three giant, recently active, silicic
~ caldera systems within the continental United States in which phases

.- of.such processes are still taking place. Coordinated interdis~
- ciplinary studies, including plans for deep scientific drilling, are

in progress in the Jemez Mountains and elsewhere in order to in~
crease fundamental understanding of thermal regimes in continental

- settings. The objective of our particular task has been to employ

both "active" and "passive"™ seismological techniques to delineate
contemporary structures and gross rock properties (elastic wave
velocities, densities, inferred temperatures, etc.) beneath the
JMVF, which will supplement results from geological and petrological

- techniques and help provide constraints for developing evolutionary
- models.

We determine the three~dimensional velocity structure of the upper-
most crust (to depths of about 10 km) beneath the JMVF using a
geotomographic inversion method. Our inversion for the JMVF
employed a simultaneous inversion of travel paths from two data
sets: (1) a "two-dimensional refraction" profiling experiment with
6 borehole explosions shooting into more than 80 portable seis~
mograph sites, and (2) local earthquakes for the period of 1973-1984
as recorded by the Los Alamos Seismic Network. The main results of
the geotomographic inversion show the presence of a prominent,
approximately cylindrical®shaped zone of low P*wave velocity cen-=
tered beneath the southern part of the resurgent dome (Redondo Peak)
and south moat area of the Valles caldera. The velocity anomaly is-

‘defined by a lateral decrease in velocity from about 6.0 km/s to as

low as 5.6 km/s (about a 5% reduction from the P#velocity of sur=
rounding crystalline basement rocks) and extends to depths of at
least 10 km (where the present data set loses resolution). Ve
interpret this velocity anomaly, about 15 km in diameter, as the
upper part(?) of the pluton which constitutes the compositionally
zoned magma chamber that was the source of two cataclysmic ig~
nimbrite eruptions (1.1 and 1.45 Ma) which deposited the Bandelier
3

tuff (comprising a total of more than 600 km> in northern New

Mexico).
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:» A-decrease in compressional wave velocity can be due to a number of

factors; 'including compositional differences (rock type), elevated
temperatures, pressure, porosity, fluid content, and degree of

. fracturing,. - Examination of available laboratory:data on compres~

sional wave velocity as a function of these parameters leads us to

‘econclude that :the principal:factors controlling the low~velocity

anomaly 'beneath the JMVF are a combination of a more silicic com#
position within the pluton (which petrological data suggest: evolved

-.over a:least a T#m.y. period) and elevated temperatures.
~.Velocity/temperature partial derivative.data: suggest horizontal

~temperature: differences between surrounding basement and the center

1;aof the pluton-of at least:150°C but probably less than-500°C. Thus,
--.temperature differences alone could explain the observed low~

velocity body, but . we favor.an-interpretation that also includes
higher silicic compositions suggested by petrological data-and by
generic arguments about the evolution of large ash ‘flow caldera

. systems, At the relatively coarse resoclution of the present data

‘8et, extensive volumes of partial melt are not required to explain
: the observed :anomaly, ‘but we cannot rule out that some small iso#

lated magma pockets-could:exist within the main coarsely resolved
body. It is interesting to:note that the strongest low~velocity
values (as well as the minimum of a very prominent aeromagnetic low)

' are centered beneath the- region of most recent volecanic activity in
. the JMVF, moat rhyolities of the 0.1 Ma Banco Bonito flow.

Evolutionary models of silicic volcanic systems suggest that upper

‘crustal ;plutons are underlain and fed by more mafic (basaltic)

stillxlike structures at-miderustal depths.  Our present data for

- ,the JMVF are.:inadequate to confirm. or deny the existence and/or
--depth of such a- feature here, although partially molten midcrustal
.. ‘basaltic sills are known from selsmic observations elsewhere: in the

Rio Grande rift, - Although.poorly resolved by the present seismic
tomography survey,; :the :region of .the:JMVF/Rio Grande rift im-

‘:mediately to the northeast of:the Valles/Toledo calderas actually
displays some of the more intense gravity and seismicity anomalies

of the area, perhaps suggesting that this region may contain the
deeper parts of the "root system" of the JMVF. This region is the
main target area for our future researeh related to the Jemez

;i Mountains. volcanic field.;;glg“

Valles Caldera Drilling Program.‘ Core hole VC41 (Fraser dcff, J.

e o Rowley, and- Jamie N. Gardner [Los Alamos National Laboratory])

h’“;Valles Caldera #1 1s the first Continental Scientiric Drilling

Program-(CSDP) core hole drilled in the Valles caldera and the first
continuously .cored well in the caldera region. . The objectives of -

JG; VCE1fvrecto.penetrate;a:hydrothermal“outflow-plume near its source,
- : to obtain structural and stratigraphic information near.the .inter<
.. section .of ithe. ring4fracture .zone and:the pre~caldera Jemez fault

: zone, -and- to- core the youngest .volcanic unit inside ‘the caldera
 .(Banco Bonito obsidian, 0,13 Ma).. Preliminary FY8Y4 results of the
- core hole was outlined in Summaries of Physlical Research in the

