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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
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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
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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.

18-




H.

ks

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.

2~




G.

H.

-

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

-33—




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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_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.
_355 K




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.

~36~

.




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.

f37*




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.
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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.
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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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‘ : ' 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
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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. :
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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' ,
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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 sensing and geosciences
data so scientists can interpret more complex data combinations, more
completely and more rapidly. Successful techniques are being integrated
into basic research and technology programs involving resource discovery,
energy development, environmental conservation, and the national security
objectives of the Department of Energy.

The current scope of research responsibilities involves:

(A) Maintaining cognizance and acquiring appropriate remote sensing
and geoscience data sets to support continuing research efforts.

(B) Upgrading computer capabilities (hardware and software), as re-
quired, to advance the state of the art in digital processing,
analysis, and display of remote sensing (imagery) and geosciences
(point, line, and map) data.

(C) Demonstrating and applying experimentally developed techniques
within basic research and technology programs internal and exter#
nal to DOE.

A. Remote Sensing: Geoscience Data Analysis and Integration (G. E.
Wukelie, H. P. Foot, J. R. Eliason, J. E. York)

Remote Sensing and Geosciences Data Baée Expansion .

Additional Landsat 5 Thematic Mapper (TM) data of interest to this
geosciences task are now being acquired for PNL by the Earth
Observation Satellite Company (EOSAT). Acquisition emphasis is on the
CSDP sites, the Hanford site, Yellowstone National Park, and the Diablo
Canyon nuclear power plant. Also, during 1985 conventional imagery
from Seasat for Long Valley, California, were acquired and processed.
We have also acquired an experimental data set from NASA's airborne
Imaging Spectrometer (AIS) for processing, and plan to secure samples
of SPOT stero data for sites of interest during the no-~fee period for
requesting SPOT acquisitions in 1986.
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" Also during the past year, PNL has acquired over: 40% (17 quadrangles)

" of high¥resolution {(1:24,000 scale)’ topographic data for the Hanford
site, and-we are attempting to: obtain a‘similar data’ set for the entire
" Washington State Cascade Range.  We- continue to: emphasize acquiring
available ‘geologic" ‘and geophysical data: items ‘and - maps to support
preparation of integrated multiparameter graphics of the CSDP sites
such as the USGS microseismic data for the Hollister, Long Valley and
Geysers areas. , P

~4Hardware and Software Development

Beginning in FY 1985, “task’ emphasis was: placed on procuring, install“
- ing, -and developing a- seoond*generation interdctive, image processing
‘and ‘data integration system- ‘for geoscientiric ghalysis-(referred to as
‘‘geodata). The new system, which is a combination Symbolies* MicroVAX»

‘*;‘based‘system, ‘will incorporate: selected’ knowledge ‘representation
" techniques' (developed ‘under’ artificial intelligence research) with

" conventional image processing/data integration functions currently i
-performed on the existing geodata system. - .

’ To date, most of the Symbolics system components have been installed
- . and are operational, A programming ‘package KEE (Knowledge Engineering
;Environment): for supporting the development of knowledge#assisted

software has been installed and experimentation has commenced. Also,

initial conversion of existing minicomputer software to run on the

MicroVAX Station II computer has been completed, and device drivers and

interfaces are under development to support MicroVAX links to the image
i digitizing/processing inputhoutput devices. ‘Major attention during

~this geodata system upgrade:-is being given to increasing the speed of
data processing and analysis: functions, providing for ‘incorporating
: more geoscientific parameters and simplifying user interactions.

B

,~Demonstration and Application ofsTask Developed Capabilities

1. Quantitative Uses of Remote Sensing Data

Since 1982, PNL has been involved as a Landsat Thematic Mapper
investigator, as part of a cooperative PNL#NASA GSFC agreement,
which continues until 1988. This research has contributed to the
assessment of the quality of the data and energy#related applica<
tions of landsat TM data, especially for geoscienific interests.

To date, this subtask has made extensive qualitative use of TM
acquisitions to prepare multisource, computer composites (combining
Landsat, topography, and Geologic data) mostly for the continental
scientific drilling and wind energy sites. Major progress included
the ability to vary the viewing angle to simulate an apparent view
point on or near the earth's surface. Also, programs have been
developed and successfully tested for reducing topography~induced
variations in the landsat reflectance data which significantly
increases the geologic mapping potential of such data. Currently,
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we are. investigating the parameters limiting the quantitative uses
of satellite. multispectral data, including ground truth measurement
uncertainties, calibration factors and equations, and atmospheric
and sub~pixel effects. Experience acquired from: this research is

 being effectively transferred and utilized. in a variety of DOE

programs internal and external to PNL. .
Application to CSDP

A secondﬁgeneration set of gecdata products for the Valles Caldera
site is now in preparation. Cloud#free Landsat TM imagery was
acquired for this site during the summer of 1985. This data set
contains seven spectral bands and has a 30 m resolution element. A
highrresolution digital elevation model composed of .seventeen 7.5
min. quadrangles has been interpolated to a 15 m sample spacing,
and the Landsat TM data resampled to register it with this grid.
Resampling to a 15 m grid minimized any loss of resolution caused

/;by resampling. A geologic map of the region has been digitized and

resampled to the same grid. From these merged data sets, high
resolution geodata products are being prepared. For example, the
elevation data are being used to remove or accentuate solar ilk
lumination effects on the imagery. Both techniques have proven
useful._ Output products with 25 times improved spatial resolution
will. be possible with the new integrated data set.

Application of Structural Analysis

Results of - exploratory studies to develop digital quantitative
spatial analysis techniques for determining the relationships among
geological, geophysical, and geochemical structures show promise
for aiding both geoscientific and geoexploration studies. - The
technique, based primarily on digital terrain elevation model data,
has been discussed with geoscientists at the other national
laboratories, and is currently being proposed as a separate BES
task.
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Scope of WOrk H_?- Eo '~‘»' s ,@11:%

The - isolation/aeronomy program encompasses the ‘area of aeronomy in the
upper atmosphere, and the area of insoldtion -and radiative transfer in the
lower atmosphere:. -Specifically, the aeronomy program: is ~¢goncerned ‘with the
plasmasphere/magnetosphere regions “and the fonosphere/upper atmosphere
regions. ‘Significant advances have been ac¢hieved over ‘the past :two decades
-in expanding our basic. knowledge of the earth's atmosphere and magnetor
sphere, and ‘the sun as an interacting ‘system.” It is- important'that the
physics:of this coupling region be well understood: in- order” to obtain
»definitive solar*terrestrial causeﬁeffect relationships.- Pl

_ o a T

- The -isolation program ‘relies on a data base’ of direet and diffuse solar
radiation measurements made in-visible and near«infrared spectral
passbands. The research has two goals. One is to quantify the spectral
characteristics of scattered and-diréct sunlight. This 1s‘germane to
energy generating solar technologies, including photovoltaics and day*=
lighting. However,the primary emphasis of the isolation task is to
characterize the influence 'of trace species in the troposphere ‘and lower
stratosphere on solar radiation. These man—made or naturally produced
trace species 1nclude aerosols, molecules, and elouds. <A
A, DOE. Insolation/Aerdnomy Studies (J. J. Michalsky, E. w. Pearson, B. A.

LeBaron, N. ‘R.  Larson,.E. W. Kleckner, “De We Slater) )

- A new approach to estimating aerosol turbidity as a function of time
has yielded unexpected results regarding the behavior of the E1 Chichon
~ stratospheric aerosol at northern mid-«latitudes. Formerly, we sub~
tracted monthly averages of pre-El Chichon data which were edited to
-remove .values suspected of being .influenced by the local tropospheric
effects of ‘Mt. St. Helens throughout its series of eruptions in 1980.
The present method uses a technique known as robust, locally-weighted
regressions to derive a seasonal background: estimate by folding all
pre#eruption data onto one year. . An estimate for the entire unfolded
data set .1s then obtained with the same technique, and the difference
is taken as the El Chichon perturbation.  With the new method, the
entire 1980~1985 data set is used. Large, but brief excursions from
the seasonal means are given low weight by the method. Therefore, Mt.
St. Helens' episodes are effectively prohibited from having undue
influence on the results. Before the eruption of El Chichon, the
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differenced plot for 1010 nm shows less than 0.005 variability in
optical depth. The arrival of El Chichon aerosol is evident in the
fall of 1982, followed by an annual cycle superimposed on a decaying
exponential, with maxima in the winter and minima in the summer. At
shorter wavelengths, it becomes clear that there is an upward trend
even in what was considered background. These results have been
presented on three different occasions, and a draft has been completed
for submittal to Geophysical Research Letters. Data from the very
clean stratospheric period of 1978~79 are being reduced to determine a
better background. - These new results, the time—dependent size dis~-
tribution behavior obtained :from inversion of wavelength dependent
turbidity, and comparisons to other data sets will be included in a
publication in preparation for the Journal of Geophysical Research.

The same data set has been used to derive total ozone estimates for the
six=year period beginning in January, 1980. The visible absorption
band is used, as opposed to the ultraviolet bands in the standard
Dobson instruments. A value for total ozone is derived by assuming a
functional form for the wavelength dependence of the turbidity
throughout the visible and. near~infrared. - A minimum chi~squared is
sought by repeating leasthsquares fits for different assumed ozone
abundances. Total ozone derived in this fashion has large daily
variability. Smoothing, using the non=-parametric technique as above,
or least squares fitting to sinusoidal functions, both indicate maxima
in the spring and minima in the fall, with amplitudes that are in
general agreement with the Dobson data from similar latitudes. During
periods of volcanic perturbation, this seasonal pattern in clearly
disturbed. (Dobson instruments experience problems with stratospheric
aerosol perturbations, as well). We suspect that the technique is at
fault, because the functional form assumed for the wavelength dependent
turbidity is not followed well during those times. We will investigate
functional forms and filter combinations that are more robust in this
situation.

We have nearly completed the second phase of our program to develop
low~cost solar measurement equipment. Methods to radiometrically
correct our silicon cell rotating shadowband pyronometer have been
derived. Empirical corrections for the temperature, spectral, and
cosine dependences allow us to achieve daily integrated values of total
horizontal irradiance to better than 1%, 2%, and 2.5% on the average,
compared to firstAclass pyronometers and pyreheliometers. Hourly
integrated values are only slightly lower in accuracy. These results
have been presented on two occasions, and a draft is ready for submis=
sion to Solar Energy. A third phase, involving the development of a
low spectral resolution instruments, is being considered. Besides its
clear role in solar spectral resource assessment, this device could be
used for a network of lowHcost aerosol and trace gas measurements.

The use of mid= and high#latitude auroral and ionospheric phenomena for
revealing solar*terrestrial relations has gained greater appreciation
as evidence regarding the wide ranging and complex interactions has
become available. .A major goal of the aeronomy program is to inves~
tigate the coupling of the ionosphere, plasmasphere, and
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- magnetosphere, primarily through the use of remote optical sensing. To
accomplish this, a network of PNL-engineered, computerccontrolled
photometers has been maintained. to acquire synoptic observations of the
aurora and airglow above major portions of the North American
continent. :

Among the variety of auroral emission patterns that occur, the most
- gtriking at mid#latitudes is .the Stable Auroral Red (SAR) arc. Our
" studies during the past year have centered on the transport of energy
within the thermosphere/ionosphere system from approximately 200 km to
1000 km altitude.. We have continued our: collaborations with the
Southwest Research ‘Institute team responsible for the plasma instrur~
ments on board. the Dynamics Explorer®l and #2 satellites, as well as
researchers from the University of Michigan space science group.
Although the spectral purity of SAR arcs ekcludes the possibility of
significant fluxes of energetic. particles into the. arecs, presence of
low energy electrons (E < 10 eV) with fieldealigned .velocities into the
body of SAR arcs. has been -found to be characteristic of arcs being
monitored by the PNL photometers during times of satellite overflights.
 An exhaustive research-of the, photometer .and Dynamics Explorer data
- bases has ylelded 24 such .cases, during which both optical and plasma
measurements were available for the same regions of space above and
within SAR arecs. Evidence showing. the presence of downflowing
electrons from the plasmapause region was present in each instance.
Modeling of the atmospheric responses expected of these influxes indi-~
cate that the electrons, -within the constraints imposed by
uncertainties of energy extrapolations to very low energies have
sufficient total energy.to establish temperatures in ‘the ambient ionos-
pheric electron gas that are capable of producing the optical signature
of the SAR arcs. Studies of atmospheric compositional perturbations
that may be associated with these-arecs is continuing, since any such
perturbations could be crucial to- the heat. balance . within the iono~
sphere and are currently ‘not. adequately known,

Additional collaborations with researchers at the Marshall Space Flight
Center. and the University of Texas at Dallas have yielded results.
Work with the former group led to publication of spatial relationships
among plasma boundaries with the inner magnetosphere. Among the fea#
tures noted were that the morning plasmapause typically shows a ramp#
like density profile with no clear. boundary, in contrast to the evening
plasmapause. -Also, the boundaries of the plasmapause, the inner edge
of the electron plasmasheet, and the. equatorward boundary of the
auroral oval electron precipitation correlate extremely well with the
Kp magnetic activity index. 'Studies with the former group have cen#
tered on analysis of the vibrational development of N2+ (1NG) emissions
within low latitude aurora. The conclusion drawn from the high vibra*
tional development of this band, in comparison to higher latitude
emissions, is that a primary contribution to energy input at lower
latitudes consists of collisional excitation by energetic heavy
particles, namely oxygen. helium, and hydrogen. Final mechanical
assembly of an Ebert<#Fastie spectrometer, and generation of the
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controlling software, has been completed. Initial uses will include
measurement of the relative intensities of the lines within the OH (8+
3) band system of the X2Pi state, to establish mesopheric temperatures
under a variety of geomagnetic conditions.

The design and acquisition phase of a new low light level imager, based
on a charge=coupled device (CCD), was begun this year. The imager will
be a major effort to enhance and supplement the utility of the
photometer network, as well as representing a wholly indepéndent
instrument. Most aspects of gain, image integration time, and viewing
area will be under user control, via a computer interface.
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‘A Crustal Strain (J. B.’ Rundle)

The crustal strain program seeks to develop physical models for the

interpretation and analysis of a variety of _geodetic data obtained on a
continuous basis" inVregions of ongoing ‘tectonic deformation,

’Deformation ‘is in general time*dependent, and observations are obtained

via a variety ‘of highrresolution teohniques including ‘historic trian~

‘gulation and 1eveling,'as well as more modern ‘methods such as
*'microgravity surveys, trilateration, and the new space“based techniques

© such as GPS (Global Positioning System) VLBI (Very Long Baseline

Interferometry) and SLR (Satellite Laser Ranging) Models constructed
to explain these data contain as much physical inrormation as possible,

' "so that the data can be used to examine the relative importance of the

competing processes. For example, motions of a few centimeters per
year, commonly observed in tectonically active areas such as the west-=:

_"ern United States, have been interpreted via the models as ‘indicating
" the existence of a subtle stress relaxation process deep within the

’”fearth.

'Computer ‘codes have ‘been’ developed which compute timeﬁdependent surface
*/deformatiOn due to a variety of physical sources in a layered, inelas~

tic earth’ model. Additionally, other “codes compute gravity, sea level,

‘potential, and’ ‘surface deformation changes due to volcanic loading of

the crust; and heat flow, fluid flow, and deformation due to sources of
fluid pumping and heat generation., Current efforts have concentrated
on the development of..physically realistic,: ‘three~dimensional models of
faulting in southern California and in subduction zones. In addition

- to kinematic models, ‘the mechanics of faulting have been examined using
- friction laws developed from laboratory experiments. Moreover, an

" analytic model of faulting was constructed which allows an in®

homogeneous distribution of stress ‘on the fault surface, - These efforts

"~ have ‘led to the" conception of the “Patcb" model of faulting, in which a

“‘fault is visualized as being divided up ‘into a number of patches, each

~of which has .both a constant (conserved) area’ and a constant

(conserved) static stress*drop during any earthquake which involves the
patch. These ideas have ‘been incorporated into the beginnings of a
mechanical  fault model for' southern California. in which ‘the’ far fleld

! “plate ‘boundaries are driven at some constant rate, ‘and times, mag

nitudes, and locations of. earthquakes are caloulated according to some

‘ prehdetermined failure criterion.}h Cein

Recent work has also" included kinematic calculations of present day
strain in southern California arising’ ‘from the far field plate motion,
current aseismic slip, and historic)earthquakes. Collaborators in this
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work have included scientists at the University of Tokyo, Japan; the U.
S. Geological Survey; the California Institute of Technology; and the
University of California, Santa Cruz.

Time~Dependent Deformation and Fracture of Brittle Rock (L. S. Costin
and D. J. Holcomb) ‘

This research is directed toward a basic understanding of the mechanics
of microcrack growth and how this is reflected in the continuum
response of the material. Both experimental and analytical efforts are
in progress. ' C Tl

“An experimental determination of the relationship between applied

stresses and the density and orientation of microcracks in granite has
been initiated. These experiments use large block planeﬁstrain

‘specimens rather than the more traditional axisymmetric triaxial sample
configuration. Using acoustic emission counting methods, the threshold

stress at which microcrack growth occurs is being determined as a
function of previous stress’ histony. The previous histories. include
stress paths in which the principal stresses rotate relative to the
material. In later experiments, acoustic emission location will be
used to determine the location and. extent of damage in specimens as
they are deformed.

To apply the experimental results to the problem of deformation of
brittle rock, a relationship between microcrack behavior and continuum
behavior was established through an analytical model based on fracture
mechanics and damage theory. The model incorporates the effects of
damage on material behavior due to the nucleation, growth and coales#
cence of microcracks during compressive loading. The model has .been
implemented in a finite element code so that the response of .rock
specimens to various loading histories can be predicted and compared
with experimental results.

Creep Mechanisms and Microstructure in Rock Salt (W. R. Wawersik)

Predicting the performanee of underground structures in 5alt masses
requires extrapolating laboratory creep measurements and the resulting
constitutive models for rock salt to low stresses and long times. The
validity of these extrapolations was addressed in three ways. (1)
Creep measurements were interpreted in terms of plausible deformation
mechanisms. (2) Microstructures, i.e., dislocation arrangements, were
determined in polycrystalline and singleRcrystal salt after laboratory
testing and correlated with the models identified earlier.. (3) The
microstructures (dominant deformation mechanisms) in salt after
laboratory testing were compared with the microstructures in rock salt
that was deformed during much longer times and at lower stresses in
situ. s

. vl P
The first task was completed via creep measurements on natural
polycrystalline rock salt from several locations. Correlations of the
resulting steadsttate creep estimates. and aetivation analyses both
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suggested that the. low-temperature creep of rock salt is controlled by
cross~slip. -Data correlations:at.very low strain rates (less than 10=8
1/8) were:-strengthened by the development of a new technique to iden+

tify:.steady: state creep rates in terms of upper and. lower bound

estimates,

+-Microstructural features following loading in the laboratory at tem*
....peratures below ;100 C were dominated by glide related features to 14%

strain, which is consistent with the:hypothesis that the creep process

was:cross—~slip-controlled.. This conclusion is.supported by lows
temperature creep observations on NaCl single .crystals .yielding

. unambiguous-evidence of wavy slip and effective activation energies
-. well below the-activation energy of self®diffusion of chlorine. The
. suggested role of crosstslip, of course, does not imply the absence of

- other mechansims. including dislocation climb and subgrain formation but

: merely indicates that they were not dominant.

«:Microstructural studies of laboratory-deformed salt were augmented by

systematic observatio‘ns‘op naturally deformed rock salt from the
- .ovicinity of old mine:workings in. Hutchinson, Kansas; Hallstatt,

.iAustria; Wiellezka, Poland; and from the :Asse mine, Federal Republic of
- Germany.. Asse salt:included samples taken from the immediate vicinity

-~ of an in situtheater experiment to 280 C. . In most samples, microstruc~
* tures exhibited straight and wavy slip. :Ideally, perféctly regular
~rosubgrain structures. were -dominant only in heated salt from the Asse
..-mine, : 'S1ip .related :featuresiagain support the:use of existing
-~laboratory:creep measurements.,  However,:salt deformed in situ ex~
- hibited several additional:features.: The most developed of these,

~ besides pure. glide bands, :are coexisting subgrains and glide bands
- iwithout noticeable interactions, :locally polygonized microstructures,

accelerated recovery around brine inclusions, and recrystallization.
Evidence of recrystallization appears to be especially important be=
cause it is:very similar to microstructural manifestations after stress

. drops in some. stress relaxation tests, .or after gradual, previously
w-;unexplained creep -accelerationiin a few laboratory -experiments.
- Although some of:the observed features; ‘such as:recrystallization, -are

D. I

. ‘not ‘steady~state processes, their :random:development over large volumes
.scould be important, might ekplain :systematic underpredictions of salt
:;«::defor-matlons 1n situ, and should be studled fur'ther. BT

Aeoustic Emissions and Damage 1n Geomater-ials (D. Ja Holcomb)

SN

»'?"ik-;:,Under compr'essive str'esses brittle polycrystalline materials fall as

the result of the accumulation of multiple microfailures. Constitutive
laws for such materials must incorporate the effects of the
microfailures, in particular the inelastic .strain and reductions in
elastic moduli. A method of incorporating accumulating failures into a

r: continuum model is to 'replace ‘the details of crack density, :'size,
or'lentation, and development wlth a mater‘lal property whlch 1s commonly"
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called damage. - Although a'number of theories of "damage have been
proposed, there is no generally accepted technique for detecting and

- measuring damage. The purpose of this research is to develop such

techniques, 'using acoustic emissions as the basic tool, and to apply
the techniques to study the development of damage in geomaterials.