Geosciences 1985.
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.In FY85 samples of core and copies of geophysical logs were dis~
+tributed to interested researchers. A comprehensive lithologié¢ log
was .prepared of the 856 m core.. A comprehensive drilling report was
prepared summarizing the details of the coring effort.. A second
temperature log was run in July 1985. From comparison of the new
1og with the log run one day after coring (in September 1984), a
-zone at U483 m was identified as a thermal aquifer. - This zone was
perforated from U482:to 485 m in late July 1985. After a month of

v~s~equ111bration, the thermal fluids were sampled with a downhole

‘stampler.. Three weeks ‘later, the VC~1 well was ‘swabbed out with a

~workover rig and the thermal fluids ‘again sampled from 483 m. Fluid

"samples were distributed to interested researchers.  In September’

1985 a detailed surface survey line was run through VC21 in prepara#

tion for a selsmic refraction survey. This seismic survey was
~completed in:late September 1985 and is intended to resolve deep
structure in ringrfracture zone. )

e'Results of: the research of various VC~1 1nvestigators were prepared

for a special session of AGU (Fall, 1985). At that meeting the

... fluid geochemical data were presented proving that VC-1 penetrated
+..the hydrothermal outflow plume of: Valles caldera.~

Valles Caldera Drilling Program: Core hole VCéZa (Fraser Goff [Los
Alamos National Laboratoryl] and Dennis Nielson [University of Utah
Research Institute])

‘ Valles Caldera #2a 1s the second Continental Scientific Drilling

Program (CSDP) core hole planned for Valles caldera. - It will be
drilled into:the small vapor~dominated hydrothermal system at
Sulphur  Springs located on the west edge of the Valles resurgent
dome. Objectives are-to study the vapor zone and the interface
-between vapor# and liquid#dominated zones, to study ore minerals and
hydrothermal alterations associated with these zones, and the in#
‘tracaldera stratigraphy and structure associated with caldera
resurgence. Intended depth is roughly 550 m and expected temperax

- ture is about 200°C. In late FY85 preparations and negotiations had

Jjust begun.

Development and Initiation of Sample Management :Policy' Procedures
for CSDP (Sue Goff [Los Alamos National Laboratoryl)

The Curation 0Offlce, managed from Los AlamosANatlonaliLaboratory,
operates the Curation Facility at Grand Junction, Colorado. This

+ :faeility, funded via the DOE Office of Basic Energy Sciences (OBES),
.18 designed to provide the scientific community with access to

.geologic samples. The Core Repository occupies about 7,200 square

 feet of space in Bullding 7 at the DOE Grand Junction {(Colorado)

:facility. The repository contains~~in addition to the core= storage

- area®Roffice space for the curator, a receptionist, and visiting

scientists, as well as rooms housing specialized sampleﬁpreparation
equipment. Core can be viewed in a large enclosed and heated area,

. which 1s equipped with samplehviewing'tables»designed for laying out
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numerous boxes:of ‘core. -Most of ‘the:-office furniture is now’in
place, and equipment recently installed-includes a 24=slab saw, a
trim saw, a drill .press, and-a core splitter. Also available for
visitor use are a binocular and a petrographic microscope.
Presently archived at the repository are 5,517 feet of drill core
from various OBES drilling projects.

The Curation Office has also published Curatorial Policy Guidelines
and Procedures for the Continental .Scientific Drilling Program,
which includes the Field Curation Manual for the Inyo Domes and the
Valles Caldera drilling projects. In press are the Field Curation
Manuals for the Salton Scientific Drilling ProJect and Shady Rest.

oo
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:..Contractor: - : LOS ALAMOS NATIONAL LABORATORY -
‘ : ' S L University of California
Los:Alamos, New Mexico - 87545

- Contract: o W-TH05~ENGH36
‘Cetegory: | Solar-Terrestrial®#Atmospheric Interactions
. Perscn'in Charge: -~ D. N. Baker

chpe of Work

The objective of this program is to carry out theoretical and ‘experimental
research on the plasma physics of the solar wind and the earth's magneto~
sphere and ionosphere. The goal of this research is the: description of the
flow of plasma energy in this environment, the understanding of various
electrodynamical processes whereby the earth's magnetosphere acquires
plasma and energy from the impinging solar wind, alters the character of
‘these, and dissipates them to the earth and to the surrounding medium, and
the investigation of the detailed of acceleration processes affecting
energetic particles in the magnetospheric system.

Since the solar wind and magnetospheric plasmas are the media through which
solarégenerated disturbances propagate and in which solar wind convection
energy is stored and subsequently released to the auroral ionospheres,
these studies help us understand the coupling of solar variations to the
near*earth environment. This research is related to the Department of
Energy's missions through applications to plasma physics problems relevant
to fusion energy technology, understanding long~term solar wind and earth
climate variability, and future space~based energy technologies.

A. Energy Transport in Space Plasma (S. P. Gary)

The long=term goal of this research is to describe the flow of plasma
energy in the near Earth plasma environment. Specifically, we use
electron and ion distribution functions observed by Los Alamos plasma
instruments to carry out fundamental studies of plasma instablilities
and associated transport in and near the earth's bow shock, magneto~
sphere, and ionosphere.

Our most important research of 1985 has been our study of ion beam
instabilities associated with slow shocks in the Earth's magnetotail.
These shocks, recently discovered by Los Alamos plasma instrumentation
on the ISEE-3 satellite, are an important source of energy dissipation
in the magnetotail. Large amplitude, low frequency magnetic waves have
been observed upstream of these shocks and may be an important
mechanism for this dissipation. Our research has provided the basis
for the identification of the right=hand resonant ion beam instability
and the ion cyclotron beam anisotropy instability as the sources of the
observed right# and left~hand polarized waves, respectively. We have
- further examined the nonlinear properties of the right~hand instability
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through computer simulations, and have predicted not only the evolution
of ion distributions but also that.relatively high plasma beta is
necessary in order that slow shocks .accelerate ions by the Fermi
process. -

Electrodynamical Aspects of the Solar WindrMagnetq¥phere Interaction
(E. W. Hones, Jr., and:J. Birn) ] :

When the solar wind plasma impinges onto the earth's magnetosphere, it
causes a convection pattern which transports plasma and energy through
the magnetotail and into the ionosphere.... TWo extreme cases can be
considered and are probably realized in different combinations: (1)
the ionosphere accepts the incoming plasma and energy at the required
rate and the magnetosphere assumes an approximately steady state; (2)
the ionosphere cannot dissipate the incoming energy and is essentially
closed for the plasma inflow; in this case plasma-and energy must
become stored. in the magnetotail until a sudden release becomes pos~
sible (magnetospheric substorm). A part of.this second picture is the
loss of plasma in the form of -a.plasmoid, which becomes detached from
the plasma sheet through magnetic reconnection.: In addition to -these
responses there exist internal oscillations,:which are. probably gener~
ated by the solar wind via surface . waves at the solar wind~-
magnetosphere interface (magnetopause) .. These different responses

constitute the main topics of our magnetospheric research.

In theory and numerical simulations we have concentrated on the
response .of the magnetotail -to -gradual "external changes and forces
causing a slow inflow of plasma energy and magnetic flux., We have used
our self~consistent quasistatic magnetotail theory to. show that ‘plasma
transport across an interface (separatrix) between different plasma
regions must lead to large flow velocities along the magnetic field at
the seperatrix when it is connected to regions of small field magnitude
(magnetic "neutral" regions). Such regions are probably realized in a
reconnection site in the distant tail.(~100~200 R.) recently explored
by the satellite ISEE 3.  The expeeted sheets % fast plasma flow
connecting to this region could be .realized by the plasma sheet bound~
ary layer observed nearer to the -earth, - .

We have also used our time dependent nonlinear MHD code to study the
response of the geomagnetic tail to external electric fields that force
an inflow of plasma, energy and magnetic flux. 1In a first phase these
forces lead to the gradual deformation of the tail associated with the

- loading phase before the onset of .a magnetospheric substorm. : The onset

of the fast release phase leading to reconnection, plasmoid formation
and ejection requires the presence of a (localized) dissipation such as

- an anomalous . resistivity caused by -small scale wave turbulence. We

found that a continued presence of the external forces is not necessary
after the unstable evolution has started. - The continuation of the
external force, however, can modify the unstable evolution in a

~parametric way by changing characteristic scales and wave speeds.
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Project PROMIS &= e o

The: obJective of Project PROMIS (Polar Region and Outer Magnetosphere
International Study) is to acquire an: extended body of .coordinated data
from ISEE 1, ISEE 2, and AMPTEbIRM in the magnetotail plasma sheet,
from IMP 8: and IMP 7 in the, solar wind, and from the auroral imagers on
DE~1 and VIKING. The project was formulated to exploit the unique
configuration of these satellites that ‘will exist during March'. through
June. of 1986 when VIKING and DE~1 will be in position ‘to take pictures,
every 80 seconds and every 12 minutes, of the northern and southern
polar reglons, respectively, and the ISEE 1, 2 and AMPTE~IRM orbits
will lie in the magnetotail. The two auroral imagers offer the
greatest capability that has ever existed for observing the configura#
tion and changes of the auroras, each one repeatedly photographing

ressentially the whole auroral oval during about 50 percent of each

severalfhour orbital period. This magnificient record of auroral
behavior, combined with the long uninterrupted records of magnetotail
and solar wind plasmas from the other PROMIS satellites, is expected to
provide an unprecedented wealth of material for solar&terrestrial
physics studies. ' : : ,

Ene_getic ‘Particle Acceleration and Transport in Magnetosgierio‘Systems

(b. N. Baker)

By'energetic particles we mean that population of ions and electrons
that extends from just above the bulk thermal plasma population in a
given region all the way to the highest velocity charged particles of
the plasma distribution function. During the current year we have
examined energetic particle phenomena spanning much of this energy
range, and we have also extended our research efforts to consider
energetic particle processes in a variety of magnetospheric systems
(Jupiter, Mercury, Comet GiacobinisZinner) in addition to the ter=

restrial system. Our studies: can be: grouped into three general areas:

1) The accelération of energetic particles in magnetospheric systems;
2) The subsequent transport of the energetic particles throughout these
systems; -and 3) -The loss of particles from magnetospheric regions by
leakage, by atmospheric precipitation, or by some other dissipative
mechanism. Of major importance in this program of study is the
utilization of the broadest range of observational data available and
the application of theoretical ideas drawn from analogies with similar
physical systems. : :

Considerable observational evidence is found that charged particles are
accelerated to high energies in- the outer terrestrial magnetosphere
during geomagnetic disturbances.  Our global model.relating energetic
ion populations to near&tail magnetic reconnection at substorm onset
followed by global redistribution is quite successful in explaining the
primary observational features. The acceleration often appears to be
quite impulsive causing temporally brief (tens of seconds), very in#
tense bursts of particles in the distant plasma sheet as well as in the
nearﬁtail'region. These bursts extend in- energy from tens of keV to
over 1 MeV and are closely associated .with substorm expansive phase
onsets.
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'We have also developed a model of substorm processes in the Mercury

Magnetosphere_baéed,upon‘Mariner 10 spacecraf; observations. The model
is predicated on close analogies observed with the terrestrial case and

.suggests that energetic particles up to ~500 keV are produced by strong

induced electric fields at 3 ~ 6 in the Hermean tail in association

with a "substorm=like"™ neutral line formation.