The first goal is to develop and demonstrate the techniques to be used.

- A major step toward this goal 1is described in ‘a paper entitled

"Detecting Damage Surfaces in . Brittle Materials Using Acoustic
Emissions" which has been accepted for publication in the Journal of
Applied Mechanics. A method is reported for detecting various projec#
tions of the 6~dimensional damage surface and: the existence.of the
damage surface is demonstrated. The initial demonstration was in
granite. Further work will examine other geomaterials to see if the
same methods work. Specifically, tuff, salt, and sandstones will be
tested. . S : '

Damage is not expected to be ‘generated homogeneously because of the
effects of nonuniform stress conditions in the general case. Study of
inhomogeneous damage generation is important for at least two reasons:
validation of computer codes based on damage models and study of the
failure process. For all but the simplest, most idealized stress
states, the codes predict inhomogeneous damage generation. Checking
these predictions requires that the spatial distribution of damage be
measured, preferable as a function of stress, and not just at the end
of a test. An important example of inhomogeneous damage is the process
of faillure which is preceded by a localization of damage. A second
goal, to measure the spatial distribution of damage, requires location
of the individual mocrofailures responsible. - A system for acquiring
the acoustic emission wave forms from which locations can be determined
is nearing operational status.

A potential application of the acoustic emission techniques Is the
inverse problem of determining the inducing stress state from the
measured damage surface. In particular, can the state of stress in the
earth be determined from core samples by detecting the damage state
induced in the rock? This technique has been explored at various times
by other groups but has never been developed to a standard tool. . .-Part
of  the reason may have been an inadequate appreciation of the com*
plexity of the damage surface and the interactions between the various
stress components. A paper was presented at the 26th U, S. Rock-
Mechanics Symposium on a reasonably successful attempt to.apply the
damage surface method to core retrieved from the vicinity of a nuclear
test. : )

Advanced Concepts (W. C. Luth)

Research conducted in this program involves exploratory research in

several geoscience areas. Typlcally such research efforts are of a shorté -
term nature and may be oriented toward assessing feasibility of a
particular research task.
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Paleomagnetic and Rock Magnetic Studies of the Inyo Dike (J. W.
‘Geissman, Geology Department University of New Mexico, and J. C.
Eichelberger ) :

'i‘his investigation is focused on. application of thermal demagnetization
techniques to the cooling history of the Inyo Dike, Long Valley Caldera
(CA), and the associated country rocks. Conventional thermal demagh
netization measurements, including evaluation of anisotropic magnetic
susceptibility, have been completed. New apparatus for continuous
thermal magnetization experiments has been designed and is:being
constructed.. - A quantification of subsolidus cooling. rates will be
' ‘attempted: through laboratory evaluation of unblocking temperature
.spectra (thermalremnant magnetization) in addition to determination of
‘directional field changes .recorded- during blocking.' It is expected
that this research program will continue next year, T

Anelastic Strain Recovery and in situ Stress Analxsis° A?DOE/Industry

Cooperative Program (L. W. Teuf‘el)

z

In response to requests from Phillips Petroleum and Amooo, a - joint
program has been started here to .utilize industry drill holes, oriented
"“core, ‘geological observations, ‘and downhole measurements in conjunction
-with Sandia Measurements and:analyses of anelastic strain recovery

~(ASR) taken on oriented core samples to assess the in situ state of
" stress., The cooperative venture provides'a unique opportunity to
‘evaluate local variations of ‘in situ stress as dependent’' on reservoir
‘production, local geolégic structure (folding ‘and faulting), 1lithology,
_and ‘geologic-history." ‘In the case of the joint program with Phillips,
the éffort ‘1s-concentrated in ‘the Norwegian sector of the North Sea

field with the ‘emphasis on thé role of 'in situ stress on subsidence and
reinjection. In“the-sStudy with Amoco, the-fi€ld areais in southern
England and the emphasis will be on the role of local geologic struce#
ture. lithology, and geologic history. SR

Mobile Geochemical Analxsis Facility (-H. R iWestrich;-an“d-w. F.
Chambers) : A :

An analytical SEM with energy dispersive analysis capabil ity has been

e acquired to provide on~site capability for ‘chemical analysis for glass

and ‘mineral- ‘phases ‘encountered in drilling. The hardwaré& and software
‘are 'being ‘evaluated’and modified here in the “1aboratory prior to in-
stallation ina" ‘specially conditioned trailer.. The facility will also
“inélude binocular-and: petrographic microscopes. sample pr'eparation

o capabilities, and gas/fluid analysis ‘apparatus. .
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Contractor: - SANDIA NATIONAL: LABORATORIES

'AlbuduerQue New*Mexicol-87185
Contract: : ENACOMA76HDP00789
bategohj:r' : | : Geochemistry Research :
- Person in Charge: ‘ W. C. Luth 1

Sccpe of Work .

: The Geochemistry Program at Sandia National Laboratories is comprised
of the following projects: -(A4) Magmatic Volatiles, (B) Clay“Water
Interactions, and (C) Chemical Diffusion in Minerals. These projects
include investigations of the role of volatiles in shallow magmas, the free
energies and kinetics of clay mineral dissolution, and the chemical diffu~-

'sion processes in selected .silicate minerals. The research addresses
fundamental problems and is relevant in .a number of applied areas including
geothermal energy, nuclear waste isolation, and the evolution of fluids in
petroleumkbearing strata. : o

A, Magmatic Vclatiles (T M, Gerlach, J c. Eichelberger H. R. Westrich,
H. W. Stockman) _

- A new project is underway to investigate the role of volatiles in
shallow magmas of volcanic environments. The research is focused on
determining the in situ volatile contents  of shallow magmas, the
mechanisms and rates of their exsolution, and the chemical and isotopic
trends that characterize escaping gases at various-stages of the
degassing process. The investigations include development of on#site
fumarole data acquisition capabilities, laboratory techniques to
measure the chemical and isotopic compositions of natural glasses and
glass inclusions, experimental procedures to examine the kinetics of
vapor exsolution and bubble growth in silicate melts at elevated pres-
sures, and models for the mechanics of eruptive vesiculation and
outgassing. Investigations are also being performed of trace metal
transport by volcanic gases and of D/H fractionation between hydrous

. 8ilicate melt and coexisting aqueous fluid. One of the long range

.goals of the work is to establish volatile budgets of volcanic systems.
Such budgets are presently poorly defined and are needed as benchmarks
for assessing the environmental impact of energy technologies relative
to that of volcanism. These studies provide supporting research for
DOE programs in Continental Scientific-Drilling and advanced geothermal
energy recovery. The.research’ performed during the 198u~1985 period is
outlined below.

Considerable progress was made in developing a model. for the volatile
budget and degassing of Kilauea. This is the first complete model of
this kind for any volcano, and it provides a useful format to be fol#
lowed in monitoring the degassing and environmental impact of other
volcanos, especially the hot spot variety. The model provides con#
centrations and rates of flow of all volatiles throughout the entire
system, including influx from the mantle, partitioning between summit
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‘ :chamber -gas and melt, noneruptive degassing, and- eruptive degassing.
"The. degassing’ processes of Kilauea have .been elarified. It ‘has been
- shown that the volcano degasses by either a one-~stage.or ‘& two~stage

process, - Furthermore, the degassing .can be accounted for. by only three
gas compositions-» a CO_~rich summit chamber gas, & moderately CO,~rich
volcanic gas. d@ssociated”with continuous summit lava lake eruptions, and
a CO,~poor volcanic gas associated with: episodic rlank eruptions. The

,residence times for -volatiles range from hours in the case of rela~

tively insoluble components (evg., CO,) to. hundreds of years in the
case of soluble components (e.g., F)o The model can be correlated with

.t1lt data 'so that yvolatile influx, storage,.and (during eruptions)

emissions aré-calculable from daily summit tilt records.. ‘The model

'z,eoffers guidance for monitoring and- eruption: hazards assessment ace

tivities, and it provides a benchmark for: assessing the environmental

“‘xigimpact of a volcano during both eruptive and noneruptive periods.;

The degassing model also provides the first satisfactory explanation of

 "the carbon and.sulfur i'sotope data for Kilauea.. It has been known for
“‘almost 20 yegrs ‘that. carbon: emitted from the -summit of Kilauea is

enriched in compared to oceanio tholeiites and ‘other. ‘mantle derived

. magmas. The model predicts that the heavy carbon is of mantle origin
and degassed:directly: ‘from parental ‘magmas,’ rather than a fractionation

product of -the: hydrothermalﬁfumarole system above the:summit chamber,

- as has been concluded -in previous work. The large carbon’ disoharges of
< the summit magma chamber - effectiVely buffer: the carbon- isotope composi+
.~tion of..the hydrothermalﬁfumarole system. ~The model- also -permits
.reinterpretation -of sulfur isotope data. and has ‘been - ‘used’ ‘to predict

the sulfiur . isotope composition of /. the, parental magmas, which does agree

‘-,.with that of ‘othér .mantlefderived rocks. : In a wider: perspective, these
‘results relate to.an onﬁgoing debate .over :the. degree: of .. ‘isotope

heterogeneity of the mantle.: - -They .strongly-challenge the traditional

- notion of a. homogeneous distribution of carbon isotopes in the mantle.

r,Synthesis and reVersed hydrogen isotope exchange experiments were

conducted with natural: rhyolite. obsidian and isotopically. labeled water
to quanitify the degassing of. hydrogen- 1 sotopes from rhyolitic magmas.

~.-Starting materials consisted of water plus. anhydrous .obsidian, or
~‘obsidian: equilibrated with. labeled water at. run: conditions.
J~Experiments to date have ‘been performed at waterssaturated~conditions

for 50 MPa and 1000°C, :950°C, and 850°C. Preliminary results thus far
indicate the per mill isotope fractionation factor between water and
rhyolite melt is approximately 23 6 based on, both synthesis and

isotope exchange.

‘,fAn 1mproved technique was developed for analyzing the water content of

natural. silicate glasses. Past work has been plagued by poor precision

.+ .of measurements on’ material containing water at levels below 0.3 wtf.
oA series of - experiments were performed to evaluate the effeots of
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adsorbed water as-‘a function of grain size. ‘These tests showed that

#: grain size must-be controlled -between 75um and 150 um for reliable

7 'results on’glasses with low water contents. The improved technique

gives precisions of 5% (rel) at 0.1 wt% and has. lowered detection

limits to 50 ppm.'

4.

Hork ‘has continued on the development of an. enhanced XRF analytical

technique for sulfur. "Traditional methods have been limited by

- problems related to particle size effects, variable oxidation states

“for S, high machine blanks, and poor natural standards., The enhanced

‘. technique gets rid.of-size effects by means of micronized sample

preparation, .accommodates variable oxidation states by.peak monitoring,

--has ‘reduced the machine. blank to <10ppm, and employs synthetic stan=

¢ ‘127 .dards ‘developed by the standard addition method. The new technique

J
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gives extremely consistent calibration curves with precision of <1% and
accuracy of <5%.at 100ppm levels. The new technique ‘has been applied
to matrix glasses from Long Valley, Coso, Kilauea, and Mauna Loa.

,Claj-’H 0 Interactions (J. L. Krumhansl)

—’Predictions regarding. the course of clayu-‘water reactions are of’ impore

tance in-a variety of géochemical, geophysical and energy related
applications. Such predictions, in turn, depend on a knowledge of the
kinetic and thermochemical constraints governing clay mineral
dissolution. This problem has been approached by using a Dickson

‘Hydrothermal system and experimentally measuring the solubilities of
-standard clays at 200 and 300°C. To date, solubility products have

been ‘evaluated for kaolinite and the Wyoming bentonite SWy#1. Further
accomplishments to date include experimental evaluation of the
parameters ‘required to initiate the portion of the study dealing with
the solubility of mixed layer illitexsmectite, and obtaining suitable
run materials for solubility studies on saponite and nontronite smec*
tite clays. Reduction of the solubility data on kaolinite and
bentonite have demonstrated that, although considerably longer than two
months are required for solution compositions to stabilize, -the changes
introduced after this period by continued fluctuations in solution
composition are much smaller ‘than the uncertainties arising from as=
sunpt ions regarding the hydroxide complexes of iron'and aluminum.
Consequently, ' future experiments will be limited to about" two months
duration.

Chemical Diffusion Processes in Silicate Minerals (R. T. Cygan)

The occurrence of disequilibrium behavior in geological materials is
often attributed to the limited diffusion of chemical species through a

- silicate mineral.’ :The'undérstanding of numerous geochemical processes
" will therefore depend upon the examination of the energetics and

mechanisms of solid state diffusion and the evaluation of diffusion
parameters at applicable geological conditions. The goals of the
present research is to apply theoretical and experimental methods in
this form of analysis and to develop a fundamental basis for applica+
tion to geochemical, nuclear waste, and materials science problems.
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Initial research has concentrated on the: examination of the energetics

-of cation diffusion in the garnets. . Experimental diffusion annealments
'~ have been performed for pyrope garnet in the temperature range of 900°

to 1100°C and at controlled oxygen fugacities. Ion microprobe analysis
of the very limited depth profiles (less than one micron) are being

.., performed -at Arizona.State University. To complement the experimental
. studies, a theoretical analysis of the diffusion mechanisms and migra-

tion energies has been performed with the use of an interionic
potential, energy minimization model. . In this manner, ‘the cation
diffusion process can be understood by examining the interactions of
ions assoclated with point defects in the silicate lattice. The migra-

‘tion-of a .cation from . an occupied crystallographic: site to an
~appropriate vacancy or interstitial site. will require a. specific amount
- “of energy to overcome the energy barrier created by the local associar
. .--tion of ions along the diffusion pathway. This migration energy, along
. :With the defect formation energy, is linked to the macroscopic activak
-~ -tion energies obtained from Arrhenius plots (log D versus 1/T) of
... experimental diffusion data. Migration energies were calculated for
- ..the diffusion of.the major divalent (Mg, Mn, Fe, and-Ca) of the dis~
.. torted cubic site in each of the endmember garnets. . Similations of the
_--vacanecy and interst;itial mechanisms for each of these garnet phases
“:suggest ‘that the; vacancy mechanism is the pr'ef'er'r'ed pr’ocess for cation

- diffusion, TSI . , :
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Contractor: - . - SANDIA- NATIONAL‘LABORATORtES

‘.Albuquerque, New Mexico L87185

Contract: - .- E“ACOM‘-76DPOO789 |

Cbtegory{'u -:u' '“Energy Resource Recognition, Evaluation and
- el : Utilization - ~ o -

éerson in Charge: v We Co Luth:'

A} CSDP-High Temperature Geqpnxsical Research Techniques (H. C Hardee G.

, J. Elbring. and C.. R Carrigan)

—,;The objective of this task. is the research leading to new or refined
. concepts and techniques in thermal, seismic, and electrical methods to

locate and define subsurface anomalous thermal regimes. The resulting

instrumentation involve.both surface and subsurface (drillhole)

-‘techniques.. Surface or near-surface -thermal: instrumentation includes

development and field testing or thermopile heat flux, oriented convec~

.tive ‘heat flow sensors; and downhole fluid samplers. Seismic

- techniques involve use of: surface geophones and-a down~hole controlled

seismic source capable of swept~frequency operation at 250°C and even#
tually 500°C. An oriented, high temperature, 3~axis selsmometer for
use in drill holes is being developed. This instrument will be used in
both hole~to-hole (HTH) and surface~to#hole (STH) seismic studies. 1In
addition to the instrumentation per se, each of these studies involves
research on methods to interpret the data. Current research is con#
centrated in these areas:

1. A downhole controlled seismic source under development provides
control of energy content and frequency of the downhole seismic
source. A prototype experimental version of this source capable of
swept#frequency operation from 10 to 90 Hz is currently undergoing
field tests. A DOE patent is pending on this source. A scaled#up
version of this source capable of selffcontained operation is six®
to eight#inch diameter holes at depths to several thousand feet is
currently being fabricated,

2. Work is continuing this year on thermopile heat flux sensors and
downhole convective heat flow sensors. The thermoplle heat flux
sensors are used to obtain rapid downhole heat flow measurements.
A permanent downhole thermopile heat flow sensor station has been
installed at Indian Wells, CA to evaluate a new version of the
thermopile instrument. The downhole convective heat flow sensor is
used to measure ground water flow velocities and convective heat
flow in permeable subsurface zones. A DOE patent was recently
granted for the convective heat flow sensor.

3. A fluid sampler has been developed for obtaining downhole samples
of fluids and gases in hot thérmal wells. This device is capable
of obtaining sealed fiuid/gas samples at steady state temperatures
of 250°C and is capable of limited operation to 500°C. The sealed
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- sample container is returned to the lab where it is reheated to in

. situ conditions of . temperature and pressure,. and the.resulting

., flulds and gases are analyzed.. At this time,:a measurement of

downhole pressure: is also obtained. -The first version of this

sampler has been ;ield tested in producing geothermal wells in

California. An improved version of the sampler has recently been
fabricated. . T R LA N

"1’,u A downhole seismometer with extended temperature (250°C) capability

» has been designed and fabricated. This instrument is designed for
use as, a passive seismometer in: geothermal areas .and also for hole%

‘ toehole use with the. downhole controlled seismic source, This
seismometer has-a unique positive locking clamp mechanism for
improved high rrequency response, - . - . S

' 5.. A high temperature (800°C) .thermal-probe.and associated cable and

«b,handling equipment has been developed for logging high temperature
holes.p,This -system uses-a platinum RTD-in-a special probe -assembly
~.attached to a 2 km. length .of high temperature stainless steel
- sheathed cable., The cable is mounted on a microprocessor~

L controlled winch, Cable operation and -data collection is computer

- controlled.¢ v . e

[ESEEN

Magmatic Emplacement (C. R. Carrigan)

fA relative narrow zone in volcanic systems, the magmathdrothermal

regime, is likely to control the majority of thermal and chemical

- processes of Interest to investigators.- This complex regime often

includes" ‘boundary layers of :the thérmal, chemical:and mechanical
variety and is the basis for much of the coupling that occurs between

.:thermokmechanical and.chemical processes associated with the evolution
of magmatic systenms. - Further many -of the. accepted surface- indicators

of .volcanism such as heatflow,:gas and steam production and oxygen

. 1sotope ratios are directly related to this regime. Currently, this

investigative effort deals with both-mass and heat transport -in the

- steady state and time dependent magmaﬂhydrothermal .zones using both
‘analytical and numberical models...In: addition. .some field experiments

f;~involving heat flow data- aequisition are beingzcarried out.

‘\,\ca—l,“,PA.v

A unique one#dimensional model simulating cooling and infiltration in a
magma¥hydrothermal system has been developed... This model takes into

'{{account the effects.of conveotive heat transfer -in the -hydrothermal

"!(zone as well as in ‘the magma.. ‘Earlier hydrothermal models have-always
.considered.only infiltration of :solidified bodies - that cool by

conduction. The present model- simulates magma#hydrothermal-: heat trans#

_fer in systems relevant to geothermal ‘energy extraction. In:the model,

;fmagma chamber .convection is: included using.a parameterized scheme

"“;developed earlier. .. Boundary conditions representing a hydrothermal

zone were obtalined using a model for two‘phase darcy flow. For a one

'7'kilometer thick intrusion and a 35 md host rock permeability, ‘typical

' inriltration rates are a few tens*of-centimeters per year.

~91~




¢ v

Furthermore, it is found that ‘rhyolitic magmas will perniitﬂinfiltration

‘to occur more rapidly than basaltic magma which i5 an effect of the

difference in convective vigor between more viscous rhyolitic and much
less viscous basaltic magma. 1In principle, it should be possible to
measure such infiltration rates from oxygen isotope data.

A site specific, time-dependent model or heat transfer' in a conduc¥
tively dominated medium has been developed for the Sierran basement

regime of the Long Valley Cal'dera.'." The model demonstrates that modest
" heat flows may be associated with a shallow magmatic heat source if it
“is timerdependent.  Simulation of magma injection (850 C max) and

cooling (500 C min) of a heat source over a 200 kyr cycle yields heat
flows of about 6 HFU. ‘this is only about one~third to one~half of the
total rate at which heat is evidently being supplied to the caldera.

Regarding magma~hydrothermal heat transfer, recent analytical and

“> numerical modeling suggests that the use of borehole temperatures to

"estimate heat transfer by darcy flow could only work in relatively
‘narrow conduction dominated zones near magma or in impermeable rock

formations. As a result, there is a lack of convective heat flow data

“available for comparison with theories developed by this researcher as

well as others. An effort is being made, in conjunction with in&
strumentation development at Sandia, to obtain data from a heat flow
array based on thermopile devices. Initial data from the first heat
flow station, installed in Indian Wells Valley, CA, will soon be
available.

-CSDP ‘Long Valley*Mono Craters Site Assessment (J. B. Rundle.‘ C. R.

Car'rigan, H. C. Hardee, and w. c. Lut.h)

The Long Valley+Mono Crater's region of eastern Califor-nia, ‘with its

- recent tectonism and seismicity, is important as a potential site for

deep continental drilling. This site has been under investigation as a
thermal regimes target since 1982. Investigations have included both
active and passive geophysical techniques, geochemical and petrologic
sampling, both at the surface and in shallow (<1 km deep) boreholes.
Investigators have included several tens of scientists from all the
national laboratories, the U. S. Geological Survey. academic institus
tions, and private industry.

This site assessment activity is now complete, a final report -has been
written, and a brief version has been published in the Transactions of
the American Geophysical Union (EOS). Results of many studies, when
superposed upon a map of the Long Valley caldera, clearly indicate that
a major body of magma lies in the central part of the caldera at depths
as shallow as about 5 km. “While seismicity within and to the south of
the caldera continues at a low level, uplift of the central part of the
caldera is currently 40450 mm/yr, implying magmatic injection rates of

as much as 20~30 million m3/yr. Fluid samples from the surface .and in
shallow wells indicate isotopes of carbon that are consistent with the
presence of a major shallow crustal magma body.
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S A=eysthesis of allravailableAdata 1ndicate31that~thefseﬁthﬁeentra1 part
w.iof the.caldera, near the head of -Long Canyon on the old:-resurgent dome,
-~ {8 the location where magma probably exists at depths as shallow as 5

km.:: There are a number -of shallow.drillholes in the-area, and con*

siderable industrial interest, leading to the conclusion :that:drilling

'~ conditions are favorale for a deep hole. Moreover, drilling technology
~r-presently exists for the 5#6 km.deep well envisioned, except at the
-high temperatures (>300° ~ -400°C) in .the immediate vicinity -of the
- magma: body. :Many unanswered scientific .questions remain concerning the

interaction of the magmatic and hydrothermal systems; and. their

-relationship:with the.current seismicity, deformation, and heat flow.
* These questions, while specific to Long Valley, are also:generic in
~,7nature, and can -be applied to understanding other: caldera systems.

Inyo Dcmes Research Drilling Program (J. C. Eichelberger)

a?The goal of drilling at the. Inyo Domes chain. California, is to under*

stand the.chemical, mechanical, and thermal behavior .of siliqic”magma

Afras it intrudes. the-upper crust and the relationship of .that:behavior to

- the environment of intrusion. Such information is fundamental to
. determining the origin and evolution of igneous#related geothermal
- systems, and is.also applicable to the problem of man®made thermal

perturbations .of crustal regimes. The approach .is.to observe and
sample a simple igneous system that has produced a well~xdescribed
volecanic event, and has not been affected by:geologic events subsequent
to emplacement. Drilling during fiscal. years 1984 and 1985, conducted
where the chain lies just outside Long Valley Caldera, has sampled the
distal and proximal portions. of :Obsidian Dome, the conduit of Obsidian
Dome, and an unvented portion. of the feeder dike that underlies the

»‘»Inyo chain.. The 600#year~old system was observed:-and sampled at depth
~intervals of 0-50'm, 410510 m, and 6204650 m, and. in fgneous units 1~

50 m thick that were'emplaced in cold granite basement, in hot fall#k

< ; iback tephra, and on the surface,. A.proposed hole would sample the same
—;dike where it intrudes the wet, permeable fill of -the caldera.~xw

; ,vThe sampled portions of the 1ntrusion differ dramatically from its

J;eruption products.: - Glass boundary:zones are Lwo orders.of magnitude

thinner to nonexistent;in'the'Lntrusive‘units than in.the.dome, even
though parts of the intrusion cooled much faster.. The distribution of
vesicles and residual magmatic water,.stable isotope relations-in fresh

.~ - glasses, and geochemical inferences concerning preferuption conditions
sosoindicate thatia large amount of ‘water.was lost from the system: during
: - ascent of the magma, much of it above the .level of observation of the

+.intrusion, -consistent with known solubility relations:and extrusion of

the dome without fragmentation. ' -The magma- apparently ascended as a

- permeable foam that collapsed to obsidian as it flowed outward. from the

-vent. Glass was preserved in the dome by rapid dehydration, rather

than rapid cooling. A numerical model for degassing by. porous flow
based on gas permeability measurements and geometrical constraints from
drilling shows that this process occurs in hours or less, and displays
critical geologic parameters controlling explosive.versus nonexplosive
behavior. The change from explosive eruption to dome extrusion during
the Inyo event (and other silicic events) can be attributed to the
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development of a vent funnel’ filled with fall*back tephra, within which
degassing of" ascending magma could oceur, rather than to- pre'-eruption
gradients ‘in volatile- concentration within the parent magma body.
Rapid water loss dur ing decompression produced an 1sothermally under#
cooled melt. which was then further devolatilized by second boiling

“{vapor exsolution during’ crystallization) OVer a period of days

(intrusion) to years (dome). The second boiling stage of chemical
change involved much higher concentrations of‘ halogens in the vapor
than the decompression stage, and - was ‘much more complete in the intrus
sion than in the dome. At still deeper and as yet. unobserved levels
where granitic rather than f‘elsitic ‘textures must have developed,
volatile loss was" dominantly by second boiling. siglificant volatile
content was retained by volatileabearing crystalline phases, and crys-

‘tallization proceeded from: thermodynamically stable rather than

chemically undercooled melt. The observed interval of the Inyo intrus
sion is within the zoneé of maximum mobilization of halogens, during

‘which process uranium moved out of the intrusion as well. These obsers

vations provide ‘the first view of an intrusion that produced a young

"‘voleanie event, and show that chemical as well as thermal behavior of

magma 1s strongly influenced by the environment of emplacement.
Complementary studies of the drilling results, in terms of mechanical,

thermal, and additional chemical .aspects ‘of the intrusion problem, are
being conducted at three other DOE laboratories, five universities and
the u. S. and Canadian Geologieal Surveys. o

'Geoscience Research Drilling Off‘ice (Peter’ Lysne)

The Drilling Office supports geoscientists by providing field logis=
tics, generic hardware, drilling plan developments, permits, contracts

- and consultation for CSDPAThermal Regimes research. In the past year,

drilling activities took place at Long Valley (Inyo Domes holes RDO-2b
and RDO#3). and. offﬂshore in the. Salton Sea (RDO#6 series and RDO~7
series, ninetéen holes). These efforts were in support of drilling
research projects put forth. by principal investigators from Sandia and
Lawrence Livermore National - Laboratories. Plans are being made for
additional drilling in Long Valley and in ‘the Valles Caldera for scien~

‘tists from Lawrence Berkeley and Los Alamoés National Laboratories and
“the University of Utah Research- Institute.

A limited instrumentation capability f'or borehole diagnostics is also
being developed by .the Drilling Office.. So far this-includes a logging

~~truck with a high~temperature capability, digital recording equipment

and 'some down~hole tools. . Personnel. An-the Drilling Office are also
working with neutron:porosity tools used. in. the Ocean -Drilling Program
to extend their calibration to. formations of scientific interest.
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‘Contractor: . ..~ ~UNIVERSITY OF ALASKA

Geophysical Institute - .
Fairbanks, Alaska 99775‘0800

Contract'f' Lo : DEPATO6*76ER70005

‘Title- .‘ .' ' Magnetic Field Annihilation In The

Magnetosphere And Its Applications
Person 1n Charge: S.~I. Akasofu and L. C. Lee

Seope of Work .

Plasmas 1n the thermonuclear fusion research devices and in space
around the earth have much in common. The earth's magnetosphere provides a

unique opportunity to study some of the basic characteristics of plasmas.

We have studied basic processes associated with the magnetic reconnection,
ion heating across a collisionless shock, and the generation of electromag~
netic waves through electron cyclotron maser mechanism, that are taking
place in the solar corona and the magnetosphere.

We have found that the magnetic reconnection process in the magnetor
sphere tends to occur with the presence of multiple X*#lines (neutral
lines), instead of the traditional model with one single X+line. This
multiple X#line reconnection process occurs quasi®periodically and
impulsively. It leads to the formation of th flux transfer events observed
at the earth's dayside magnetopause and the formation of plasmoids and
substorms observed in the magnetotail.

Ion heating across a collisionless shock has been one of outstanding
problems in the study of the theta pinch and.the earth's bow shock.
Recently, we find that the nondiabatic motion of the transmitted ions
across the shock front may be responsible for at least 50 percent of the
ion heating.

The auroral kilometric radiation is generated by the electron cyclotron
maser process in the presence of the energetic auroral electrons (=5 KeV)
with a loss#cone distribution. We have simulated the cyclotron mass
process and found that a few percent of the electron energy can be converts
ed to the wave energy, which is consistent with observation. The c¢yclotron
maser process was recently found to be responsible to the radiation ob~
served in some fusion devices.

University of Alaska researchers are also interested in energy~related
geophysical problems in the Arctic region. In particular, they are study~
ing the electric current induced by auroral activity in power transmission
lines and in oil/gas pipelines. We have successfully demonstrated that
auroral activity causes surges in the protective relay
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system in power transmission:lines. An-intense surge will open the protec
tive relay, causing a systematic blackout; blackouts caused by auroral
activity are fairly common in-Canada where many power transmission lines
are rather long. By studying the characteristics of the surges, we are
designing a protective relay system which will not be affected by auroral
activity. This project is important for the proposed Anchorage#Fairbanks

- tie line. We have obtained excellent.data.to study the relationship be?
_ tween the induced current and the protective relay and thus are analyzing

them in detail. .

In the arctic region, permafrost provides serious obstacles in energy
search and oil transport efforts. Thus, the determination of thickness of
permafrost is increasingly an important problem. We have an impulse radar
{GSSI), loopkloop induction system (EM~31,P34), audio magnetotelluric

. -systems, and electrical resistivity devices. : We made an extensive survey
. -of. permafrost: 1n the Prudhoe Bay area last summer and are: analyzing the
y datac - . ; . ; .




- Grantee: - ¢ : ARIZONA 'STATE UNIVERSITY -

-Department’ of Geology
Tempe, ‘Arizona 85287 - '~

Grant: . . DERFGO2K85ER13320 -

Title: . ¢ 2 -Drilling 1hvestigation of a yoﬁngrmagmatic intru~

""sion-beneath the Inyo Domes, :Long Valley,
California: Structurdl and emplacement studies

. -Person 'in Charge: - J. H.'Fink

- Scope of Work

“The purpose of this project is to characterize the geometry and

' ‘mechanisms of emplacement of silicic dikesibeneath the Inyo Domes in easté
ern California. Two related types of studies have been undertaken to
attain this goal: structural geologic mapping and interpretation, and
microscopic analysis of drill core samples.

A.

Structural Geologic Studies

The Inyo Drilling Program was originally based on the hypothesis that
the 550#year#old Inyo Domes were fed by one or more silicic dikes.
Prior geologic evidence for the presence of dikes included the alignk
ment of the Domes and the apparent synchronicity of emplacement of
deposits from the three youngest vents. As part of the present
project, mapping of ground cracks, normal faults, and phreatic craters
around the Inyo domes and as far south as Mammoth Mountain allowed more
precise specification of the geometry of the buried Inyo dike.
Structural evidence suggested that the three youngest Domes and the
coeval Inyo Craters were fed by a dike that divided into at least three
segments which rose obliquely toward the north and rotated in a clock#
wise direction as they approached the surface.

The location of the Inyo dike in drill hole RDO~3A west of a line
connecting the centers of Obsidian and Glass Creek domes as well as
mapping of surface structures on and around the two adjacent domes,
supported the idea of 15820 degrees of clockwise dike rotation. 1In
order to better interpret dike segmentation and rotaion at the Inyo
site we have mapped wellkexposed silicic dikes at three locations in
Colorado and Arizona. 1In the deeply eroded Summer Coon Volcano of
southécentral Colorado, silicic dikes radiate outward as far as 10 km
from a central intrusive complex to feed outwardly#dipping lava flows.
By projecting the surfaces of the flows inward we have reconstructed
the volcano's original topography in order to see how dike structure
varies as a function of depth of emplacement.

Initial mapping of Summer Coon indicates that segmentation of dikes is
related to their depth of emplacement. Exposures near the center of
the volcano (corresponding to depths of 142 km) show typical segment
lengths of 500 m to 1 km. Where these same dikes approach flows near
the volcano's paleofisurface, lengths of 10%15 m are superimposed on
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©7100~200 m long segments..' ' This" superposition of small ‘segments on

larger ones supports the {dea that rising dikes may continue to undergo
segmentation and rotation if they’ continue: 'to encounter rotating stress
filelds. Where the RDO~3A°Inyo:drill-hole’ penetrated the-dike at a
depth of 300 m, it had undergone about 8 degrees of apparent rotation.
However, if this dike behaved like’ those .at Summer Coon, it might have
continued to rotate:as it neared the surface, eventually producing
surface structures like’'those observed: oriented 15ﬂ20 degrees off of

v»«the overall trend of the dome alignment.;

by - o P *v

fAdditional evidence for the effects of emplacement depth on dike form

comes from mapping of rhyolite and rhyodacite dike swarms intruded into
schists in the Castle Dome and Kofa Mountains near Yuma, Arizona. This
mapping has shown that whereas the ‘overall strikes of the dikes are
perpendicular to regional directions of maximum extension, in some
cases their segmentation and rotation is controlled by anisotropic
properties (schistosity) of the host rock. “Such small scale influences
are more likely to affect dikes relatively near the surface.
Similarly, the orientations of the the. Inyo dike segments are more
likely to be affected by structural complexities at shallow depths.
Locally the Castle Dome dikes expand into complex brecciated bodies up
to 100 m wide, comparable to well~documented basaltic intrusive struc#
tures in Utah and New Mexico. At two sites in Summer Coon Volcano
where dikes are seen to feed lava flows, the dikes also widen into
complicated zones of 'brecciation and ‘anastamozing branches. A similar
intrusive body is inferred to lie beneath Obsidian Dome where the RDO~
2B drill hole intersected a complex widened zone of the Inyo dike.

Textural Studies

The Valles and Inyo drill cores have provided the most complete inte®
rior samples to date of young silicic lava flows. We have used this
unique suite of samples to investigate the factors controlling the
development of glassy and pumiceous textures in silicic lavas. We have-
used scanning electron microscopy (both normal and backscatter modes)
and petrography to characterize ‘the morphology and distribution of
vesicles, phenoerysts, flow banding, and microXcracks in various tex=
tures recognized in drill core: samples. In conjunction with
geochemical 'studies performed by other. investigators, these textural
studies lead to models for the role of volatiles in eruption and lava
flow processes. Such models in turn .are important for the assessment
of volcanic hazards and’ geothermal resources.

N

¢

The key result of our textural studies has been the recognition that
the 550 year old Inyo Obsidian dome and the 50,000 year old Banco
Bonito rhyolite flow exhibit nearly identical stratigraphic sequences
of glassy, pumiceous, and crystalline textures. Field mapping in Long
Valley and the Cascades has also correlated the textures seen in the
drill cores with those observed on the surfaces of many Holecene
silicic domes. We have explained this sequence in terms of three
processes: crystallization, effervesoence, and shear during flow.
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Volatiles released during crystallization of the flow interior migrate
~ through micro=cracks to the base of the flow's crust, where they pond
and coalesce to form a volatile~rich, highly inflated zone capable of
subsequently rising to the flow surface as diapirs, or of erupting
"explosively from the flow front.,‘ ,

The discovery of a dissected Tertiary age rhyolite dome in Nw Arizona
with the same stratigraphic progression has extended the.relevance of
our model to 8 m.y. old rocks. Examinations of samples from the 2.15
b.y. 0ld Rooiberg felsite, a rheo#ignimbrite from the Bushveld Complex,
suggests that it also had the same textural sequence prior to total
devitrification.
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Contractor: - . .. .~ . . UNIVERSITY OF ARIZONA
. e .}.Tucson, Arizona 85721

Contract: - . .- .  DEFACO2#BOER! 0753 001",

Title: = | | . Solar Variability. Changes in Figure and Mean
T ) SE }Diameter ,;. D PR oL e o
‘p'éi%s‘onf. in t:iharge:.v-Z Henry A. Hill

Scope '~of“Work , '

. The objective of this program is to develop and use an indirect diag-
nostic of changes in the solar constant by monitoring the figure and
diameter of the sun over long periods of time. The difficulty of obtaining
reproducible radiometer data over the period of years to decades necessary
for a significant study of the changes in solar luminosity motivated the
search for an indirect diagnostic. Such an indirect diagnostic of
luminosity is offered by measures of changes in the. solar shape and mean
diameter. Techniques measuring fractional solar diameter changes over
5 to 10"'6
being used to measure changes over longer, climatically significant ‘time
periods. The relationship between this indirect diagnostic and the solar
constant is being examined. , ,

approximately 9 hr observing. runs to accuracies: of AD/D 10

A. Technical Develqpments‘

'The success of the program to monitor long“term variation in the figure
and diameter of the sun depends in large measure on maintaining the
stability of the telescope over similarly long periods. To meet this
" requirement, focal plane. distance calibrator has been designed and
"~ built for the SCLERA astrometric telescope and is being tested. this
"device consists of a pretlens diffraction grating, a focal plane. stabi~
lized light source, light detectors on the solar detector, and
necessary computer and computer“related equipment.. The grating, on
. low=expansion glass, can be placed ‘on the stop of the primary lens for
.a calibration and is designed to produce firstrorder diffraction images
“in the focal _plane with the approximate angular diameter of the sun.
'The ‘1ight source is a single mode stabilized hel ium~neon laser. .The
first=order diffraction maxima are. imaged on the solar detector and are
used to calibrate the angular field.‘ This device coexists with the
, Michelson measuring interferometer that measures distances in the focal
" plane. . ‘The Michelson. interferometer has been designed and constructed
' so that the white light fringe can be detected, thus providing fiducial
data for day~tosday comparison of’ measurements. This system to detect
the white light fringe has been in operation since the summer of 1981,
‘(_‘The calibration system was put on—‘line during the winter. of 1985-86.

B. zObservations o

. 'The analysis of nearly seventy days of solar diameter measurements
~ collected during 1983 with the white-light fringe detecting system in
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place is in its final stages. It is expected that these observations
contain information on the variation in time of the solar figure and
mean diameter and should yield a new measurément of the visual solar
oblateness. Such results'should be extremely valuable since solar
oblateness observations at Mt. Wilson for 1983 and 1984 have been
interpreted as showing that the intrinsic visual oblateness varies with
the solar cycle. Analysis at SCLERA has revealed systematic errors in
the Mt. Wilson work due to relative changes in limb~darkening
functions. The SCLERA work is not vulnerable to this type of error and
is therefore of more fundamental value in looking for changes in shape,
and associated changes in the solar constant. :

Theoretical Work

Our ability to inrer a particular luminosity change from, for example,

an observed change in the mean solar diameter has been quite limited.
At present there is a difference of approximately three orders of
magnitude between the least and the greatest sensitivity that has been

- suggested. this: large range in the estimates of the sinsitivity is, in

part, a reflection ‘of the several different ‘physical processes that
have been’ considered potentially important in producing luminosity

- changes. However of . equal inportance have been differences in the

treatment of the boundary conditions in- the solar envelope.
Considerable success has been achieved in refining the treatment of the
boundary conditions. Testing of the theoretical work has been ahcieved
by addressing the observational discriparnicy between the differential
velocity observations and ‘the solar diameter observations of the 160
min period solar oscillation. It has-béen discovered at SCLERA that
the Doppler shift studies of the 160 min period oscillation are detect®
ing not real velocity but 'an apparent  velocity due to surface rotation
of the sun and the perturbation of 'the radiation intensity due to the
temperature eigenfunction of the oscillations.. This discovery and
reconciliation of the two types of observations represents a sigr
nificant test of the theory. ) . .