We have continued our study of a quite different and much more ener#
getic process, viz., the occurrence of highly relativistic electrons in
the earth's outer magnetosphere. On the other hand, relativistic
electrons may result from processes occurring in our nearest available
"cosmic accelerator," i.e., the earth's magnetosphere. If this is the

.case, then we are witnessing the frequent and efficient generation of
highly energetic particles of the sort required in many other
-astrophysical contexts, such as astrophysical jets. On:the other hand,

these electrons may arise directly from the Jovian magnetosphere. 1In

- this case, this particle population is providing a remarkable example

of heliospheric particle transport and indicates intimate coupling
between two very different planetary magnetospheric systems. In either
event, these particles may be a significant link between the
heliosphere/outer magnetosphere system and the earth's middle atmos®

_ phere.

Once energetic particles are produced by some physical process, they
can serve as an excellent tracer population until they are eventually
lost by dissipative effects. An example of a population indicative of
both transport and loss processes in earth's magnetotail 1is that of

- "polar rain.™ .Polar rain consists of ~50 to ~500 eV electrons which

continually precipitate into one or the other of earth's polar cap
ionosphere regions. Our observations from ISEE#3 and our associated

" modeling of these observed features have clearly shown the solar wind
‘heat flux source of polar.rain. Furthermore, we have found these
.. suprathermal -electrons to be extremely important in mapping the topolh

ogy of distant geomagnetotail field 11nes.
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Contractor: OAK RIDGE NATIONAL LABORATORY
el o Martin Marietta Energy Systems, Inc.
Oak Ridge, Tennessee - 37831

Contract: DE~ACO5~840R21 400
Category: Geochemistry
Person in Charge: - R. E. Mesmer.

Scopy of Work

The primary focus of this program is studies of the high temperature
~-and high pressure hydrothermal and igneous processes that control heat and
‘material transport in the earth's crust. Our goal is to attain an under#
. standing- of these processes that ‘is sufficient for modeling the evolution
‘of natural systems pertinent to DOE magma/hydrothermal energy programs.
.~ Studies of phase equilibria, crystallization kineties and element par~
1. titioning are conducted in rock®forming-silicate melt systems to 1200°C and
<4 kb using facilities developed to perform these experiments under.control#
led redox conditions. - Aqueous systems are investigated at temperatures of
600°C and 1.4 kb with a unique array of hydrothermal facilities that permit
study of metal hydrolysis, mineral solubilities, acid ionization, activity
coefficients, isotopic exchange and reaction kinetics. 1In the past year, a
significant portion of this program has been devoted to field studies in
volcanic terranes of California and New Mexico and in crystalline rocks of
the Southern Appalachians. Theoretical modeling complements the experimen-
tal and field approaches by extending the data to experimentally
inaccessible P~T#X regions and by establishing the critical relationship
. between complex natural processes and experiments. Stable ‘isotopes are
used extensively to study diffusion in melts, reaction kinetics and the
provenance and flux of fluids in natural systems. Recent results of this
program have provided a quantitative understanding of iron redox kinetics
in. silicate melts; the variation of ferrous=ferric ratios in rhyolite
lavas; the role of organic complexes in mobilizing metals in hydrothermal
regimes; and transport and deposition of metals in hydrothermal systems.

A. Geochemistry of Crustal Processes to High Temperatures and Pressures
(R. E. Mesmer, M. T. Naney, D. R. Cole, D. Wesolowski, D. A. Palmer, S.
E. Drummond)

Fe?' = Fe?' Variations in Rhyolite Lavas

Development of models for predicting the physical and chemical state of
magma bodies beneath volcanic centers will aid practical utilization of
magmashydrothermal energy. The usefulness of geochemical data obtained
by surface sampling as input for these models is limited by knowledge
of the extent to which the eruption process modified the chemical
properties of magma. DOE~sponsored Continental Scientific Drilling
Program (CSDP) projects are providing the opportunity to expand this
knowledge for silicic magma systems by sampling both rhyolite dikes and
assocliated extrusive units.
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One parameter potentially affected by;the'eruption process 1s oxidation
state. The oxidation state of glassy volcanic rock can be indicative

[~_;of~the‘T ~ f - conditions prevailing in the precursor magma at the time
of quenching.? However, the ferrous=ferric ratio of the magma is sub#

Ject to alteration during eruption and subsequent cooling. The extent
of alteration is a function of the redox reaction mechanism and react
tion kineties. A one atmospheré experimental study of changes in the
ferrousAferric ratios of silicate liquids as a function of time (under

_controlled T # f conditions) indicates that rhyolite melts are und

0

"‘changed after 5 day% at 1243°C. This experimental result leads to the
‘hypothesis that the ferrousﬁferric ratio of fresh, glassy rhyolite ‘can
‘ preserve the oxidation state of the parent magma.A

A unique opportunity to test this hypothesis was provided by DOE spon*
sored CSDP projects that provided core material from nearly complete

. sections through rhyolite flows at Inyo Domes CA and Valles Caldera,
,.NM.+ Core samples have been" analyzed by a micrOFcolorimgtric method for
' Fe? and total Fe content. The broad range of Fe? /Fe(tot) values
" 'measured indicates that rocks from different portions of the flows and

feeder conduits sampled have experienced varying degrees of oxidation.
The pattern of oxidation is systematic and can be related to the subc

solidus cooling history.