A major breakthrough in_this area has been achieved with work on longs
period internal gravity. modes - of the sun.. “At SCLERA, 152 gravity modes
have been successfully’ detected and classified using the solar diameter
observations. Evidence of ‘these modes is also found in total irs
radiance observations. For frequencey’ of Oscillation = 100 pHz it is
observéd that = 44% of the variability in the total irradiance spectrum
is due to gravity modes, with the rest due to rotation of solar active
regions. Because of the very long coherence times of gravity modes,
this fraction has very important implications for predicting future
variations in the’ solar luminosity. -

The combination of solar diameter observations ‘and total irradiance
observations for the study 'of the classified gnmode spectrum has
another important function as weéll. ‘Through the combined sets of
observations, it has been possible to study the limb“brightening of the
radiation intensity associated with the’ gnmodes. This permits a direct
observational study of ‘the ratio.of’ the’ fractional change in luminosity
to the fractional change in the solar diameter and shows a sensitivity
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to luminosity variations for solar diameter observations that is an

‘order of magnitude higher than the corresponding sensitivity found in
total irradiance observations. To the:extent that this ratio is

characteristic of the lower#frequency, climatically significantly
variations, these new findings should be very useful. They will be an
invaluable aid in the 1nterpretation of the results of the solar
diameter observations. L :
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Title: Thermal Regimes of Major Volcanic Centers.

: Magnetotelluric Constraints on the Coupling of
DeepriSeated Magma Genesis to High#Level Geothermal
Reservoirs

Person in Charge 'J. F. Hermance

Scope of WOrk

The focuS»of activity at this laboratory is on applying natural
electromagnetic methods along with other geophysical techniques to studying
the dynamical processes and thermal regimes associated with centers of
major volcanic activity. We are presently emphasizing studies of the Long
Valley/Mono Craters Volcanic Complex and the Cascades Volcanic Belt. This
work addresses -questions regarding geothermal energy, chemical- transport of
minerals in the crust, the emplacement of economic ore deposits. and op#
timal siting of drill*holes for scientific purposes.

A. Magnetotelluric Studies of the Long Valley/Mono Craters Volcanic
Complex

A variety of recent studies have stressed the possibility of reneved
volcanism in Long Valley caldera. Beginning in October of 1978, a
sequence of moderate earthquakes occurred northwest of Bishop, cul#s
minating ‘in May 1980 with what is now called the Mammoth'lakes
earthquake sequence, of which eleven events have magnitudes close to 5
or larger. In October 1981, a regional magnetotelluric survey was
initiated in east central California by Brown University in an effort
to study active volcanic centers along the eastern front of the Sierra
Nevadas and their relationship to regional extension in the Great
Basin. At present, data from some 85 field sites in the Long Valley
area have been acquired. Within the Long Valley caldera, MT data
reflect low resistivities associated with the caldera fill and/or
features in the basement. In particular, in the southwest moat both
the telluric field and magnetic induction parameters reflect a struc#
turally controlled east=west current system at relatively shallow depth
in the crust. This elongated eastRwest zone is aligned along a belt of
seismic activity, a zone of seismic shear wave attenuation, and a zone
of known hydrothermal alteration. If a strictly twotdimensional interé
pretation were valid, the actual resistivity should be less than 21 ohm
mat 7 km, 13 ohm m at 11 km, and 9 ohm m at 18 km. ‘thus there is some
indication of a systematic decrease of resistivity at depths greater
than 6-7 km. Our present thinking suggests that the SW moat is under=
lain by an intensely brecciated shear zone lubricated by clays and
hydrothermally altered materials associated with the same hydrothermal
reservoir as the nearby Casa Diablo geothermal field.
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Mono Craters, to the north of Long Valley, are homogeneous, ‘recent

'(less than 1000 yr old), and erupt rrequently._ It has been suggested
"that they were extruded from a single magma chamber, largely molten and
‘perhaps still. rising to the surface,  If such a magma body were

present it should be readily detected using magnetotelluric methods.
However.,we have seen little’ ‘evidence for one in MT data from the area
of the inferred ring fracture .of. Mono’ Craters.~ We. argue that any
possible magma body is either too thin to be resolved in our data. or

' - too. deep...,,

B.

Delineating,MaJor Boundary Faults in Long Valley Caldera l

E%One of the principal tectonic elements in’ the Long Valley volcanic
~ complex is a deep basin®=like caldera bounded by steeply dipping normal
faults having: ‘characteristic offsets of at” least’ several kms. 1In

attempting to characterize the subsurface geometry of this ‘structure we

' have reinterpreted’ regional. gravity and MT data'in terms of simple 3#D

.Co'

i of recent siesmicity.vr'

models. The similarity between our gravity and MT models clearly
underscores the ‘fact that both types of. data are’ 1arge1y influenced by

““the same geologic features., the ‘caldera fill. topography on the under#
"1ying ‘basement, and’ the ‘major. boundary faults., In ‘addition, ‘Wwe now

have clear evidence for a resistive feature (a’ "topographio ‘high" or
horst block) cutting across the main body of the caldera from the

‘northwest to the southeast. .The MT data ‘show this feature to be much

more continuous across the" caldera than do gravity and limited drilling
data. We. feel that this ‘feature’ 1s intimately assoclated with the
structural evolution of the resurgent dome, particularly with patterns

Employing MT data, we' were able to ‘locate the boundary fault in the

‘northwest: moat with a precision of better. than 0.5 km- because of the

close spacing of magnetotelluric sites in this’ region.. In addition MT
data from the eastern moat suggest. that the structure there may be much
steeper, than recent seismic and gravity models seem to suggest. Thus
one 1is inclined to reconsider the- steep bounding fault(s) model

‘proposed some years ago by Pakiser, but our data suggest a vertical

throw across this boundary of approximately 2 km, rather than the 5 km

-originally proposed by Pakiser.

Numerical Modeling

’rThe application of geophysical techniques to real problems in the field
. are often constrained by the adequacy of modeling algorithms necessary

to interpret -the actual data. Whereas there 1s no problem in prineciple
in solving the complete 34D. induction problem for arbitrary structures
and source .field geometries, such an approach is not tractable on

‘present*day computers. As an alternative to this scheme, we have.
- :developed a number of simple algorithms which.are computationally.
. efficient. - For. example, a new finite difference form simulates the

distortion of telluric fields by threexdimensional azimuthally sym-~

. metric structures. .In another ‘case, a simple three~dimensional thin~

sheet model has been- used to evaluate. the bias of longeperiod
magnetotelluric parameters in the presence .of modest current channeiing
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at shallow depth. In terms ‘of more refined 3-~D models, a new set of
finite difference operators has been developed to ‘simulate broad~band
electromagnetic induction in azimuthally symmetric 3~D structures. The
accuracy of this algorithm was tested against known analytical solu®

tions leading to accuracies .of better than 5%. .

A Magnetic Variation Study of the Oregon Cascades B

The most recent research effort undertaken by this group involves a
magnetic variation study of the Cascades volcanic system. During the
summer of 1985, a detailed east®west profile was conducted in central
Oregon by Brown University as part of the EMSLAB Project (EOS, p. 700,
October 8, 1985). Made up of .75 remote reference magnetic variation
stations spaced at 3-4 km, the profile stretches for 225 km from
Newport, on the Oregon coast, across the Coast Range, the Willamette
Valley, and the High Cascades to a point approximately 50 km east of

 Santiam Pass. At all of the MV stations, data were collected for short

~ periods (4#100 sec), and at 17 of these stations data were also ob*
‘tained at longer periods (4=4000 sec). All sites were operated from a

. four wheel drive van with a microcomputer (DEC PDP 11/73) based data
‘acquisition system and a three component ring core. fluxgate magH

netometer ,(Navnqt'esla) easily deployed by a single operator in rugged
terrain. ' o o

 Starting on the coast at the west end.of our profile and moving east,

we observed first a large coast effect assoclated with a . significant
wedge of sediments offshore, next the effects of the conductive sedi#
ments of the Willamette Valley to the east, and finally the
contribution from electric currents centered beneath the High Cascades.
This latter current system may be associated with the sedimentary fill
of a graben structure beneath Santiam Pass, or it might be part of the
voleanic structure of the High Cascades. We are presently continuing
the analysis of these data using a generalized 2=D inversion algorithm.
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Title- , In Situ Stress in Deep Boreholes _
Person in Charge-i‘ ’«‘i'l‘ J. Ahrens

Scope of Work

Pl

‘ Knowledge of the in situ stress in the earth 1is important to our under-
standing of: contemporary tectonic, geothermal, and rock-forming: proceSSes,
and provides information which is required to exploit energy resources and
store waste ‘in the earth. RS »

We have been developing a new: type of stressmeter which employs interﬁ
ference holography and, ‘by means of laboratory and field measurements, we
are attempting to turn it into a useful geophysical" tool._- ~This tool will
initially be used to'measure the ‘six (6) components of the stress tensor in
deep fluid-filled scientific boreholes. ! ‘

* Although our previous work was" carried out with a 12" 1aboratory
prototype, our present effort is ‘directed ‘to completion of ‘a 6" prototype
apparatus which will operate uncased and ‘in mud4filled boreholes. This new
device operated as rollows~ Initially the device is lowered a’ depth incre?
ment in the borehole. - “The borehole wall is scrubbed- free of mud. The
differential pressure is controlled system with N, ‘to “equal the ambient
pressure.  Inflatable packers then center the dev%ce in the borehole, and
then the device is locked in place., The mud in the holé‘section to be
viewed holographically is then exchanged with clear water. Then a
holographic exposure is taken of the borehole wall, a side~core hole is
drilled which relieves in situ stress, and a second hologram is taken. The
resulting interference hologram yields a map of displacement, which is
inverted to obtain the six (6) components of the in situ stress tensor. A
new concept for measuring quasi#static modull of rock in situ via indention
and holographic interferometry, will be used to obtaln the elastic moduli
of the rock. The method of obtaining elastic moduli was tested in
boreholes in oil shale in Garfield County, Colorado and in a marble quarry
near Mojave, Ca. In the case of the marble quarry we operated the
holographic instrument completely independently of utilities in the field
from the surface. To collaborate elastic measurements, laboratory
ultrasonic experiments were performed on three (3) marble samples taken
from the surface near the borehole. Sonic compressional wav§ velocities at
1 MHz of 4.6 + 0.3 km/s with a measured’ density of 2.70 g/cm” gave a
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dynamic Young 5 modulus of. 118 + 6 GPa. The uncertainty is primarily a
result of the uncertainty in the velocity measurement. ‘This is slightly
lower than the holographically determined marble static Young's modulus of
56 + 8 GPa. ‘Whether. the difference can be accounted for by the difference
in the - frequency and/or amplitude of the- intrinsic strains associated with
these different techniques or as a result of sampling of in situ stress
differences requires f‘urther study. T

The recent field experiments indicate that the holographic method can
determine the in situ Young's modulus with an accuracy of * 15%. The oil
shale results suggest that this uncertainty can be 1owered to 5% with
careful calibration ‘of the" applied point force and high holographic image
quality. Future work will concentrate on: laboratory calibration of the
method on materials of " wellv’-known elastic moduli and on techniques for
inversion of “the observed fringe. patterns for the displacement: field to
achieve an estimate- of. Poisson s ratio. With the completion of the 6"
instrument, later this year, we expect to carry ‘out measurements of in situ
stress in boreholes in the western Mojave near Palmdale (San Andreas rault)
area of California. In the Palmdale (San Andreas fault) area, existing
(USGS) boreholes ‘will be reoccupied in order to .obtain detailed data of the
amplitude and orientation of - the shear stress versus depth and to compare
with previous hydrofracture results. "Existing data suggest- that the shear
stress may increase with depth at‘a rate of .8 MPa/km implying ~50 to 80
MPa shear stresses at the 6 to 10 km depths of earthquakes. The latter
high shear stresses are difficult to reconcile with the lack of geothermal
anomaly associated with the San Andreas fault zone and the low apparent
values of stress’ releases assoclated with earthquakes ‘along the fault. We
also expect to carry out measurements in a ‘cool drillhole now available to
Sandia in the Long: -Valley-caldera. In Long Valley, the orientation and
amplitude of the in situ stresses is expected to be radial with respect to
the caldera structure and yield radial, tensional, compressive, or regional
stresses depending on the stage of evolution to which this complex has
evolved. -
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<Tit1e’: e "Infr-ared Spectroscopy and Hydrogen Isotope
R S T ERIE I U S S ;.,Geochemistry of Hydrous Silicate Glasses :
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Scope of WOrk Lo R

Infrar'ed spectroscopic studies have shown that "water" dissolves in
silicate melts -and: glasses both as-molecules. of .water ,_and as hydroxyl
‘groups. The fact :that water dissolves in amorphous silicates as at least
:two distinct species . raises interesting issues in isotopic geochemistry.
-For example, is-.there.a hydrogen isotopic fractionation-between the
-molecular water. -and. hydroxyl groups .in glasses and melts? .If so, is it
.temperature or composition dependent? . Will the wvapor/melt fractionation
factor. (a) for hydrogen vary with-the water .content of the melt due to the
‘changing ratio of ‘molecular water. to hydroxyl groups .as the water content
.changes? ~ Will this have an influence on the. variations - in hydrogen
-isotopic characteristics of magma bodies :as they continuously degas: or
-otherwise exchange -hydrogen with their surroundings? ;-The answers :to these
and related questions would.contribute to . our:understanding of. the basic
physical chemistry of hydrogen-in silicate . melts and glasses,.could be
;:applied to -geothermometry: of;:wvolcanic glasses, and would provide data
essential to understanding the evolution of volcanic systems and their
associated hydrothermal’ circulation systems. These results could also be
‘valuable in applications of glass technology to development of nuclear
waste disposal strategies.- v

The focus of ‘this pr'o,ject is the combination of infrared spectroscopy
‘and stable isotope geochemistry to the study of the various hydrogen=
.bearing speciles dissolved in.silicate-melts.:and glasses. We have
demonstrated during: ‘the current - -grant:period that infrared spectroscopy is
a precise and accurate tool: for measuring the concentration of "water"
:dissolved in natural and -syntheg.ic rhyolitic and .basaltic glasses. The

radvantages of .the infrared -technique. are.that it is non¥destructive; it can

be aimed at regions of glass as small as a few tens of microns in diameter
and avoids surface®*correlated (e.g., adsorbed) water; it can be used to.
analyze water contents as low as a few parts per million and as high as
tens of weight percent; and it gives information on the concentrations of
different forms of dissolved water (e.g., molecules of water and hydroxyl
groups) in glasses. Conventional techniques for water analysis must be
used to standardize the infrared technique. Great care must be taken to
avoid contributions from surface®correlated water if conventional tech-
niques are used; we have found, however, that adsorbed water can usually be
recognized by its distinctive isotopic composition. Surprisingly, heating
to 200°C is not sufficient to remove all adsorbed water from fine~grained
glass powders.
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We have used our combined infrared spectroscopic and hydrogen isotopic
approach to study volatiles in a series of obsidians from the 1400 A.D.
eruption of the Mono Craters chain in central California. Obsidians were
collected from domes and from tephra deposits. The water contents of the
obsidian clasts declined as the eruption proceeded, from about 2.5+3.0
weight percent in the earliest phase of the eruption to about 0.1 percent
in the youngest dome. At most stratigraphic- levels there is a range of
water contents from clast to clast, though each clast is homogeneous. The
D/H ratio decreased along with the total water content. as the eruption
proceeded; the observed trend cannot be modelled as having being formed by
progressive degassing from a single, waterfrich melt if a constant D/H
fractionation factor between melt and vapor ls assumed. :

"The proportions of water dissolved as hydroxyl groups and as molecules
of water in these glasses vary smoothly with total water content based on
infrared spectroscopic measurements. Hydroxyl groups are the dominant form
of dissolved hydrogen at low water contents, but molecules of water are
‘detectable in all glasses with 0.25 weight percent or more water. The
amount of water dissolved as molecules of water increases progressively
with total water content until at about 2 percent by weight dissolved
water, more than half of the water is present in this form. The amount of
water dissolved as hydroxyl groups changes little with 1ncr'easing total
‘water content beyond this point. If D and H fractionate between dissolved
hydroxyl groups and molecules of water as well as between these species and
coexisting waterfirich vapor, the variation in the ratio of molecular water
to hydroxyl groups with total water content would lead to a dependence on
‘water content of the fractionation of D and H between melt and vapor. We

have found that it is possible to model the trend of HZO content vs. D/H

ratio observed in the Mono Craters assuming a concentrationAdependent
fractionation factor that incorporates the observed speciation of water in
glasses.

We have begun to conduct laboratory experiments aimed at determining
the fractionation of D and H between melt species (OH and H 0) and hydrous

vapor. Knowledge of these fractionations, their compositional dependence,
and their temperature dependence should provide critical insights into the
degassing behavior of magmas such as those erupted at the Mono Craters,
perhaps into the temperatures at which degassing occurred, and into the
local structural environments of hydroxyl groups and water molecules in
melts.
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Scope of wOrk
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The focus of this project is development and applioation of a com#

. prehenslive, quantitative, multi"component chemical transport model
, incorporating water&rock interaction in hydrothermal systems. Water®rock
interaction plays: an, important role in many geochemical processes. includ#
E ing Wweathering, evolution. of fluids and: rocks in sedimentary basins,

containment of radiocactive waste din repository sites, and formation of
hydrothermal ore. deposits.- Quantitative numerical models integrating mass

transport with. chemical reactions, are essential for . a fundamental under#
standing of such processes. The model will be used to describe transport
of .mass in porous media ooupled to reversible and irreversible chemical
_reactions. j . e e e

,Current Activities ol

Research carried out during FY85A86 can be divided into three
categories: (1) code development, (ii) applications, and (iii) ‘theorétical
modeling. A ., , .

The . ourrent version of the computer code HCCTM (HultiH:omponent
Chemical Transport Hodel) ‘can be used .to. calculate one~dimensional isothers

_.mal mass transport- by advection and diff‘usion/dispersion coupled to both
_reversible and irreversible, homogeneous and heterogeneous chemical reac®
tions involving minerals and aqueous. solutions.v .The code includes an
~algorithm to determine the initial and boundary conditions for the starting
~ f‘luid compositions. ; P R :

Several modifications were made to the computer code MCCTM to improve

,.computational ef’ficiency ‘and its ability to model geologic reality. These
include addition of 'a switching algorithm to select as primary aqueous
.species those that predominate as the: chemical cOmposition of the solution
- changes with time and ‘distance. This modification is essential to model
-,complex systems in which the concentrations of certain species (e 8. Al’+,

*Al(OH).., ‘A1(OH) 2+, etc. ) ‘change by-many orders of magnitude as the -solution
‘passes through different pH regimes. -The switching algorithm is now being
“extended to include both homogeneous and heterogeneous reactions, which
“will permit use of the same size Jacobian matrix regardless of the number

oi‘ minerals that are in local equilibrium with the i‘luid.
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Considerable progress was made during FY85+#86 in testing the use of a
fixed grid of rode points: to solve the'moving-boundary problem inherent in
the partial differential eguations representing chemical reactions and mass
transport.- The results of finite difference calculations were compared
with exact 'solutions for several hypothetical minerals reacting with an
aqueous phase for two cases: the steady#state limit and-transient flow
regime. In the latter case, discovery of an exact solutions to the finite
‘difference equations provided a unique opportunity to analyze the effects
~of a fixed grid on the finite difference calculations. - One a short time
"'scdle compared to the time required for a mineral to dissolve completely at
a single node point, the finite difference approximation yields a spurious
representation for the concentration and mineral volume fraction. However,
the finite difference algorithm reproduces the average behavior- of the
reaction front and the concentrations of reacting species, provided advance
“of the front 1s sufficiently slow to a quasi—steady state eondition.

; The transport model is currently being applied to metasomatic altera“
tion of minerals in’ geochemical processes such as’ chemical weathering,
'hydrothermal ore,deposition, metamorphism and diagenesis. These processes
involve transport of material by fluids sometimes over large distances that
‘may be in disequilibrium or partial equilibrium with‘the surrounding host
rock. The fluids may form relatively concentrated electrolyte solutions.
“A8 the hose rock reacts with the fluid, secondary minerals form in spa¥
tially separated reaction zones, which may propagate with time in response
to migration of the fluids. The reaction rates of minerals in metasomatic
processes range from surface*controlled rates for reacting minerals that
are not in equilibrium with the fluid, to reaction rates that are controlr
led by the rate of mass transport if local equilibrium is maintained. For
silficates, surface—controlled reactions generally prevail at low
temperatures.

Recent numerical calculations indicate that the thickness of a
metasomatic reaction zone does not necessarily increase with-time in
" proportion to the rate of fluid flow. Rather, only" changes 'in flow
velocity result in changes in the thicknesses of the reaction zones, except
for the zone farthest downstream which advances at a retarded velocity.
These calculations demonstrate that for a steady, non~dispersive fluid flow
rate which is affected negligibly by changes in porosity and permeability,
and for which the host rock is far from equilibrium with respect to the
infiltrating fluid, the reaction zone thickness 1is constant for all of the
- zones except the last one downstream, which grows continuously with time.
This behavior is a consequence of the nature of steady, non#dispersive
fluid flow, referred to as plug flow. In the region in which the thick-=
nesses of the reaction zones are constant, a steady state is established

which persists either until the minerals in the host rock completely dis—,

'solve or until changes in porosity and permeability are caused by the
reactions, which then affect the rate of fluid flow. The steady state
limit of the continuum based calculations agree approximately with the
__results obtained from reaction path calculations for open systems, indicatr~
ing that such calculations can be applied directly to systems dominated by
advective fluid flow. Although open system calculation of this kind cannot
predict detailed early transient behavior, they afford reasonable ap=
proximation of long~term behavior with minimal computational expense.
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A double porosity. model was’ formulated to calculate mass.transport

.coupled to fluid/rock interaction on both macro® and microscopic scales.
- Such a model is essential for describing geologic systems in which the
- chemical composition of fluid in a fracture network is determined both by
-its interaction with the. surrounding host:rock .and by fluids seeping out of
- the rock. ..The double. porosity model is characterized by two distinct mass
. fransport systems, one associated with: fluid flow: by ;advection and dispers

sion within a fracture network;, and the other: by diffusion and advection
within porous blocks enclosed by the fracture network. Each of these
transport systems is associated with greatly differing porosities and

..permeabilities. The larger value of porosity, referred to as the primary

porosity, corresponds to the intrinsic porosity of the rock mass. The

smaller value corresponds to the fracture network and is referred to as the
.secondary porosity. The permeability of the fracture network (which cor#

responds to the secondary porosity flow.system) is much larger than the
permeability of the blocks in the-primary porosity flow system. Two dif-
ferent representative elemental volumes: (REVs) characterize the double
porosity model. ..One REV pertains to the fracture network of the rock mass,
and the other represents the rock matrix blocks. ¢ . :

: Transport of fluids within the primary and secondary porosity systems
are linked to one another by imposing appropriate boundary conditions at
the interface between the two flow systems. A separate set .of ‘transport

.equations applies to each continuum. These equations are coupled by a term

that is proportional to the flux of material between the blocks and the
fracture system. The proportionality constant depends on the geometry of
the fracture network and the: matrix of porous blocks.  The equations
describing flow in the fracture network:and -the matrix of porous blocks.

.The equations describing flow in the fractures contain provision for

heterogeneous reactions taking place at ‘the surface of the blocks. These
reactions alter the width of the: fracture apertires either by dissolving
the blocks and thereby opening-the fractures, or by precipitation of
minerals on the fracture surfaces,:which 'tends to close the: apertures.
Reactions of this kind are responsible for.the moving boundary problem at
the fluid rock interface-in the: fracture:network.. Reactions between the _
rock -matrix and-pore fluids :contained within:- the blocks are taken into
account by the block: transport equations. , R TR , & :

Future work will develop numerical methods to solve the double porosity
continuum model.  Initially, weak coupling between the fracture network and
matrix blocks will be assumed to- reduce the numerical ‘effort required to
solve the. coupled equations. CECpmeng tu R S aeey L : S S
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Contractor: . -. . - ¢ UNIVERSITY OF.CALIFORNIA.

Ce SRR » Department of Physics . :-. o
: Berkeley, California 94720
Contract: o N DE—ASO3~76ER70032

Title: . uIsotopic Studies ‘of Rare Gases in Terrestrlal
: Samples and in Natural Nucleosynthesis L

Person in Charge:r. o d H. Reynolds

Scope of wOrk

This project is concerned with research in rare ‘gas mass spectrometry.
The broad objective is to'read the natural record that isotopes of the rare
gases comprise as trace constituents-of:natural gases, rocks, and
meteorites. ' In past years, these interests have led to.the study of .such
diverse problems as the dating of rocks, the early chronology and isotopic
structure of the solar system as révealed by extinct radiocactivities, and
the elemental and isotopic composition of trapped primordial rare gases in
meteorites.:::In recent years, the project ‘has : focused: progressively more on
terrestrial problems. , :

A; Noble Gases From the Alberta Natural Gas Fields

We have determinedethe elemental and isotoplc composition of noble
gases in samples from twenty~one different methane wells located throughout
the Alberta, Canada basin. There are two distinct components: the first
component, Group A, .is characterized by high ‘He/“He ratios (1.U4*5.14 x
10 7), low and variable “°Ar/®SAr- ratios (£2000), and low total helium and
the second component, Group B, is. characterized by low: *He/“He ratios (<2 x
10 ®), high and uniform “°Ar/3®Ar ratios (~10,000), and high total helium,
(>0.1% by volume). Group B shows very little variation and has a well
defined composition. The relative amounts of He and Ar.in air, Group B,
and typical Group A samples, are much that it is not possible to generate

- Group A compositions by mixing air with Group B. An apparent lack of:

intermediate compositions between Group A and B, as readily seen on a
helium#argon isotope correlation plot, implies there is no direct mixing,
at least on . a significant scale, between 'the two Groups. - In other. words,
Groups A and B are two distinct and independent components which do not
communicate.. It seems reasonable to assume they have different origins or
subsequent histories, e.g. differing source of reservoir rocks, migration
paths, etc.

Many of the samples contain significant excesses of nucleogenic neon
produced by (a,n) and (n,a) reactions with nuclei of oxygen, magnesium, and
fluorine. The large excess of 22Ne (0.084 < 2'Ne/%2Ne < 0.50), relative to
values expected for production in typical crustal or mantle rocks, requires
a significant contribution from a fluorine rich source region. Samples
with highly anomalous neon are all members of Group B. Surprisingly,
nearby Canadian shield groundwaters also contain highly anomalous neon
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(Bottomeley et al., 1984) of similar.composition and low- *He/“He ratios (-1
x- 10:%) .7 The striking similarity between the natural gas samples and
shield groundwaters may .imply a similar origin (source) for these two noble
gas reservolirs. Perhaps; .the composition. of the Group Bisuite is dominated
by a flux of noble gases-from. the basement which: is .trapped and accumulates
in the Group B methane: reservoir.; We are investigating the possibility of
a:similar origin for the Group.B methane. _Although the data are prelimi~
nary,- at present there is N0 § compelling evidence to invoke such a methane
source, ; PR : L

We are puzzled by the high Group A ’He/"He ratios, ~10 times higher
than Group B and ~10 times:higher than theoretical values for "normal"
radiogenic helium (ef. Mamyrin and Tolstikhin, 1984). We have not been
able to identify any recent- intrusive.or extrusive volcanic activity of
sufficient magnitude to supply the estimated- ‘quantity of - *He associated
with:the Group:A reservoir,. :Although we cannot unequivocally,,rule out a
possible magmatic.*He source, we are inclined instead to believe that the
Group A helium is a mixture of normal radiogenic helium and:nucleogenic
helium: produced locally.from (n,a) reactions with ®Li. Groundwaters local
to areas producing Group A methane are enriched in Li (Hitchon et al.,
1971) 'and the methane reservoirs are thought to be "tongues" of limestone
(coral reefs) interspersed-in shales and anhydrites which are often
strongly enriched in Li relative to other sedimentary or igneous rocks.

Correlated linear variations between "He. nitrogen, and total hydrocar-
bons imply two component mixing. The first component contains “He/N, in
constant proportions (~0.06 in .Group B.and: ~0.,009 in Group A). In both

groups. the second component is consistent with pure hydrocarbons.

B. Fluid Samples from Miscellaneous Active Hydrothermal Systems.

(1) Vent waters along .the southern limb of the Juan:de’'Fuca Ridge: We
.~.found the relative abundances of noble gases heavier than helium
.- :to be like 2°C air’'saturated seawater (ASSW) identical to the
- ambient seawater composition. -~However, absolute abundances were
:~80%: of . that expected for. 2°C ASSW..:The Juan de Fuca Ridge (JFR)
;- fluids &ré: chemically unique, in that they contain:the highest
-chloride and total ionic strength :of any oceanic.hydrothermal
_solutions preyiously reported.  The: .combination of: high'chloride
-+ and total ionic sttength coupled.with the noble gas relative and
;- absoluterabundances. is consistent with mixing:a-chloride rich
+o=cofluld with émbient seawater. The high chloride fluid may be a
. r.brine reépresenting the high density and gas~free phase produced
.:: during ph&se separdtion either above or below the critical point
.. 1. of seawWater:  The chloride content of the brine is -3~6 times
... sedwater. Silica.geobarometry indicates minimum water~rock equi~
.1ibration temperatures. of ~340°C.(Von Damm and Bischoff,:1986), so
that mixing must occur:at- high temperature and deep in the

: .:—hydrothermal system. CEE oo , EEE
(2) Noble gases from surface springs and geothermal wells in Long
+Valley:. We have-analyzed:five samplés from the Long Valley
caldera.» three surface springs and two flowing geothermal wells.

£
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- The surface spr‘ings are enriched in helium relative to the other

noble gases, with “He/®®Ar ratios ranging from 5.5 to 24.0 times
the atmospheric ratio. -The corresponding *He/“He ratios range
from 3.7 to 5.2 times the air ratio. confirming the presence of a
magmatic *He component at Long Valley as ireported previously by H.
Craig's Lab (Rison et al., 1983). ‘A 'direct comparison of *He/“He
ratios measured in the RARGA lab and the:San Diego lab showed no
significant difference at the one sigma level (+5%). ~The neon and
argon isotopic compositions are atmospheric; Kr and Xe isotopes
were not measured. The relative abundances of noble gases, other
than He, are similar to compositions we have encounter‘ed in other
active continental hydrother'mal systems. :

The geothermal wells are producing a moder'ate temperatur'e (-1 70°C)
aquifer at a depth of ~200m and are in the immediate vicinity of

“Casa Diablo Geyser, one of the surface features discussed above.

The primary difference between the well fluids and the surface
spring is a smaller proportion of.an airklike component in the
well samples. Casa Diablo Geyser has a “He/®SAr ratio ~24 times
alr, whereas both well samples have ratios ~200 times the air

~ value. Owing to the dearth of helium in air. (or air saturated

water), the reduced proportion of air~like gas -in the-well samples
does not affect the *He/"He ratios (3.7 ~ 5.2 times air) elsewhere
in the caldera reflect dilution of the magmatic helium with
radiogenic helium (as in Yellowstone, Kennedy et al., 1985), then
the radiogenic dilution probably occurs at depths below the 200m
well depths. In one of the well samples there appears to be a
small 20 per mil excess (relative to air) of “°Ar. If real, the
excess translates to a ratio of “He to excess “°Ar of -5.6, com#
parable to other hydrothermal systems. '

Variations 1n noble gas abundance in a single hydrothermal spring:
We analyzed gas and water samples from Horseshoe Spring, Norris
Geyser Basin, Yellowstone as a function of depth in the spring and
found the relative abundances of the noble gases in both phases to
be strongly dependent on depth. Surprisingly, at the surface both
phases have identical compositions. We feel the expanding gas
bubble, while en route to the surface, must strip enough gas from
the liquid to completely overwhelm and thus mask the gas phase
entering at the bottom. Although this seems reasonable, what is
confusing is the surface composition is not like air saturated
water (ASW) at the spring temperature (~90°C).  Looking carefully

" at data for samples from other Norris springs collected at .the

.surface, we discovered compositions identical to the surface

compositions at Horseshoe. All these springs are acid (sulfate) »
chloride springs (pH ° 2.0) implying the unusual noble gas com=-
positions might be related to a possible "salting-out" effect. . In
the more controlled environment of the laboratory, we measured
noble gas solubilities in water from Horseshoe, a neutral ~
chloride spring also in Norris (Porcelain Terrace), and distilled
water (for calibration) in equilibrium with air (1 atm total

pressure) at 90°C. To our surprise the samples all had composir

tions similar to the surface fluids at Horseshoe and not that
expected for 90°C ASW based on other experimentally
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. determined solubilities in fresh water at moderate to high tems
.+ peratures: (Potter.and Clyne, 1978; Crovetto et al., 1982; and
~ - Smith, 1985).: We are aggressively pursuing this difference. One
- possibility is high temperature lab experiments are typically
-closed systems ~-- i.e. water and gas  are isolated, brought to
temperature (and the vapor pressure of water at that temperature),
--allowed:to equilibrate, and sampled, whereas, in this quick ex~
‘periment, and in the case of springs in the natural environment,
the. system remains. open and at the ambient atmospheric pressure,

C. Noble Gases 1n Uranium~ and Thorlum—Rich Minerals.

In an attempt to understand the origin of neon isotope excesses (and
particularly 22Ne) found in U».and Th#rich minerals, 12 samples with vary#
ing ages and U, Th contents have been analyzed. For 6 of the 12 samples,
aliquots of He were analyzed -in the RARGA mass spectrometer for absolute He
quantities and *He/“He ratios. The other noble gases (Ar, Kr, and Xe) were
also measured to obtain a complete picture and-to:aid in the 1nterpretation
of the neon results. T Do Sy e

The u and Th concentrations 1n the samples vary from 0.02. to 4,2¢ and
0 2 to 3% respectively. -From the measured He quantities.: (0.2a4 .cc/gm) the
calculated UrHe ages, assumlng no He loss, are- 10c1300 X 10‘ years.

Of the slx samples analyzed for 'He/ He ratlo, five samples gave ratios -
of less than 10. The remaining Basnaesite sample which contains 0.02%
uranium and 0. 32%: .thorium had a surprisingly high ?He/"“He ratio of 2.44 +
0.38 x 10° ¢ (UHHe ‘age: - 440 + 80 x10%): The lithium concentration in
this sample-is 60 + 8 ppm. However, the *Li(n,a)*H-+» *He reaction does not
seem able to account for the "excess" 3He present in the sample (Morrison
and Pine, 1955). Lm0 CEe e b T .

“The ’°Ne/”Ne ratIo was found to range from 0 02 to 6 and the 2‘Ne/“l\le
ratio from 0.02 to 10, - Most ‘of the values ‘are very dirferent from the
atmospheric ratios: (9 8 and '0.029) ‘and indicate: large contributions from
the Wetherill nuclear ‘reactions (Wetherili, 1954) ;. For "all ‘the samples the
oxygen (25r50%) and the magnesium (0.01~1, 6%) ‘contents have also been
“obtained. Once the fluorine- concentrations for the samples are known, the
calculated neon production from the (a,vn) and (n,a) reactions will be
compared to the' measured values."‘

For most of the samples large *8Ar excesses have’ also been measured.
‘The *®Ar/*SAr ratios for three samples was greater than 1 (atmospheric
value 0.19). An explanation for these ratios seems to be the nuclear
production of -*®Ar through *3Cl(a, n)?°K + ?®Ar+g and *'K(n,a)?°Cl »
38pp+p - (Wetherill, 1954) ., Determination of the chlorine concentrations of
‘the samples is'in progress. G oo

" The fission components of krypton and xenon are evident and will be
used in the interpretation of the light noble gas results. Finally, these
‘results will have some bearing on a suggestion that neon and argon isotopes
are produced by asymmetric fission of U= and Th*decay~chain nuclides (Rose
and Jones, 1984; Gerling and Shukolyukov, 1959). ,
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Grantee: : UNIVERSITY OF CALIFORNIA RIVERSIDE
: ' Institute of Geophysics and Planetary Physics
o Riverside, California 92521

Grant: E“FG03H85ER13h08 7
Title: oo ‘SulfideFOxide*Silicate Phase Equilibria and

’ ' .- ‘Associated Fluid Inclusion Properties in the

Salton Sea Geothermal System, California

Person in Charge: .- M. AL McKibbenj,u

Scope of Work

The goal of the research program is to understand mechanisms of metal
and sulfur transport and deposition' in active geothermal - systems;
Metamorphic and hydrothermal reactions among silicates, -sulfides and oxides
in geothermal reservoir rocks affect the oxidation state, pH and metal
content of interacting geothermal brines. Systematic documentation of
mineral compositions, phase relations and fluid inclusion properties allows .
detailed evaluation of the spatial and temporal variations of brine
chemistry within the geothermal system.  Knowledge of the in situ sulfur
speciation and metal complexing-allows prediction of the scaling and corro=
sion behavior of geothermal brines produced from different depths and parts
of the geothermal system. : .

Studies are underway of core and fluid.samples recently recovered by
the Salton Sea Scientific Drilling Project. Additionally, cores and fluid
samples have become available to UCR from other new geothermal wells in the
central part of the Salton Sea field. Preliminary results from all of
these materials indicate that mineralized fracture orientation is uniformly

lying that substantial episodic vertical com=
vepfmﬁ%%mtgcgﬁayﬁ> %8%% var?o%s grines in the syste%. Fluid inclusion

data suggest that boiling may be a major ore mineralizing process, yielding
oxidized veins containing chalcopyrite, hematite, pyrite, calcite, epidote
and chlorite. A particularly exciting find is the occurrence or relatively
abundant bedded anhydrite in the deltaic reservoir rocks. This suggests
that much of the brine sulfur may be derived from stratiform evaporitic or
volcanogenic sulfate sources. Sulfur isotopic data are currently being
collected to aid in modeling the sulfur eycle in the Salton Sea geothermal
system.'
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Grantee: L UNIVERSITY OF CALIFORNIA S :
S R © " Seripps. Institution of Oceanography
R " 'La Jolla;, California 92093 -
Grant: L ° :jbEaFco3A86eER13267

wiitlei'aI‘.‘ B f”f’Long Valley Caldera-' Monitoringvétudies of Gas
R - T ﬂ.”COmposition and He, Ar, and Carbon Isotopes

fPerSon in Charge;;s v jH. Craig

Scope of Work

‘We have continued our monitoring program of hot springs and rumaroles
in the Long. Valley/Mono Lakes region of the Sierra Nevada- Range: to inves~-
tigate the possible: relationship between' variations {n the ‘thermal and
seismic activity in - the area and changes in the gas cgemiﬁtry of nearby

“hydrothermal .fluids.  The focus of. our study has been.on “He/ He: ratios, as
they have proven ‘remarkably sensitive indicators of - mantle volatiles, but
we have also analyzed samples for :Ne, H2, COZ,JN2 02 and CHu S

We have obtained results for helium isotopes at six of the 1ocalities
“within the ‘tectonically. active region,:. ‘During’ thg peEiod of ‘most intense
seismic activity (October: 1978 to ‘June . 1983) the “He/ ‘He .ratio (R). normals
ized to 1its value in air.- (R. ), increased monotonically at.the. Hot Creek
“locality from 4.7 to 5. G‘Endicating an ‘increasing contribution to an al®
ready significant proportion of primordial ‘(mantle) -helium, - Since then the
R/R_ ratio has dropped, both.at Hot Creek and other. springs ‘in the
viofhity. concomitant - with ‘an approximately 10=fold decline" in -the level of
seismicity. The most recent sampling trip (January, 1986) has, however,
revealed a significant increase in the R/R_ value at four or five sites
monitored on a- longoterm basis in spite o? the continuing decrease in the
rate of seismicity. ' . e ST 4 -

There are several possible reasons why the helium isotope ratio should
respond t? chinges in seismic activity and migration of magma. If the
highest. “He/ He r%tio observed -(6.5 R_) 1is indicative of the magmatic

ourge, then 1ower He/ He ‘ratigs must be due to either admixture of a low

He/ He water or leaching of. 'He from crustal rocks. In either case, new
fractures related to earthquakes. would facilitate the migration of
hydrothermal fluid. This would result .in a greater percentage of the
magmatic component relative to the crustal one in the observed fluid or in
a shorter residence time in the reservoir ror the hydrothermal fluid,
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thereby reduoing the amount of” leaohing of llHe. Similarly, movement of
magma to shallower dept,hs would increase the convective heat flux in the
region, thereby bringing more of " the magmatic hydrothermal component to the
surface. Interestingly, the South Mono:-Lake hot spring, 25 km to the north
of Long Valley, also seems to respond to the changes in seismic activity;
thus, this hydrothermal system is responding to similar changes in
thestress regime and fracture pattern as Long Valley, or, perhaps more
speculatively, the Long Valley and Mono.magma chambers are connected. The
significance of the recent 1ncrease in R/R_. values in terms of the above
scenario, is currently being assessed but may well prove to signal impora
tant changes in the helium source at depth.