Fresh glasses from flows (tops“interigrsrbottoms) and the dike margin
from Inyo Domes ‘all have similar Fe? /Fe(tot) ratios ranging from 0.62

‘to 0.75.. 'In addition, rapidly quenched tephra glasses that are contem®

poraneous” with the Inyo’ Domes core samples have essentially the same
value ®» 0.T4,“ Materials with lower Fe? /Fe(tot) values have ex#
perienced- varying ‘degrees of oxidation during ‘subsolidus

devitrification. - The flow interiors and bulk of the feeder dike

materials sampled are crystalline and have microscopic textures that

: <are+consistent with subsolidus’ crystallization. "These rogks have
' Fe? /Fe(tot) that cluster near 0.50. The most oxidized Fe? /Fe(tot)

values (approxipating 0.15) were observed in samples of lithophysae.

* The uniform-Fe? /Fe(tot) values of ‘what: appear to be fresh glassy rocks
‘-that have experienced different cooling histories at Inyo Domes (flow
»topshinteriors and bottoms; conduit dike margin; and air fall tephra)

are consistent with the hypothesis deve10ped from experimental studies

*fof iron redox kinetics in silicate melts. .

‘ %In general, rocks sampled from the Banco. Bonito rhyolite seotion of the
- “Valles Caldera corehole have experienced significant oxidation compared
“to'the Inyo ' Domes samples. This 18 reflected in the Fe? /Fe(tot)
*values measured, the H,0 ¢ontents of samples measured by H. R. Westrich
" (SNL) 'and petrographic observation. ‘Despite the pervasive oxidation

observed in core samples4 surface outcrop obsidian samples of the Banco

**rBonito rhyolite have Fe2 /Fe(tot) values similar to- those of fresh

-65-




glass samples at Inyo Domes:= 0.62 to 0.71. - These are the highest
values observed in the suite of Banco Bonito samples measured and may
represent relatively unaltered material that reflects the prel-*er'uption

FO condition in the: magma chamber.
2

Origin of Microlites in Rhyolite. An Example ftfom:lnyo Domes,

California

, Micr-olites having an aver'age 1ength of 7 to 10 um. are a ubiquitous
constituent of obsidians from the CSDP coreholes drilled at Inyo Domes,
CA. - SEM/EDX studies suggest that the microlites are dominantly biotite
and hornblend with tabular and skeletal habits. Statistical analysis
of the size distribution of microlites does not show any significant (a
= 0.99) difference between samples .cooled relatively quickly (at the
. base or distal protions of the obisidian flow) and those.cooled more
slowly (in the flow interior or near the vent). .This suggests that
crystallization of the microlites is independent of the post~eruptive
' cooling history and that the microlites crystallized prior to eruption
of the obisidian. ; :

Other' lines of evidence are consistent with the pre-eruption crystal-
lization of the microlites. (1) Airkfall tephras represent the
earliest eruption products of the Inyo system and glass from these
‘tephras contains microlites. The H,0 content (1.5 wt %) of White Wing
tephra glass erupted from the Glass Creek vent is higher than that of
contemporaneous, but post*-tephra, massive obsidian erupted 1.5 km north
at Obsidian Dome (0.1 wt %), suggesting that the tephra glass repre~
sents quenched, undegassed magma. The presence of microlites in this
H,0 tephra glass is consistent with pre~eruption crystallization. (2)
In the flow interior, microlite#defined flow banding is cut by
devitrification textures that are related to the post"eruptive cooling
- of the obsidian. (3) The presence of hydrous phase microlites is
consistent with crystallization from a hydrous melt and is not expected
at the surface. (4) Crystallization of biotite and/or hornblend
without plagioclase, sanidine, or quartz is not consistent with 200 and
800 MPa equilibrium crystallization experiments with low H,0 (e.g., 0.1
‘Wt %) model rhyolitic melts, but is consistent with 200 and 800 MPa
nonfequilibrium crystallization exper‘iments conducted at moderate to
high undercooling. These observations from natural obsidians. and from
experiments suggest that the microlite assemblages. crystallized prior
to surface extrusion under non-equilibrium conditions in response to
- moderate or high undercooling. A 1likely mechanism to produce the
necessary undercooling is the melt compositional change that accom~
panies the onset of degassing. DU

Careful characterization of microlite. assemblages in rhyolites combined
with data from experimental studies of both equilibr'ium and non~
equilibrium crystallization is silicic melt systems has the potential
to provide a method for deciphering the kinetics of magma degassing
processes in silicic magmathydrothermal systems.
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‘Sulfur Mobility 1n‘Silicete'Melts

We have’ conducted experiments that ‘address the questions of ‘how fast

' ‘and in what form sulfur migrates through silicate melts and 1s exsolved

into the: atmosphere. Sulfur desorption (exsolution) experiments have

" been conducted at high temperatures (1200%1300°C), 1 atm, and varying

“‘oxidation states (QFM and NiNi0) for basalt-~like melts. Our data
indicate that sulfur exsolution is an extremely rapid process, wherein
over 90% of the total sulfur orginally dissolved in the melt is lost in

" 2-a few hours.’ At high temperatures (1300°C), this 'rate is slightly

faster. for lower oxidation.state conditions, whereas at lower tempera~
ture (1200°C), this trend is reversed. Apparg gt git‘fusion coefficggmég

"~ estimated from these data range’ from about 10" ~at 1200°C to 10

_'cm’/sec at 1300°C, with an activatlon energy ‘of 54.8 kecal/mole.