.The 3l—le/ He ratios also have a bearing on present hydrological models,
7which generally assume recharge to the west of Long Valley and lateral flow
of fluid through the B%sho Tuff aquifer in an easterly direction. The
Aconsistently higher He/ He ratios on the eastern side of the caldera, at
_Hot.Creek, Little Hot Creek and Big Alkaline Lake, if indicative of a more
direct magmatic input to this-area, imply that the fluid regime in the east
‘is controlled principally by eirculation of fluids in. closg cop tact with
the .thermal resource, whereas to. the west of the lower “He/ He ratios,
_measur'ed at Casa Diablo for example, could reflect an increased fluid
‘¢omponent of shallow origin. Such interpretations must however be able to
_account for apparent inconsistencies between adjacent localities, such as
the continued decline in R/R_ at Hot Creek while nearby springs show the
opposit.e trend. If such difficulties can be overcome the helium isotope
yariations may offer the very real posslbillty of delineating areas of
geother-mal potential withln the calder-a.
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Contractor: ., .~:: . -UNIVERSITY OF CALIFORNIA ‘AT LOS ANGELES
’ C : -, ..-Department.of Chemistry-and Biochemistry
'ngLos Angeles.-California 90024

Contract: - - DE“ET03-81 ER1 0965 -

Title: -/ =~ . ;{Adiabats .and Gruneisien Parameter at High
o ’;aTemperatures ‘and High Pressure

Person in Charge: : R. Boehler, M. Nicol

Scope of Work

- We are continuing work on the thermal properties of the highly compres~
sible alkali metals:  Lithium,- ‘sodium, potassium, rubidium, and cesium;
Melting points were determined to 35 kbar, with highly improved accuracy
using in situ pressure and temperature measurements and a hydrostatic
pressure medium. Some strong systematic deviations from previous non=~

hydrostatic piston~cylinder, work and new. ‘theoretical " ‘palculations were

observed. . We, therefore, built-an externally heated diamond, anvil-cell for

studying. melting at-much. higher pressures. This cell operates conveniently

to melting temperatures of kooec, . which is the upper limit of reliable in
situ pressure measurements by the ruby method. With this diamond cell, Ve
have measured the melting temperatures of Na and K to 110 and 145 kbar,
respectively, and found a continuous rise in the melting temperature for Na
and the triple point .of the phases bcc~feekliquid in potassium.: This
strongly suggests a systematio relationship among- the phase-diagrams of the
heavier alkali metals, potassium, rubidium, and ‘cesium. For the measurer
ment of melting far beyond the s-to*d electronic transition, we have
designed an internally‘heated diamond cell in order to extend these studies
to higher temperature. e e , :

The encapsulatinb technique that we have developed to contain liquid CsA

at high hydrostatic pressures in the pistonecylinder apparatus was used to
measure adiabats and phase diagrams of ammonia~water suites. These com=
pounds are considered to.be major constituents to‘icy Jovian and Saturnian
satellites- Ve found significant discrepancies between the boundaries

sensed by thermal probes .in the piston<cylinder apparatus and the visual"
observations in the. diamond anvil cells, since these techniques have dif®

ferent sensitivities to metastability. These studies located -the H,O0=NH 55

2H, eutectic and determined the adiabatic.gradient:of the eutectic énd. s

otﬁer oompounds ineluding liquid water, ice VI, and ice VII. These ex-'
perimental adiabats place important constraints on the temperature;

distributions and thermal histories of such planets.»

ChLONN
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Grantee: R * "UNIVERSITY OF CALIFORNIA AT LOS ANGELES
DR i "pDepartment of Earth and Space Science
“Los Angeles, California 90024
Grant: DE#FG03~84ER13203

Title: - : s " Determination of Thermodynamic Functions of'
“ ' Minerals'at:High Temperature

Person in Charge: 0. L. Anderson

Scope of Work

‘High' temperature elasticity and expansivity measurements with suffi~
cient quality -to-compute the thermodynamic information required to
determine the’ thermodynamio functions of solids are measured in this
1aboratory. SR *‘ : ’

The- measurements emphasize the determination of the elastic constants

: from which the adiabatic bulk modulus K. '= =V(3 P/3 V)_ is determined"
injﬁhe range of300°K to above the Debye temperature. Most minerals of
geophysical 1nterest have values of ©in 'the range of 500°K to 850°K (e Ee»
o for forstertie is 760°K)

By applying the special measuring technique called the: Rectangularf
Parallelepiped Resonance method (RPR), fundamental resonance frequenoies
are measured up to and beyond the:Debye temperature:into,the 1200°K range.

Many thermodynamic properties can be calculated with the data from
measurements. ‘The: RPM method is workable only at one bar pressure, but
there are high pressure thermodynamic properties predicted by the results.
Some of these predicted thermodynamic properties can be found from high
pressure experiments, and correlations between experimental methods are
possible.

Werhave Just finished the RPR measurements on- NaCl from which we
determine the elastic instants of NaCl at temperatures up to two times'the
Debye temperature. Our results on C agree with ‘the C of Spetzler et
al. (1972). 'Using the thermal expansivity along wiﬁgthe C data, we
determine the ‘thermal pressure vs.--T. We found that our results gn thermal
pressure agree very well with the measurements of Boehler and Kennedy
(1982) on NaCl. This means that the RPR method can bé used to either
supplement or complement the P*V~T measurement of the thermodynamic
properties. Our measurements of the gruneisen constant vs. T'at high T,
indicates a slight departure from the results found by Boehler, and we are
investigating this departure.
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We have finished the theory by which the elastic constants -of a
trigonal crystal can be -determined .by means of the RPR method. We have
been able to demonstrate complete agreement between observed and calculated
resonance spectra up to the thirty=ninth.mode. . This is the first time that
this has been done for crystals of such low symmetry. We found that it
required a computing program with the capacity to invert a matrix of order
210x210 in order to avoid dispersion in:the upper modes (20-<40). The RPR
data taken on corundum at room temperatur'e were used to calculate the
elastic constants. : - . . S an
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Contractor: ~ . . THE UNIVERSITY OF CHICAGD
. " Cnleago, Illinois 60637 -

Contract: - DE-ACO2480ER10763

Title: - B © Depth to:'and Concentrations of Water in Large

s C " . Bodies of Silicic Magma’ n o
: R R P : [

Person in Charge: " A. T. Anderson and S. N. Williams -

Scope of Work

Silicic magmatism plays an important role in the compositional evolu~
tion of the crust and in the development of certain ore deposits and
geothermal fields. We use vacuum fusion and capacitance manometry to
estimate the concentration of H,0 in inclusions of glass (quenched melt)
preserved within phenocrysts of quartz. Together with evidence of gas
saturation, the concentration of H,0 in the melt leads to an estimate of
the pressure of crystallization and thus the depth at which the body of
magma was crystallizing. : : '

Our analyses of clinozoisite and other hydrous silicates with struc®
tural hydroxyl water agree with other methods. However, our analyses of
silicic glasses yleld low concentrations of H_,O compared to other methods.
Tests to date suggest that part of the discr'epgncy may be caused by partial
loss of H,O from silicic glass at room temperature in a hard vacuum. We
determined that inclusions of glass which are sectioned before analysis
lose about as much H,_ O at Y400°C as at 1250°C.F5V1rtually no H,O is detected
at 200°C, after pumpgown to a pressure of <10 ~ mm Hg at room temperature
for about 48 hours. To eliminate the possibility of evaporation of H,0
from silicic glass during pumpdown, we have analysed some unsectionéd
inclusions of.glass. The H,0 is released at 1250°C when ‘the crystal rup#
tures and the melt vesiculatés. No H,.O 1is detected at either 200°C or
§00°C from unsectioned inclusions. 2’l‘hr-ee inclusions in three separate
crystals released 2.0 + 0.8 wt. percent H_O. The three inclusions were
relatively small (about 100 microns long), located near the centers of the
crystals and partially faceted (negative crystals). A fourth inclusion was
large (almost 300 microns long), round and located near the rim of the
crystal, It yielded 4.4 & 1.0 percent H,O. Possibly, the small, faceted
inclusions were trapped at an early stagé of crystallization in a melt with
comparatively little H,O whereas the large inclusion was trapped later
after the concentr,at?on of H,O0 in the 1iquid had increased. Preservation
of a record of increasing H O %ith crystallization within a single lump of
pumice suggests that the chiange occurred in less than about 100,000 years;
otherwise, diffusive exchange would result in uniformity.
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Grantee: COLUMBIA UNIVERSITY ~ - - e

g = - Lamont=~Doherty Geological Observatory

' Palisades, New York 10964 '
Grant: DE~FG02~8H4ER1 3287 -
Title: e T Energetics "-ot‘ Silicate Melts from 'Ther"mveiu

“ Diffusion Studies
Person in Charge: " D. Walker and C. E. Lesher

Scope of Work

'A-detailed characterization of silicate liquids is required for a
predictive ‘understanding of the evolution of: natural magmas within the
earth's crust. ‘A magma's. crystallization behavior and interaction with its.
sur'r'ounding determine, among other things, the ‘potential: for geothermal.
energy extraction and the formation of ore deposits, .The thermodynamic.
evolution: ‘of - magmatic systems depends .not. only upon the :thermochemical
details of the solidifioation pr'oducts, but also:on the ther-mochemical
properties of the initial ‘magmatic liquids. These pr'oper'ties are rather
more poorly known for ‘the liquids than for: the solids. It is the putpose
of this project to'aid in'the characterization-of the. ther-modynamic
properties of silicate llquids by a novel experimental approach A thermal
diffusion studies. SR i U TR -

Ther'mal diffusion 1s the phenomenon of ohemieal migration in response
to a thermal gr‘adient. In ‘a substance :with more than one component, -chemi~
cal heterogeneity can- develop in an. initially homogeneous substance :as ‘a;
result of a diffusional mass flow consequent .on heat flow. -The: details of-

this response ‘are conditioned: by the thermochemical: properties -and.con*;

stitution of the substance. ‘We have experimentally demonstrated that:
silicate 1iquids ‘do undergo substantial thermal diffusion ‘differentiation:
and that observations of this. diff‘er'entiation pr'ovide the data necessary-to
evaluate the form and quantitative: -valtes of ‘silicate 1iquid solution
parameters. This information supplements calorimetric and phase equi-
librium data on silicate liquids. Silicate l1iquids show mixing behavior.
which requires models as least as complex as an asymmetric regular
solution., ~Parameters quantitatively extracted so far include ordinary

. diffusion coefficients, heats of transport, and energies of mixing for 8102-_

ln silicate liquid.
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Grantee: . COLUMBIA-UNIVERSITY
s . ; Lamont-Doherty Geological Observatory
'~ 77" Palisades, New York 10964
Grant: - DE~FGO2=8L4ER13221

Title: - .Seismo“tectOnics5offtne'Eastérn‘Aleutian Arc and
S ~ Associated Volcanic Systems

Person in Charge: K.ancob,and J.’Taberg

Scope of Work

The‘geophysical processes of subduction and arckmagmatism are inves-
tigated by seismological methods .to obtain a fundamental understanding of
convergence at a plate margin and to assess seismic risk to future energy
projects in an active arcstrench back arc system. We interpret seismotec#
tonic information for most.of the Eastern Aleutians. In the Shumagin
‘Islands we study 'a 300%km long arc segment by operating -a digital seismic
network with 14 remote stations linked by telemetry. This segment is a
seismic gap with a high probability for a great earthquake (M>8). in the
next two decades. Research topies include: ' the geometry of the descending
Paciflc slab; ‘velocities in the upper mantle and crust of .the over=riding
North American plate; seismic source and strong&motion properties;. inver~
sion of travel time residuals for velocity pertubations in the arc's
magmatic root zone; seismic and eruptive activity of Pavlof Volcano; and
the integration of these results with geodetic deformation data to inves~
tigate plate coupling. Applications concern the geothermal energy
potential of the Aleutian arc; seismic, voleanic and tsunami hazards to
off#shore oil‘leaseésale areas directly adjacent to the Shumagin Seismic
gap. - Technical objectives are the sensing of wide dynamic range, seismic
ground motions of small and large earthquakes for engineering applications.
The selsmo~tectonic results for the Shumagin network area are integrated
with results from teleseismic and -other geophysical observations from the
Aleutian are. outside the ‘Shumagin seismic gap. -

'Results

, Between October 9 and November 1&, 1985, a sequence of 5 moderatensized
events with magnitudes M =6.4, 5.0,.5.2,-5.0, &and 5.6 occurred in the
Shumagin Islands seismic network region of the Eastern Aleutian’are. In
addition to this cluster of moderate#sized events, the. microseismicity rate
in the Shumagin region has increased by 35 to 80% for at least a 6~months
period beginning in April 1985. While we cannot be sure that these unusual
seismicity patterns are part of a precursory activity to a large 1mpending
Shumagin earthquake, such a possibility must at least. be considered.
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Contractor:

Contract:

Title:... -

Person in Charge:

Scope of Work

' COLUMBIA UNIVERSITY
.. Lamont~Doherty Geological Observatory
' Palisades, New York 10964

DEHACOZ*7ZEROHO5H'

;Study of the Timehdependent Transmissivity of
 Joints \

‘“C'LH, Scholz

- This project involves laboratory studies of the permeability of joints
1n rock, taking into account both mechanical/hydraulic and chemical aspects

of" the problem." Ce

A ‘study. of the mecanical properties of Joints has recently been
1oomp1eted. A constitutive law_that relates joint closure and effective

,normal,stresS‘wasvformulated»and confirmed by laboratory measurement. .The

law is an extension of the Greenwood and Williamson (1966) contact theory
~for two rough surfaces in contact. It shows that the closure property is
- as much a property of the-topography ooffthhe fracture surfaces as of the
“elastic contants of the substrate. - -A broad bandwidth study of the topog®
-raphy of natural rock surfaces showed that a: wide variety of such surfaces

~have : rractalﬁlike topography..'

Experiments of water/rock interactions during flow of water through
fractures in-:quartzite and marble have shown that a number of solution=
‘dissolution processes can affect permeability in such situations. Current
studies of this type involve flow experiments of water through fractured
alabaster and fractured quartzite under hydrothermal conditions. -
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Contractor: . HARVARD UNIVERSITY -
v ‘Department of Geological Sciences
Cambridge, Massachusetts 02138
Contract: DE-AC02-83ER13096 /

Title: . - .:: Energetic-and. Thermochemical Properties of Rocks::
and Minerals

Person in Charge: J« B. Thompson,.Jr. and S. K. Dobos -

Scope of Work

- Any thorough understanding of the earth's crustal processes ‘and- energy
budget must ‘take into account the energetics and thermochemical properties
of rocks and their constituent minerals, notably their heat capacities and -
their enthalpies .and entropies of transformations. :Such thermodynamic
data, and physico-chemical models derived from .them, are of direct concern
in such fields as the extraction of geothermal energy, nuclear waste dis-
posal, terrestrial heat-flow-studies, the geochemistry of: ore deposits and
igneous, metamorphic and sedimentary petrology. : E ,

Much of the requisite thermochemical data to handle problems in the.
above fields is unknown or poorly characterized. We propose to augment the
data base for the thermochemical properties of rocks and rock-forming
minerals, as well as heterogeneous transformations in rocks involving the
appearance or disappearance of mineral phases of a given phase assemblage.
Such studies comprise one of the most basic energy=related branches of
scientific investigation in the geosciences, and are fundamental to -our
understanding earth processes and earth materials. - :

Our calorimetry lab is now complete and fully equipped with three
thermanalytic instruments: (i) a power~compensated differential scanning
calorimeter fot eht emperature range =170 to 725°C, (ii) a heat-flux dif~
ferential scanning calorimeter for the range 25 to 1700°C, and (iii) a
thermogravimetric analyzer for the range 25°C to 1200°C, capable of opera=~
tion with controlled atmospheres from a moderate vacuum to ambient
pressure. The instruments may be run semi-automatically, and are, inter~
faced to computers for real-time monitoring, data collection and data
reduction, . S
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Grantee: . UNIVERSITY OF HAWAII AT MANOA
G o -~ Hawail 'Institute of Geophysics
Honolulu, HI 96822 - S
Grant:‘ S : T'V~DEFFGO3“85ER13418 E
Title: ~ Physical Characterization of Magma Samples
- Person in Charge:" | - M.*H.-Manghnani

Scope of Work

This program involves two areas of laboratory investigation: (1)
characterization of physical, seismic (V_, V , and Q ) and electrical
properties of core samples rrom>K11aeu£ ka lava lake as aﬁqunotion of
temperature, and (2) electrical conductivity, and V., V., and Q of melts
of these and related basalts as a function of presguresand temperature and
volatile (e.g., HZO’ COZ) content. '

~The goals of the proposed research are threefold: (1) to understand
how the high®*temperature behavior and thermodynamic properties of basalts
and relevant silicate melts pertaining to geothermal exploration and ther~
mal modeling in'a volcanically active area are affected by a total
environmental system; (2) to investigate interrelationships between the
various physical and thermodynamic properties of such melts; and, (3) to
develop Brillouin Scattering technique for measuring the elastic and
anelastic properties of melts.. : '

Chemical and mineralogical analyses of Kilauea Iki and other samples
are being conducted in cooperation with W. C. Luth at Sandia ‘National"
Laboratories.

: The'physical, acoustic and electrical properties of selected lava lake
core: samplés, for which chemical composition and mineralogy have been
determined by Sandia Laboratories (Dr. W. C. Luth) have been interpreted in
terms of chemistry, glass content, and mineralogy of these core samples.

We ‘have focused our efforts on the elastic, anelastic, and electrical
properties of melts of ‘basaltic and related composition using ultrasonic
interferometry and recently wet up lUd-electrode conductivity measurement
experiments. We are currently testing our high-temperature furnace for
Brillouin Scattering measurements. - Based on the ultrasonic data to date,
the temperature and frequency ngendence of ultrasonic compressional
velocity (V) and attenuation (Q_ ') measurements for various melt composi*
tions are iﬁterpretg? in terms of viscosity, relaxation time, and structure
of melt. The V_Q_  frequency temperature data for melts of 10 basalts
have been systeﬁatgzed in terms of compositional and structural variations.
A linear relationship between velocity and densify (constant molecular
weight M), similar to Birch's law, has been,found. We have also found a
good relationship between the measured Q and viscosity values for
various types of basalt melts. p -
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The temperature dependence:of the melt: conductivity of the eight

samples from Kilaeua Iki samples from different depths is almost the same
and follows the Arrhenius equation. - :

The proposed research, ilnvolving close cooperation between the
University of Hawail and the Sandia National Laboratories, provides an
impetus to basic energy research needed for acquiring a better knowledge of
the fundamental in situ high=temperature physical properties of rocks and

their melts relevant to geothermal exploration and to planned projects -such
as the U.S. Continental Scientific Drilling Program.
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Grantee: o s = ~sGIUNIVERSITY ‘OF MARYLAND * S
R R E L " 'Department of Chemistry and Biochemistry . -
: oo .74 College Park, MD 20742 ¢ ’
AR Y

Grant: .0 w1 Ao i DE~FGO5~85ER13410 .7«

Title:*ixxgi EEEEE S ARt :i¢§5udyroffthe SaltonJSea?GeothermalxSystem Using
Ll teemoiss Baccr o or i "Be Isotopeand: Trace Element  Chemistry

Person in'Charge: N. J. Valétte*Silver ]

Scope of Work

The aim of the proposed work is to characterize the dominant prgcesses
acting in the Salton Sea geothermal reservoir using the isotope Be and
trace elements. The use of a wellﬁpqufn tool such as the trace elements
and of a promising new technique, "Be, constitutes a unique and poten~
tially powerful combination never used before in a geothermal system. To
makﬁ)an'adequate use of these indicators, we propose to study the behavior
of "Be and of the selected trace elements (As, Se, Sb, Hg, V...) in the
highly saline environment of the Salton Sea. From the analysis of waters,
ore deposits, sediments and rocks, we will address the following problems.

1. We expect the aquifers in the geothermal field to have distﬁect
chemical signatures as defined by their trace element and Be
concentrations. By characterizing the aquifers in this way we will
be able to identify the mixing processes occurring in the
hydrothermal system.

2. We seek to estimate the ages of the rocks and'sq%iments of the
reservoir as well as the various aquifers by using Be as a tracer
and as a dating tool. ’

3. We want to deteérmine the origin of tﬁélqﬁe déposits: in pars
ticular, whether the metals are of sedimentary or voleanic origin.

We propose to pérform this work in two steps: the first one deals with
the water samples and has to be carried out during the first half of the
_proposal to avoid spoilage of the samples. The second one deals with the

solid samples and will be carried out during the second half of the year.

Current Activity

Préliminary study of liquid samples from the Salton Sea geothermal
field, obtained mostly from the Well Fee 5 belonging to Republic Geothermal
Inc., enabled us to dé?elqp and refine analytical techniques that will be
used on the Salton Sea scientific drilling project sampl * On the Fee#5
samples, we tested mostly our chemical separation for the Be study, and
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measured the isotope concentrations using the Tandem Accelerator. at the
Universitg of Pennsylvania.. The-concentrations reached the very high value
- of 2 x 10 atoms/g. Analysis using INAA, ICP, and AA, for major and trace
elements determination were also performed in order to evaluate the effect
of the very high salinity of the samples on the chemical analysis.

The first SSSDP fluid samples were made available to us in January 1986

and their study is in progress. We -are awaiting the second series of fluid
samples as well as the core samples.
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Grantee: . . o+ MASSACHUSETTS INSTITUTE:OF TECHNOLOGY -
G s e o skt Department of - Earth. Atmospheric and Planetary
Dol { :" E b\'.;;" . e Sciences . ; B
P Cambridge, Massachusetts 02139

Grant: .~ . - DE-FGo2~85ER13u15

By E s TS " Rt .; ey St . Lt
Title: S e Microcracks and Energy
Person in Charge: Gene Simmons

Scope of Work SEEE e

The obJectiVe of this project 1s to develop the scientific basis for
understanding microeracks in rocks. ’

- Open microcracks control such: important properties of rocks as -
hydraulic permeability, electrical conductivity, compressibility, thermal
expansion, and the velocities of elastic waves. Healed microcracks provide.
data on the history of a rock, including pressure, temperature, and fluid
composition. The potential: applications include (1) site characterization
for waste repositories; (2) estimation of the change of permeability of
rock :in situ due to changes of ' temperature associated with exploitation of
a hot~dry*~rocks geothermal reservoir; (3) prediction of the behavior of
certain isotopes in radioactive waste emplaced in erystalline rocks; and
(4) .improvements in the exploration techniques for uranium in crystalline
rocks. : : [T s PO . .