_‘ -Applicatlon of laser'-Raman spectroscopy proved unsuccessful in iden#
- tifying the form of sulfur in the quenched glass. However,

‘thermodynamic ‘calculations suggest the form of sulfur should be
dop_:énantly as sulfate (S0,2") for oxygen fugacities greater than bout

- atm. These data will prove useful in assessing the effects of
crustalt—derived sulfur in our enviromnent, ‘as well as enable us to
quantify the process of volatlle exsolution from active volcanic
systems.

Oxyanion Migration

High#valence ‘state ‘elements such as w‘ “Mos” crs’, Te?t , Asst , se*

" and‘other- important geochetgllcal trap_er and radionuclfldeﬁanalog elements
“exist as oxyanions (WO,* , MoO,* , Cro., » TeO, , SO,2 ) and their
"protanated and polynuclear forms 1n hydrothermal fluids. “Our studies
of these species commenced with WO.. and SO., B hydrolysis and continue
With Cr‘().. . T B L

"~ ‘The speclatlon of Cr2 in 0.1 to’ 5 2+molal NaCl solutions was studied
in the range 25 to 175°C and total Cr® ‘concentrations of 0.001 to 0.03
molal, using a’ hydrogen-electrode EMF cell. Reduction of Cr® to Cr?®

prevented measurements at higher temperature. Cro, 2" 1s the dominant
© Cr(VI) specles in neutgal and basic gqueous solutions. This species
- hydrollzes to form HerO, and/or Crzo, 2 ‘with decreasing pH, depending
oh the tempegature and total chromium concentratlon (hlgh Cr and low T
v__favors c:r-,o, ). In highly saline, high temperature fluide, Cro c1”

"»"becomes an 1mportant species in acid solutions. R ) ‘
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-~ particularly Mo0,2

The equilibrium quotients relating. these species have been accur'ately
 determined over a wide range of temper'ature and ionic strengths at
pressures near vapor saturation, and the thermodynamic parameters of
the hydrolysis reactions have been computed. The *temperatuge and ionic
“strength dependences of the reactions Cr0,? ‘== HCrQ, and WO" ==
HWO, are remarkably similar. These results are useful in predicting
‘the behavior of ghe other transition metal oxyanions listed above,

For'mation Constants .for AQueous Ferrous Acetate Complexes at ‘Elevated
Temperatures and Pressur'es fr'om Magnetite Solubilitl Exgeriments

; Our previous results on the kinetics of acetate decar-boxylation
. demonstrated that acetate is sufficiently stable below 300°C to be
effective in transporting metals in hydrothermal solutions by enhancing
‘the Lsolubility of minerals through complexation. The overall reaction
studied to evaluate metalf-acetate formation constants is. expr'essed by
the general r‘eaction' . ‘ e
Fe.0 (magnetite) +.2 CH,CO0H == Fe(CH c<)0)2”n

374 3

+ (2*-n)CH COO + H 0 + Fe, 0 (hematite)

v 273 o
The experiments cover a range from 100°~250°C, 2501250 bar-s and
CH,COO0 concentrations from 0.005 to 1.0 m and indicate that the first
and” second ferrous acetate complexes (i.e., n = 1 and 2 for the above
reaction) dominate over this entire range of conditions. . The data
" {llustrate that the solubility of magnetite in acetate solutions varies
in a simple and regular manner with changes in temperatur'e. pressure
and composition and that the random error in the measurements is aobut
0.05 log units. A comparison of these dats ror the ferrous acetate
complexes with literature data for ,the chloride complexes shows that
the forgation constant of FeCH,CO0 1s about 100 times larger than that
of FeCl , and that Fe(CH,COO), is favored by a factor of 10,000 over
FeCl,. Consequently, these data lend credibility to the hypothesis
that organic complexes are responsible for the mobility of metals in
- some hydrothermal systems, particularly in sedimentary basins where
measured acetate levels reach 0.1 m, and in any .setting where a
~ hydrothermal fluid has access to organic material. The implications of
these data for radiocactive waste disposal, secondary permeability in
petroleum resor'voir's, and corr'osion in steam generators, among other
geologic and industrial processes, are sufficient to warrant further
investigations of organic complexing of metals in hydrothermal
solutions. :

-68-




Direct Comparison of the Formation Constants for Complexes of
< Hydrolyzing and Nonc~Hydrolyzing Ligands at Elevated ‘Temperatures by
=Hydrogen*-E1ectrode EMF Techniques )

Preliminary experiments 1n the aqueous Fe"‘ nCH co0"~NaC1l system show
~that: (1) EMF techniques are capable of producigg accurate data for
metal complexes; (2) the method is inherently more accurate and much
easier than conventional solubility methods; (3) the method could be
used to advantage with spectral techniques that could resolve the
~identity of the species; (U) acetate complexes of iron are indeed much
stronger than the :analogous chloride. complexes; (5) this method is
amenable to measurements ip any system wherein the total metal con-
- centration can exceed 10 * m and the difference between the formation
constants of the hydrolyzing and: nonnhydr'olyzing 11gand do not exceed
.~about 3 orders of magnitude.’