Microcracks and their mineral deposits are characterized with the
petrographic microscope, scanning electron microscope equipped with an -
energy dispersive x-ray system, and various physical properties measured as
a function of pressure. . Open microcracks are characterized with the SEM
and a high precision strain measuring technique (differential strain
analysis, DSA). :

A, Gr'anite Mountains and Sherman Granites

This project is investigating why the Granite Mountains granite 1ost as
much as 2/3 of its original uranium, as shown in a series of papers by

i the USGS:Isotope Group,:but the Sgerman granite retained most of its
original uranium for more than 10° years. =i "~

" In the Sherman granite, primary U is'contained in uraninite, thorite,
allanite, sphene, apatite, and zircon. ' Secondary.U occurs in
microcracks and alteration products in coffinite, thorite, bastnesite -

" .group minerals, hematite, and calcite. :The U present in microcracks
was likely derived from primary ‘igneous minerals of the granite itself
~-= chiefly allanite, uraninite, and thorite. The temperature of al-
teration ‘and redistribution of U was 330-400°C. ' The U was 1likely .

> .transported in soluble uranyl carbonate complexes. -The effectiveness
of this granite in retaining U for 1.4 b.y. is attributed to the
general absence of open fractures and hot fluids.

-133-

LR




c.

LI

In the Granite Mountains granite, the remaining primary uranium is
contained in monazite, sphené, zircon, -apatite, and allanite. It also
occurs in biotite and hornblende wheré it is homogeneously distributed
in relatively low abundances (<2 ppm U)." Secondary uranium occurs in
alteration products and in microcracks as coffinite, bastnesite group
minerals, epidote (a typical alteration mineral in this granite), and
an yttrium carbonate, probably tengerite. On the basis of the secon*
dary monazite in microcracks and the corrosion and alteration of
primary monazite grains, we infer that the uranium was transported as
ene or more uranyl phosphate complexes.

Our hypothesis to account for the major differences in 1oss of uranium
between the Sherman and Granite Mountains granites is that (1) phos~-
phate was-available for complexing in the Granite Mountains granite but
no suitable complexing agent was available in the Sherman granite and
(2) fracturing was more pervasive in the Granite Mountains granite
allowing access by fluids to the primary uranium sites)

Uranium in Clays

The uranium in clay—rich regions, ‘a few millimeters in size, in several
granites occurs in small (<2 microns) grains ‘of non-~clay minerals,
rather than on, or in, the clay minerals themselves. The clays are
smectite, nontronite, and vermiculite. -The-uraniferous minerals are
bastnesite group minerals. hematite, siderite, secondary monazite,
secondary thorite, and several different Y-bearing niobates. - We sug®
gest tentatively that the presencé of uranium in clay may not be
indicative of the long=term retention of radioisotopes.’

Migration of U in and Near a Lamprophiric'oike

The uranium content of lamprOphyric dikes in the Coriway and Mount

Osceola granites of New Hampshire is lower than the host granites by an
order of magnitude. ) .

Examination of core samples of ‘one lamprophyric dike and its host rock,
Conway granité, with an SEM, fission track radiography, and a delayed
neutron technique shows the following.

. 1. 'The uranium content of the host rock -decreases logarithmically with

distance from the dike.

2. U in the host adjacent to the dike is 2X the content of the granite
at large distance from the dike and 10X the content of the dike.

3. U, homogeneously distributed in 'the dike at- scales of 10 microns
and greater, occurs in zircon and apatite grains. < ,

4, Th in the host adjacent to the dike is 2X the contént of the s
granite at large distance from the dike and 2ox the content of the
dike.’ . ‘

5. Th is homogeneously distributed in the dike at scales of
centimeters.
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Model temperatures calculated for a slab with same thickneéss as the
dike and embedded in an infinite medium with thermal properties com-~
parable to those of the dike and host granite show that the increase of
temperature of the host rock at the.time of intrusion was largely
confined to a zone of a few meters width and lasted a few tens of days.
at most. : :

The,observédrdecrease-ofiuhand‘Thkwithrdistance in the country rock
cannot be_attributedﬁto‘high-values'in the dike. They may be accounted
for with the following models: (A) The dike intruded along'a pre-
existing fault that was the channel for U and Th bearing hydrothermal
fluids. (B) The U and Th were ‘controlled by the excess temperature due
to the dike and may have been derived from the granite 1tse1f or from
hydrothermal fluids accompanying the intrusion. .

U. and Th and isotopes that behave similarly :should be immobile in-a

nuclear waste repository for times of order ‘of 10 ~~years provided that
- the geochemical conditions are similar to those ‘at the Redstone Quarry.
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Grantee: . - o MASSACHUSETTS INSTITUTE. OF TECHNOLOGY .
- ‘ . Do ° Department of. Earth, Atmospheric and Planetary
, Sciences - - _ .
k.Cambridge, Massachusetts 02139

Grant: . DEWFGO2#86ER13636

Title: e In=Situ Permeability Determination Using
‘ ‘ Borehole-and.Seismic Logging‘Data' )

Person in Charge: M. Nafi Toksoz, Roy H. Wilkens, and.
SRR , : C. H. Arthur Cheng

Scope of Work

Borehole seismic measurements are- contributing to the detection and
~characterization of subsurface:-open fractures and the determination of in*
situ permeability. Vertical Seismic:Profiling (VSP), with.a: surface .source
and a receiver (hydrophone or clamped borehole geophone) .array in the
borehole, has been effective in detecting and imaging open fractures. The
hydraulic conductivity of a fracture can be determined from the, .amplitude
of tube waves generated by the fluid flow from the fracture into the.
borehole. The inclination (dip) and extent of the fracture can be deter—
mined from attenuation of seismic waves across the fracture and the waves
scattered from the fracture. Theoretical models of flow and wave scatter~
ing are being developed for horizontal as well as dipping fractures.

Full waveform acoustic logs also detect fractures. An important study
1s the determination of fracture width or hydraulic conductivity from the
attenuation of the Stoneley pulse, which is the dominant pulse in the wave
train. The theoretical formulations relating attenuation to hydraulic
conductivity have been done, for horizontal fractures, with simplifying
assumptions. Laboratory tests are underway now to confirm the validity of
the assumptions. Similar studies on attenuation#permeability relationships
are being carried out for boreholes in permeable rocks. The results show
that Stoneley wave attenuation is sensitive to permeability. To determine
the absolute value of permeability it is necessary to establish the at=
tenuation in the borehole fluid, either from laboratory measurements or
from joint analysis of all phases of the full waveform acoustic logs.
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Grantee: .. MICHIGAN STATE UNIVERSITY N
I " Department of Geological Sciences
Michigan State University
East Lansing, Michigan uaazua111s
Grant: . DE~FGOZr-85ER13321 '

Title: o 3;'_‘ -_"lThe Effeots of Pressure, Volatiles, and Thermal
co ‘ ' History on Chemical Heterogeneity in Magma Systems

Person in Charge: ~ T. A. Vogel

~ Scope of Work

Samples from the Inyo drilling program offer a unique opportunity to
evaluate magmatic processes, and eruption and emplacement dynamics. The
Inyo Chain is a ‘9=km-long ‘chain containing at least seven silicic domes and
flows, explosion pits, and a series of faults and cracks allroughly aligned
NO7°W. The most recent activity (550 ‘years ago) consists of the three
largest domes (Obsidian, South Glass Creek, and South Deadman domes).
Detalled structural studies and drilling have shown that the Inyo. Chain is"
a surface expression of a dike or a system of dikes.; The initial activity
at Obsidian Dome consisted of explosive magmatic eruptions, near~-vent
pyroclastic*fall and Hflow deposits. After this explosive activity stopped;
the ‘rhyolite flows were extruded. Drilling has_ provided continuous samples
from: the flow at Obsidian Dome, the. conduit to Obsidian Dome, and the
dike that connects Obsidian Dome and the South Glass Creek Dome. These
cont inuous samples of the dike, conduit and dome provide a detalled record
of magmatic processes,)and the emplacement and eruption dynamics of this
system.

, During the past year we have continued our detailed chemical and
mineralogical study of the continuous drill samples from the conduit and
dike. We. have nearly completed our detalled major and trace element
analyses. We are in the. process of data analysis in order to evaluate,
magmatic and emplacement processes. Microprobe studies on the chemical
variation or ferrmagnesian minerals and the Fe*Ti oxides are continuing.:‘

In summary, two rock groups are present in these samples, ‘a highéBa,
lower silica group and a' low=Ba, 'higher silica group. - These two groups ar
characterized by compositional and mineralogical differences.. The high«Ba
group occurs at the base of Obsidian Dome, and at the margins of the
conduit, The low~Ba ‘group ‘occurs in the middle and upper portions of
Obsidian Dome, the center of the conduit and in the dike. L,, o

Biotite, orthopyroxene, ‘and magnetite occur in both of these groups.
In addition, the high=<Ba group ‘contains abundant amphibole and ilmenite,
whereas the low-Ba group contains abundant augite. The amount of
disequilibrium phenocrysts among the ferromagnesian phenocrysts changes

’“137"




LI 4

within the two groups. The greatest number of disequilibrium phenocrysts
occur inthe high-Ba group and decreases in a regular fashion to the low~Ba
group. Disequilibrium phenocrysts are rare in the low~Ba end“member.

There is a linear trend in the chemical variation of these samples, and
most of this variation occurs in the conduit margins and at the base of
Obsidian Dome. Multiple linear regression of major elements from
intermediate samples with the egd-member samples are remarkably consistent
with magma mixing, with a R =,999 and the sum of the squares of the
residuals less than 0.25. A further test of magma mixing was made by
selecting two end—-members in each group and calculating the theoretical
hyperbola that would be generated by mixing these end-members using trace#
element ratios. The theoretical mixing curve fits the actual data from the
conduit margins. A further test of mixing is that the linear equations
calculated from the regression _analyses on the major elements can be used
to predict the trace element concentrations; these are very close to the
measured values., A major conclusion of this study is that the rock
compositions at the margins of the conduit are due. primarily to physiecal
mixing of two finely prophoritic magma types # the, high~Ba and lowBa

group.

Based on the linear chemical variation and the distribution of
disequilibrium phenocrysts, the lowest flow of Obsidian Dome and the
margins of the conduit represent mixed magmas. In the conduit, the number
of disequilibrium phenocrysts decreases in the regular manner from the edge
to the center, although even the center of the conduit has a significant
percentage of disequilibrium phenocrysts. Disequilibrium phenocrysts are
virtually absent in the dike. o :

End*member samples of the low=Ba group represent a pure, unmixed,
higher silica end®member; in contrast, all samples of the high~Ba, lower
silica magma“type represent mixed magma. Based on theoretical work on dike
emplacement (Delany and Pollard, 1981). the dike would have to be. emplaced
earlier than the conduit. The dike is the earliest intrusion, and did not
intrude to the surface. It represents emplacement of the low#Ba, unmixed.
end-member and presumably erupted from the top of the layered magma body.
The conduit represents a highly mixed, high~Ba magma at the margin, and
-only slightly mixed magma at the center. The first magma erupted to the
surface are identical to .the margins of the conduit and are the high~Ba,
mixed magmas. The middle and upper parts of Obsidian Dome are identical to
the center of the conduit. 4

The chemical and mineralogical data obtained from drilling the conduit,
dike and dome at Obsidian Dome provide severe constraints on the manner in
which magma fills dikes and localizes eruption centers. In the coming
months we hope to quantitatively evaluate these constraints. :
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Grantee: ©-7" MICHIGAN TECHNOLOGICAL' UNIVERSITY
Department of Geology and Geological Engineering
Houghton, Michigan’ 149931

Grant: DE#FGO285ER13409

Title: Geothermal Alteration of Sediments in the Salton
Sea Scientific Drill Hole

Person in Charge: S. D. McDowell o ‘ ‘
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The ‘purpose of" this investigation is to characterize the overall pat=

?tern of alteration of sandstone/siltstone of mudstone ‘in the Salton Sea

Scientific Drill Hole, and to compare the alteration to that observed 'in
similar sediments in 11 drillholes under investigation in the geothermal

“field." The investigation will utilize a variety ‘of techniques .including
‘thin section petrography, X-ray diffraction, XRF major and trace élement
“chemistry of selected l1ithologies, paleomagnetic polarity measurements, and

various ‘petrophysical measurements. ‘The overall aim is to put the

iScientific Drill Hole in context relative to the field as a whole.

" The investigation is-in -a° preliminary stage since the first core

" samples were made available in March; 1986. The investigations thus ‘far

suggest clay~carbonate facies alteration :‘to:roughly 800 m depth, and
chloritercalcite zone (greenschist facies) alteration to ‘at least 2000 m
depth. ‘Shale porosities vary systematically with depth from-~20% near 500
m through ~5% -near 1300 m to <2% below 2500 m depth.- The porosity varia=

‘tions in this well -are generally similar to those observed in shales from
:other geothermal ‘wells, based on very ‘1imited core availability in the

older wells, and imply significant compaction of muds ‘at: depths <1500 m.
Other aspects of the investigation are just getting underway.
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Grantee: o : 'NATIONAL ACADEMY OF SCIENCES/
o o NATIONAL RESEARCH COUNCIL
Washington, DC 20418

Grant: ~ DE-FGO1~82ER12018
Title: . a I, Studies in Geophysics
Person in Charge: T, M. Usselman '

SQ¥pe of Work.

The Geophysics Research Forum (GRF) of the National Research Council,
‘National Academy of Sciences in conducting a series of Studies in
Geophysics dealing with timely scientific and societal aspects of
geophysics and the corresponding demand on geophysical knowledge. .

- The studies include: (1) problem-oriented studies such- as demands on
geophysical knowledge in connection with climatic variations, fresh water
resources, mineral resources, geothermal and other energy sources, natural
hazards, and environmental maintenance' and (2) science-oriented studies

‘such as geophysical data and-impact of technology on geophysics. Each
study is conducted by a panel selected for the specific purpose. The
preliminary findings of each study are presented to the scientific com~
munity for comment at a suitable symposium. Two or three studies are
expected to be completed each year.

The studies are gulded by the Geophysics ‘Study Committee (GsC).
Members of the committee are Arthur E. Maxwell (Chairman). Allan F. Agnew,
Richard A. Anthes, D. James Baker,  Gordon P. Eaton, Devrie S. Intriligator,
J. Murray Mitchell, Richard J. O'Connell, Martin Walt, and Ferris Webster;
Thomas M. Usselman is the staff officer. ,

Studies Completed

THE EARTH'S ELECTRICAL ENVIRONMENT ‘
E. Philip Krider and Raymond G. Roble, panel co-chairmen, 1986,
263 pp.
ACTIVE TECTONICS
Robert E, Wallace, panel chairman, 1986, 266 pp. -
GROUNDWATER CONTAMINATION
John D. Bredehoeft, panel chairman, 1984, 179 pp.
EXPLOSIVE VOLCANISM: INCEPTION, EVOLUTION, AND HAZARDS
Francis R. Boyd, panel chairman, 1984, 176 pP.
FUNDAMENTAL RESEARCH ON ESTUARIES
L. Eugene Cronin and Charles B. Officer, panel co-chairmen, 1983,
79 pp.
CLIMATE IN EARTH HISTORY
Wolfgang H. Berger and John C. Crowell, panel co-chairmen, 1982,
198 pp. o
SOLAR VARIABILITY, WEATHER, AND CLIMATE
John A. Eddy, panel chairman, 1982, 104 pp.
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SCIENTIFIC BASIS OF WATER RESOURCE MANAGEMENT
Myron B. Fiering, panel:.chairman, 1982, 127 pp.
MINERAL RESOURCES: GENETIC ' CONSIDERATIONS FOR PRACTICAL APPLICATIONS
Paul B. Barton, Jr., panel chairman, 1981, 119 pp.
CONTINENTAL TECTONICS
B. Clark Burchfiel, Jack E. Oliver and Leon T. Silver, panel
. co“chairmen, 1980, 197 pp. R
IMPACT OF TECHNOLOGY ON GEOPHYSICS
Homer E. Newell, panel chairman, 1979, 136 pp.
GEOLOGICAL PERSPECTIVES ON CLIMATIC CHANGE
Preston Cloud, ad hoc committee chairman, 1978, 46 pp.
GEOPHYSICAL PREDICTIONS
-~ Helmut E.-Landsberg, panel chairman, 1978, 215 pp.,
- :THE UPPER ATMOSPHERE AND MAGNETOSPHERE ...~ - - o
.. Fprancis S. Johnson,: panel chairman, 1977, 169 pp.‘ﬂ:v
:ESTUARIES, .GEOPHYSICS, : AND. THE - ENVIRONMENT : - N S
- . ,Charles B, -0Officer, panel chairman,: 1977, 127 pp..‘
‘;:CLIMATE, ‘CLIMATIC CHANGE;: AND WATER SUPPLY. .-
- James R, Wallis. panel chairman, 1977, J32 pp.,_
ENERGY AND "“CLIMATE - RIS : o
Roger R’ Reyelle, panel chairman, 1977. 158 pp.r

Studies in Preparation

Seablevel change (Roger R. Revelle, panel chairman) Symposium held
December .1984; :publication expected -1986;. ‘... .

High pore pressure in -active tectonic regimes:(John D. Bredehoeft and
‘Denis L. .Norton,:panel co~chairmen): Symposium scheduled for Nov.
1986 Annual Meeting of - the Geological Society of America (San

Antonio) R

Scope- of:- Work . -~ oo v

. The moduiar patternvfor the Studies in éeophyeics was designed to
permit selection of the most-timély topics: ‘to meet the following
obJectives.

(1) to set forth the current and prospective contributions that the
~:« geophysical sciences can.make to such concerns of- mankind as
s ENergy, nonﬁrenewable resources. ‘and the environment. e

(2) to provide government officials with technological and scientific
evaluations that can serve as a basis to assist in decision making
in matters involving geophysical research and knowledge, both in

: :Mpolicies and programs, o : e ih
RN n,, J.. Y i ) «."» i: . -
& 63),;to provide to the scientificucommunity -B basis for Judgments with
respect to the development of the.basic science of :igeophysics:in
" ‘the broad sense and with respect to the relative importance to
society of the developments within various branches of geophysics.
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Grantee: NATIONAL ACADEMY OF SCIENCES
NATIONAL RESEARCH COUNCIL
Washington, DC 20418

Grant: DE~FGO182ER12018
Title: II., Committee on Seismology _
Person in Charge: S W.'Berg,er.

Scope of Work

"The Committee on Seismology meets twice a- year to discuss current
topics of major importance relevant to seismology, to review with govern-
ment agency personnel, . in particular, the actions that have resulted from
recommendations of the committee and its panels, and to take ‘actions to
assure a healthy scienceiwhich is in a position to provide maximum benefits
to the nation and to socliety. These activities are directed at fulfilling
the fundamental mission of the committee, as follows: to maintain an
active surveillance of major trends in seismology and of developments
related to seismology in allied scientific and technical fields; to provide
special studies for government agencies on appropriate subjects or
problems; to malntain cognizance of and to provide advice on international
seismological activities; to provide advice to government agencies concern~
ing the operation of U.'S. governmentﬁsupported selsmograph networks and
data-dissemination facilities; and to coordinate seismologically related
activities within the National Research Council, particularly in the fields
of earthquake engineering, rock mechanics, geodesy, geodynamics, and
geology. Panels are established to conduct ad hoc studies on topies
specified by the committee. ‘

Members of the Committee are: Paul W. Pomeroy (chairman), Lawrence W.
Braile, Robert S. Crosson, Shamita Das, Thomas H. Jordan, Kenneth L.
Larner, Robin K. McGuire, George Plafker, Frank M. Richter, Robert V.
Whitman, and Joseph W. Berg, Jr., staff director.