It is highly advantageous to use aenon't-complexing, non~hydrolyzing
electrolyte as a supporting medium for studies of the complexing of
metals with hydrolyzing ligands in the absence of competing ligands.
We currently are experimenting with sodium trifluoromethanesulfonate as
a non~complexing electrolyte. The results at this juncture are
encouraging and, if successful, will allow this EMF technique to be
elevated from a relative to an:absolute method for measuring the
: stability constants of complexes that mobilize metals in geothermal
* systems, petroleum reservolrs and waste r‘epositories.v

: :Mineral Growth Rates and Their' Apglication to Quantifying Geological
' sttems L R R

The purpose of this’ inveatigation is to evaluate the growth rates of
crystals (planar for simplicity) from either solutions or melts for a
linear rate of cooling.  We have used a finite difference solution to
quantify growth rates for simple geological~analog systems where the
solutions and granite melts. For cases where the surface kinetics are
slow compared to the diffusion of components-to the surface (i.e.,
quartz in hydrothermal solutions), the growth rate tends to increase
. linearly with time. On the other hand, for cases where the surface
kinetics are rapidly compared with diffusion (i.e., quartz in melts),

.~ the growth rate is proportional to the square root of time. . Regardless

of the system, fast cooling rates cause non®linear growth rates after
.. extended times.  This effect is amplified for phases with solubilities

‘which are highly temperature dependent. With a knowledge of the com-
position of the system, its.cooling history (e.g., from.fluid
inclusions), and the size of individual mineral grains, we can use this
model to quantify the duration of the depositional process. This
approach will prove useful in quantifying mineral deposition in the
pores or fractures of important geological systems such as oil and
natural gas reservoirs, geothermal fields, nuclear waste repositories,
and cooling magma chambers,
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Modeling of Stable Isotopic Exchange Between Minerals and Fluids During
Simultaneous Diffusion and Chemical Reaction

Heretofore, isotopic exchange in natural systems has been modeled for
conditions where only one mechanism was thought to prevail, i.e., only
diffusion or only surface reactions. It is clear, however, that many
geologic systems involve fluidﬂmineral interaction where both processes
occurred simultaneously. Initially, we chose to model oxygen isotopic
exchange between K-~feldspar (of spherical geometry) and a 0,1 m NaCl
solution where the surfaceﬁreaction mechanism for isotope exchange is
first order, reversible, and many times faster than exchange accompany#
ing diffusion. When the surface reaction is very rapid, we can assume
that the immobilized component .(new phase) is always in equilibrium
with the component free to diffuse (i.e., H;O0 or OH ), and diffusion is
the ratexcontrolling process. - The most ‘interesting result of these
calculations is that the overall diffuslon process coupled with a
surface reaction is slower than the simple diffusion process by a
factor of about (K' + 1), where K' is the equilibrium isotope partition
ratio between solid and solutioh corrected for ‘concentration. Thus, at
650°C and a grain radium of 0.022 cm, an’ isotopic equilibration time of
about 3000 years is obtained compared to only about 300 years for
simple diffusion. -Using this isotopic approach we ¢an estimate the
duration of fluidArock interaction in geothermal and magma*hydrotherma1
systems. -

Stable Isotope Geochemistry of Carbonates in the Brevard Fault Zone

The leading candidate for the first ultradeep (>10 km) CSDP borehole is
the ADCOH site in northwestern South Carolina and is intended to test
the thin=skinned tectonics: hypothesis suggested by recent mapping and
COCORP seismic profiling. Aocording to this theory, the Blue Ridge
thrust extends southeastward as a subhorizontal detachment zone beneath
the crystalline Blue Ridge and Piedmont Terranes.’ The Brevard Fault
zone is believed to be a splay off this major sole thrust. The ADCOH
drill site is targeted to intercept the Brevard Fault at approximately
4 km, and the Blue Ridge Thrust at 7-8 km.

Tectonic slices of massive.dolomitic marble occur at several localities

along the Brevard Fault. -These are believed to represent fragments of
the Cambro#Ordovician platform carbonate sequence which seismic
evidence suggests underlies the crystalline thrust sheets. A thin but
laterally extensive stratigraphic sequence of graphitic schists at the
base of the Chauga River Belt has apparently acted as the locus for
Brevard Fault zone displacements.. This sequence contains a number of
thin but laterally extensive calcite marble horizons.

Stable carbon and oxygen isotope analyses were performed on over 90
samples of the tectonic slice and Chauga -River carbonates, as well as
representative units of the Cambro=Ordovician platform carbonates."
The carbon and oxygen isotopic signatures of the Shady and Conasauga
samples are within.the normal range for unmetamorphosed Cambrian carb#
onates worlqwide;~ The Knox Group appears 'to be somewhat depleted
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in '*C, but is within the normal oxygen range. The Chauga River and
slice carbonates are distinctly anomalous, being strongly depleted in
both !*C and !'°®0.

Mathematical modeling demonstrates that the strong !°C and '°0 deple-
tion of the slice and Chauga River carbonates could have resulted from
open system exchange with an infiltrating hydrothermal fluid at water=~
rock mass ratios of around 1~3. Two types of fluids could have
produced the observed trends = ~300°C fluids with initial carbon
(6'%C_..) and oxygen (&'%0 ) isotopic compositions of ~10 and 2
permil’, respectively, or ~1Sg5))& ‘fluids with carbon and oxygen isotopic

: compositions of #10 and ~5 permil, respectively. The first type of

fluid could have been produoed during dewatering of the shelf sequence
associated with Alleghenian overthrusting. - The second type of fluid
could represent a deeply circulating (557 km) groundwater of meteoric
origin. The carbon isotopic. compositions of the various carbonate
units appear to be a useful tool for correlation- purposes.

Oxygen and Hydrogen Isotope Systematics in Geothermal and
Magma/Hydrothermal Regimes (D. Wesolowski)

Selection of a number of granitoids in the Southern Appalachians as
potential high level waste repository sites has focused attention on
their intrusive, hydrothermal and metamorphic histories. An oxygen
isotope survey of granitoids of the region has revealed a large area of
the Slate, Raleigh and Eastern Slate Belts of North Carolina and
Virginia in which the granitoid plutons exhibit anomalously low and
highly variable whole~rock &!°%0 values. Many of the granitoids in the
study area have 6'%°0.values less than 6 permil, with several in the
range ~1 to 3 permil. These very low and highly variable oxygen
isotope signatures are indicative of extensive exchange of the intru~
sions with isotopically depleted waters of either meteoric or regional
metamorphic origin.

The granitoids of the main Slate Belt, including the Highpoint, Parks
Crossroads, Roxboro, Vance County and Burkeville plutons are lower
Cambrian in age and exhibit shallow, subvolcanic characteristics.
Thus, the depleted oxygen isotopic signatures of these intrustions
could be explained as having resulted from the shallow (1#2 km) cir#

. culation of heated,. isotopically depleted meteoric waters so common in

such settings throughout geologic time. The occurrence of numerous
"yolcanic exhalative" base and precious metal and pyrophyllite deposits

in this region are evidence of intense hydrothermal circulation in the
© volecanic country rocks surrounding the. granitoids. The Raleigh and

Eastern Slate Belts both contain strongly depleted granitoids which are
believed to be Alleghenian in age (~600 million years ago).

If these intrusives were subvolcanic and associated with meteoric

_hydrothermal alteration, then one might expect some coeval Alleghenian

sediments or volcanics in the area., No sedimentary or volcanic rocks
of this age have been reported from either the Raleigh or Eastern Slate
Belt. - Another possibility is that ‘the Alleghenian intrusives assimi=
lated isotopically depleted slate belt volecanies during intrusion.
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A. Chemical Migration by Contact Metamorphism Between Pegmatite & Country

Rock (J. C, Laul)

The major objectives of this research program are to gain a quantita-~
tive understanding of chemical migration during contact metamorphism in
diverse geological media and to understand aqueous fluid evolution in
granite pegmatites and country rock systems. The study includes the
understanding of dispensing solutions derived from pegmatites, and
composition and evolution of the solutions. While the study focuses on
some forty major, minor and trace elements, specific emphases are on
the rare earth elements (REE) and Ba, Sr, K, Rb, Cs, As, Sb, Pb, Ci,
Zr, Hf, Ni, Th, and U. The trace elements study may enable us to
understand and predict the long~term (1034107 year) behavior and move®
ment of radionuclide in diverse geologic media over a range of
temperatures pertinent to nuclear waste.

The geological site under study is pegmatite-=country rocks in the Black
Hills, South Dakota. Five different pegmatites are to be addressed (a)
composition of fluids, (b) capability of dispensing fluids into country
rocks, and (c) partitioning of mobile elements between mineral phases
and fluids derived from pegmatites. Chemical studies of the Tin
Mountain, Etta, Bob Ingersoll, and Peerless pegmatites show that there
is virtually no migration of REE, Al, V, Sc, Cr, Hf, and Th elements.
On the other hand, elements K, Li, Rb, Cs, As, Sb, Zn, and Pb have
migrated 4 to 90 meters. The degree of migration varies depending on
the element. Minerals biotite and muscovite are effective trace ele®
ment traps for Li, F, Rb, and Cs. The REE concentration in biotite and
muscovite in all pegmatites are high and indigenous. Similar types of
chemical studies in other pegmatites emphasizing minerals such as
apatite and tourmaline as a recorder of melt/fluid evolution are partly
complete. The REE concentrations in tourmalines are very low, indicat=
ing their partition coefficients in tourmalines are quite low. The REE
patterns in tourmalines are severely fractionated from light REE to
heavy REE, which reflect the progressive change in the composition of
the pegmatite's fluid phase during crystallization. Some tourmalines,
biotites and muscovites exhibit positive Eu anomalies, some negative Eu
anomalies, and some show no Eu anomalies. The varying degree of Eu
anomalies reflect the degree of redox state of the fluid environment.
An investigation is being made as to whether there were mulitple or
single episodes of fluid migration into the country rocks. The chemi~
cal data on some 40 major, minor and trace elements are obtained by
neutron activation analysis (INAA and RNAA), atomic adsorption and x=
ray fluorescence,
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This study is in collaboration with J.:J; Papike of South' Dakota School

of Mines and Technology, Rapid”City’,“Sou_th Dakota, who will obtain
mineralogic and petrologic data on the ‘same sampleﬂs.l' ,




Contractor: - - - PACIFIC NORTHWEST LABORATORY
. - , -Battelle Memorial Institute
Richland, Washington 99352

Contract: . DE~AC06~76RLO 1830

Category: Energy Resource Recognition, Efaluation, and
Utilization

Person in Charge: . G. E. Wukelic

Scope of Work

Since 1976, PNL has been conducting research in areas of remote sens-
ing, image processing, and computer graphics most relevant to the
geoscientific interests of the Department of Energy. The goal of this task
is to develop practical, interactive computer techniques for processing,
analyzing, and displaying combinations of remote 