Products
The Committee polled the seismological community on manpower and re=

search capabilities and the results are being prepared for publication. A
report on seismic hazard analysis is being prepared. '

Current Activities

The Committee on Seismology has established the Panel on Seismic Hazard
Analysis which will report on the statistical and deterministic approaches
to the problem. The Committee is considering a: study on the outlook for
the complete field of seismology.
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Grantee: - . . . NATIONAL ACADEMY OF SCIENCES/

- NATIONAL RESEARCH COUNGIL
a Washington, DC - 2ou18

- Title: *:'Qruf' . 7f;?: III. U.kS.,Geodynamics Committee
i:Person;intCharge:, e Pembroke J Hart ‘

Scope of wOrk

The U. Si Geodynamics Committee (USGG) vas established in 1969 to

.1foster and encourage studies of the dynamic history of .the: earth, . with
,appropriate attention to both basic science and applications. The USGC

work is based largely on the recommendations developed by - its. reporters

(currently 25) and their associated groups. ' In 1976, -at the request of the

Geophysics Research:- Board,. the USGC began . planning U.:8. research ac~
tivities in solid-earth studies in the..1980's. In the following years, the
committee ‘devoted .a considerable effort to . this: task, this led to the
report, Geodynamics in-the. 1980"%s; - -published in: 1980.:. This report em-
phasizes the origin and evolution..of eontinental- and oceanic crust, the
continent®ocean transition. the ‘relation of. mantle dynamics to crustal
dynamies,:and a geodynamic framework for understanding resource systems and

-natural hazards.i

Members of the committee are. Jack E. Oliver (chairman), Robin- Brett,
Arthur R. Green, William-C. Kelly. Marcia K. McNutt, J. Casey Moore, Neil

- D.. Opdyke’,” Frank Richter, Selwyn - Sacks, Mary- Lou: Zoback-'ex officio -
’ Edward A. Flinn, and - Pembroke J. Hart, staff officer. Tl

"Current Activities

The roster of special topics of the USGC and respective reporters has
been subject to continual review and revision. . A major:revision in 1984
included addition of 15 topics corresponding to special. topics adopted by
the International Lithosphere -Program. Otner - topics -are: drilling for

-selentific purposes- geodynamic data; continent-Ocean ‘geodynamic transects;
“electrical properties of the asthenosphere;:seismic networks; sedimentary
i geology.i:: Highlights of activities of _the: USGC and its reporters are outﬁ
:'lined below. S

-.,‘>

In 1973, the USGC strongly urged the application of seismic reflection

sprofiling techniques to the structure of - the earth's crust and upper

mantle. Two years.later a consortium of four universities (COCORP)  began
applying this technique. That. group has completed profiles totalling more

than 7000 km. - This-technique has become a standard tool in investigating
'“the earth's crust and: upper mantle. S s .

; .
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< The USGC strongly supported efforts to develop a eontinental scientific
drilling program. The work of the: USGC reporter led to two workshops (1974
and 1978). The report of the 1978 workshop, Continental Scientific
Drilling Program (1979), contained the principal conclusion that, with
advance planning, a greater scientific return could be obtained through
add=-on -experiments involving a relatively small increased expenditure to
the existing large investment in-drilling by government and industry.. The
1979 report recommended that a National Continental Scientific Drilling
Program be organized: to facilitate the necessary communication and
coordination. As a result of the response by federal agencies to the
report recommendations, a Continental Scientific Drilling- Committee was
created in January 1980 under the Geophysics: Research Board.  The USGC
- actively encourages the development of this drilling program, including
~add=on investigations in mission-oriented holes and ‘the’ drilling of holes
f*dedicated to basic scientific objectives. R : :

The reporter ‘for plate boundaries organized nineteen cross sections
across ancient plate boundaries- all have been published.

The USGC places strong emphasis on the importance of the transition
- zone between continental’ and oceanic lithosphere.‘ The  USGC. recommended
‘that a series of ‘transects be  prepared to set forth existing geological,

- -geochemical, and geophysical data along a series of 23 corridors around the
“North American coast —- U. S., Canada, and Mexico =~ from the continental
> ‘eraton across the transition zone to oceanic lithosphere. The resultant
maps and-sections for 10 corridors have been- published completion is

expected in 1987. : : R

The objective of the USGC in this transect program is twofold: (1) an
assessment of the state of understanding of the structure and history of
the transitional regions of North America between typical cratonal and
oceanic lithosphere; (2) identification of the major problems and cor-
responding recommendations regarding the most promising research to solve
these problems. The Reporter convened a workshop of Transect Group leaders
in 1985 to develop conclusions and a recommendations from ‘the group of

-transects as a whole. This"is expected to lead to a report of the USGC.

The USGC has addressed two main issues regarding geodynamic data: the
needs of users and archiving problems. :The two USGC. -reporters for
- geodynamic data are actively involved with the current study on geophysical
International Data Exchange -thirough the World Data Centers. The USGC is
addressing the question of digitizing the maps and sections of the North
-American Transect Program and related planning for the Global Transect
Program.,

The USGC took initiative in the mid-seventies to encourage and assist
the production of gravity and magnetic maps ‘of the United States; the
effort expanded to include North America. Preparation of these maps was
strongly supported by the Society of Exploration Geophysicists and federal
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. agencies. The gravity and magnetic maps for the United States were pub-
.. 1ished 'in 1982 and were the subject of special SExG symposia on
.. applications. . Publication of the ‘maps for North America is expected within
.. the next year. - S T SRR .

[ \‘;

“The reporter for electrical properties. of the asthenosphere has worked '
closely with the International committee for a program of the same title.
Several meetings have been held with the objective of deVeloping a specific
cooperative program between the United States and Canada.

In 1980. the USGC appointed a reporter and associated working group to
ensure coordination among major geodynamics-related programs, especially
the Circumpacific Map Project, Consortium for Continental Reflection

‘Profiling (COCORP), Continental Scientific Drilling Program, Continent-

Ocean Transects, Early Crustal Evolution, Deep Sea and Continental Margins
Drilling, Gravity Anomaly Map for North America, LASE, Magnetic Anomaly Map
for North America, Tectonic Map of North America, and the USGC Geological
Framework Program. An important result: agreement was reached that the
major maps will be published on the same projection and at the same scale.

International Lithosphere.Prqgram. The USGC serves as.the U. S. coun~
terpart to the International Lithosphere Program -~ an international
program of geodynamics for the 1980's (successor to the Geodynamics

.Project, which formally ended. in December 1979). The subtitle of the new

program is "Dynamics.-and. Evolution of:the Lithosphere: The Framework for
Earth Resources and the.Reduction.of Hazards" International guidance is
provided by the Inter“Union Commission on, the Lithosphere. ‘The emphasis
has shifted toward the continents and the continent~ocean transition for
reasons of scientific and societal relevance, especially in the areas of
resources and natural hazards. A major new initiative is the Global
Transect Program, modelled on the North American Transect Program.

The USGC has reporters eorresponding to all aotivities of the
Lithosphere Program. A reporter was added in 1985 to provide linkage to

.the proposed international program of sedimentary geology that has timely

promise of providing important information regarding the behavior and
development of sedimentary basins and the past behavior of the lithosphere.

WOrkshgp on the Lithosphere. The USGC organized a workéhop on problems
of the lithosphere (Austin, Texas, March 1982) that focused primarily on
areas of scientific controversy in connection with the lithosphere, with

" the expectation, that this will provide: guidance regarding the most produc-
‘tive areas for research in the coming years. Proceedings were published in
.The Lithosphere:.  Report of a. Workshop (1983)

/
!

future Work of the USGC

(1) Assess new directions for the committee and new priority topies to
. which the committee can react directly or via a reporter. This
assessment will take especially into account. Geodynamics in the
1980's, the discussion at the Workshop on the Lithosphere, the
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.Continental :Scientific-Drilling Program, the International

Lithosphere Program, -and recommendations of reports of -the Board
of Earth Sciences (e.g., Seismological Studies of the Continental
Lithosphere; and report of the Committee on Global and
International Geology)

Increase interaction with the International Lithosphere Program.
Encourage cooperative research .activities:that will benefit U. S.
science and the international program, for-example, activities
based on the deep seismic reflection program, continent~ocean

. transects, global transect pprogram, international: sedimentary
rgeology program, and continental drilling.v
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Grantee: NATIONAL ACADEMY OF SCIENCES/
NATIONAL RESEARCH COUNCIL
Washington, DC. 20418

Grant: L DE~FGO1=82ER12018
Titlé: ‘ — IV.  Continental Scientific Driiling Committee
Person in Charge: 'w. E. Benson

Scope of Work

The Continental Scientific Drilling Committee (CSDC) was estéblished ‘in
1980 to implement the recommendations in the report Continental Scientific
Drilling Program (U. S. Geodynamics Committee, 1979). This report iden=
tified as a major goal the development of a multiagency program to maximum
the scientific value of current and planned drilling activities ‘of federal
agencies and of industry through add-~on experiments, and supplementing
these efforts with "dedicated"™ holes drilled for scientific purposes.

Members of the CSDC are: William W. Hay (chairman). Charles R. Bacon,
W. Gary Ernst, William L. Fisher, Kate H. Hadley, William Hinze, Marcus E.
Milling, Robert N. Schock, Francis G. Stehli. and Hatten Yoder. w1111am
Benson serves as staff officer. ’

Scientific objectives for continental scientific drilling have been
formulated by the panels of the CSDC: Thermal Regimes; Drilling, Logging,
and Instrument Technology; Mineral Resources; Basement Structures and Deep
Continental Basins; Downhole Physical Property Measurements and Fault Zone
Drilling; and Sample Curation and Data Management. CSDC and hoc %ask
groups to address specific research drilling targets and aobjectives
- include: Salton Sea geothermal field; Valles caldera; Yellowstone; Creade,
Tonopah, and Red Mountain mining areas; southern Appalachians; sample
curation facilities; and coring requirements and technology.

Accomplishments

The objectives of the CSDC have been accomplished through committee
meetings, sponsored symposia, and issuing reports and a newsletter which
inform the scientific community about plans for the national research
drilling program, opportunities for scientists to become involved, and
priorities for scientific objectives and targets. The DEW NEWSLETTER
(Drilling Early Warning), designed by the Committee as its mechanism for
communicating with scientists, is distributed to approximately 2700 U. S.
and forelgn researchers in universities and other academic institutions,
industry, government laboratories and geoscience administrators, and geos-
clence soclieties. Fourteen neusletters have been distributed to date.

Three longer reports are in review and will be published in 1986+-89.
These will represent the final work of the committee.

147~




Future

As forecasted last year, DOSECC (Deep Observation and Sampling of the
Earth's Continental Crust) has become operational, and between it and DOE's
geothermal program, nearly all of the CSDC's original objectives have been -
fulfilled and its continuing functions taken over. CSDC is therefore
phasing out and will be discontinued when its reports are published.
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Grantee: P " NATIONAL ACADEMY OF SCIENCES/
oo oo - NATIONAL:-RESEARCH COUNCIL
Washington, DC 20418

Grant: - DEAFG01-82ER12018
Title: S V. Board on Earth Seiences
Person in Charge- 71» J. W. Berg, Jr.

Scope of Work

The fundamental mission of the Board on Earth Soiences of the
Commission on Physical Sciences, Mathematics, and Resources is to provide
oversight of the solidkearth science activities within the National
Research Council, to provide a review of research and public activities in
the solid#earth sciences, to assess the health of the disciplines, and to
identify research opportunities. This group is to take a leading role in

"helping to establish scientific policy bearing on larger earth science
programs in and on behalf of the United States. A major charge of the
Board and its committees is to assess and recommend basic research and its
applications to meet national and societal needs. '

Members of the Board are W. G. Ernst (chairman), Don L. Anderson, Paul
A, Bailly, Robin Brett, Randolph W. Bromery, Lawrence M. Cathles, Larry
Finger, Kate H. Hadley, Michel T. Halbouty, Philip Oxley, C. Barry Raleigh,
Sean C. Solomon, Steven M. Stanley; and Joseph W. Berg, Jr., staff
director.

The committees of the Board are: Committee Advisory to the U. S.
Geological Survey, Committee on Geodesy, Committee on Geological Mapping,
Committee on Global and International Geology, Committee on Seismology,
Committee on Guidelines for Paleontological Collecting, Continental
Scientific Drilling Committee, Workshop on Physics and Chemistry of Earth
Materials, U. S. Geodynamics Committee, USNC/Geochemistry, USNC/Geology,
USNC/International Geographical Union, USNC/International Union of Geodesy
and Geophysics, and USNC/International Union for Quaternary Research.

Current Program

The Board maintains an awareness of the national, societal, scientifiec,
and technological demands that solid-earth sciences will be expected to
meet in the future and takes actions which help meet the demands. Such
actions are taken using existing National Research Council activities where
possible.

The Board held four briefings for members of Congress and their staffs
during the past year on the topics of new initiatives in the earth
sciences; geologic hazards; volcanoes; and prediction of an earthquake at
Parkfield, California. The last topic was presented to the Director of the
Office of Science and Technology Policy as an additional briefing. A
meeting of presidents and executive directors of major earth science
professional societies was held in February 1986 to help obtain the coor-
dination, communication, and cooperation in the earth sciences.

-149-




LI 4

A ﬁorkshop on the Physics and Chemistry of Earth Materials was held in
April 1986 and a report on the needs of the field is being prepared.

A national symposium on,geographicél{1nformation systems is being
planned for 1987 in cooperation with the U. S. Geological Survey and the
Association of American_State Geologists.

Products

Reports of committees of the Board on Earth Sciences during the past
year are: (1) Mapping and Charting: A Perspective for the Office of
Charting and Geodetic Services, Committee on Cartography; (2) Geodesy: A
Look for the Future (COG); (3) A Proposed Initiative for Capitalizing on
the -Parkfield, California, Earthauake Prediction (BES); and () Summary of
Summit Meeting of Professional Soclety Presidents and/or Executive
‘Directors, February 7, 1986 (BES) ; , .
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Grantee: . o L. %‘VNATIONAL'ACADEMY’OF SCIENCES/
e CaL -~ . NATIONAL RESEARCH COUNCIL
washington, DC - 20&18

Grantt R ”»‘”,DE*FGO1“82ER12018

Title: : VI. Geophysics Film Committee
Person in Charge. Barbara Valentino

‘Scope: of Work

_ " The Geophysics Film Committee was established in the National Academy
of Sciences to provide sclentific guidance for, and to ensure the scien#
tific integrity of, the film series entitled "Planet Earth" that was
produced by PBS station WQED/Pittsburgh in association with the National
Academy of Sciences. The series aired on public television beginning on
January 22, 1986, ' : TR T

The series includes seven one*hour films as well as a study guide
entitled "Planet Earth and the New Geosciences" to be used as part of a
university telecourse. -

The Film Committee's responsibilities included the following tasks°

(1) Selection of speciric topies and titles for the films in the
series. The areas for the seven films are: comparative planetol*
ogy, solid earth, resources, oceanography, climatoIOEY. solar*
terrestrial relations, and a concluding segment on ‘fate of the
earth.

(2) Appointment of a panel for each film. Each panel required mee=
tings of the entire panel and of selected subgroups to accomplish
its tasks. Each panel (a chairman and approximately five members)
has: o : c :

= worked closely with WQED to explore subtopics for its film and
to identify scientists who are at the frontiers in their respec-
tive fileld of study and whose experiments are expected to have a
major impact in scienoe. -

- assisted in the preparation of the film script. -

- participated as requested in arrangements for the actual
filming.

ﬁlgeviewed the film and its script as produotion progressed,
= reviewed the corresponding ‘section in the study guide.

(3) At appropriate stages of production, the Committee met to screen
and review the seven films for scientific: content and accuracy, as
well as to confirm that the overall theme of the series had been
addressed.
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Members of the Geophysics Film Committee are: Roger R. Revelle
(chairman), G. Arthur Barber, Charles L. Drake, Herbert Friedman, Laurence
M. Gould, Thomas F. Malone, Stanley Ruttenberg, John P. Schaefer, Alan H.
Shapley, Eugene M. Shoemaker, Walter S. Sullivan, Verner E. Suomi, James A.
Van Allen, J. Tuzo Wilson, and James H. Zumberge; Barbara Valentino, staff.
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Grantee: . . - "~ ..+ - UNIVERSITY OF:NEVADA RENO -

, S P ~ - :Seismological Laboratory
Reno, Nevada 89557 - .. .

Grant: | . DE-FCO8-86ER13628

Title: - . b Shallow-=Crustal Magma Zones In" :
e . : : .. and: South of. Long Valley Caldera

Péhéon in Chabée: < W, A.-Peppin'

Scopelof Work

The occurrence of an abundance of earthquakes in and south of Long
Valley caldera since 1978, together with the implementation of a dense
network of seismic stations funded by the USGS and DOE, have led to a
library of hundreds of thousands of seismic traces. In the course of our
work, we have discovered quite a few novel features on seismic records that
appear directly or indirectly related to shallow#“crustal anomalous zones in
and south of the caldera. This work compliments other programs funded by
DOE and the USGS, wherein intense efforts have been made to study the
subsurface structure under the caldera. Like those studies, we find
evidence that magma may be occurring at shallow depths in the area south of .
the caldera, particularly associated with the Hilton Creek fault. The
evidence consists of hundreds of anomalous seismic phases, whose existence
defies explanation of terms of commonly~observed phenomenology such as
phase conversions or source radiation patterns.

Reported observations support the hypothesis that a shallow crustal
anomaly of significance occurs near the south end of Hilton Creek fault.
Observations of a strong phase between P and S, as recorded on a 3-
component wideband digital seismograph, are consistent with a lateral
reflection from a shallow (1 to 1.5 km deep) reflector near this location.
This same area 1is persistently aseismic, in spite of the occurrence of
thousands of earthquakes in the near vicinity. This together with the
evidence on S-wave shadowing provides three independent lines of evidence
for the existence of this anomaly.

The work proposed for this grant is to extend our analysis of the
‘Hilton Creek crustal anomaly, using observations of pre-S phases at 15
other stations. These pre=S observations seem to center over the south end
of Hilton Creek fault. In addition to a more careful search of our large
data base for such phases, we intend to acquire more fundamental informa-
tion on the nature of the pre~S phases. To do this, we will place a small=
dimension array over the site where the pre~S phases are recorded,
permitting a direct measurement of the azimuth of approach and apparent
velocity of the phase. This information tightly constrains the range of
possible reflection points for the pre-S phase, and ‘allows quantitative
‘consideration of other possible explanations (for example, S to P conver~
sions on an as-yet unknown interface).
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We have observed a pre~S phase at the station SLK, northwest of the
caldera, which has about the right time delay to be an S to P to S conver«
sion in the proposed magma zones within the Long Valley caldera. We intend
"to place a small-aperture array near this station to determine azimuth of
approach and apparent velocity also.

A final part of this work is the placement of wideband digital in-
strumentation, on a permanent basis, on a hard-rock site south of the
caldera. We intend to digitize the signals from 3 components at the site
and transmit to Reno for recording on 1/2 inch magnetic tape. The data
will be used to provide fundamental information about the sources of the
Mammoth Lakes events, including seismic moment and the characteristic
'frequency of the events.
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-{Grantee: : .~ THE: RESEARCH FOUNDATION OF THE CITY
T . UNIVERSITY OF NEW YORK ~ - - = - L
" Department of Geology R
'm-Brooklyn, NeW*York’ 11210 - s

Grant: SE DE~F002~85ER1332
‘*Titie:{4tf=.Hﬁ'.s e Deep-Burial Diagenesis in CarbonateSz-.~‘ E
Person-in Charge: t 1’:i,G,-M. Friedman ": R e rgf"“

bW

' chpe of Work T A ;", : I T R ST B A RIS
The purpose of this study 1is to obtain an understanding of the
“processes relating to the ups and downs of porosity in carbonate rocks
under conditions of progressively greater depth of burial. These processes
involve both loss of porosity with depth through cementation and compaction
~as well as generation of porosity through deep~- burial dolomitization,
subsurface dissolution, and fracturing. Since porosity is the key to
hydrocarbon accumulation, studies involving subsurface pore systems are
critical in evaluating deep-burial reservoir potential. A related focus in
this study is to gain an understanding of criteria that reflect deep-burial
diagenesis in carbonate rocks and to apply these criteria to carbonate
rocks. now at shallow depth that were formerly deeply buried.

During the past year' the deep basin selécted for study was the Permian
Basin of western Texas and southeastern New Mexico. Core samples of inter=
preted shallow subtidal and peritidal carbonates in the Ellenburger Group
(Lower Ordovician) were examined to investigate the effects of deep burial
on diagenesis. Present burial depth of core samples ranges from 5,000 ft
(1.5 km) to 23,000 ft (7.0 km). .

Carbonates below 10,000 ft (3.0 km) are exclusively dolostone showing
evidence of deep~burial dolomitization such as the presence of coarse-
ecrystalling dolomite, xenotopic texture, homogeneous cathodoluminescence,
high fluid~inclusion homogenization temperatures, and light oxygen isotope
compositions.

Although neomorphism of older fine*crystalling dolomite occurs locally,
the preservation of depositional textures in coarse~crystalline, xenotopic
dolomite indicates a nonobliterative replacement origin in deep~burial
~environments. Millimeter-size crystals of euhedral saddle dolomite are
commonly observed as vug- and rracture-filling.4-

Dolomites are nonferrous and Mg *2 ions were probably derived from
basinal brines via high porosities and fractures., - Hi Ber temperatures and
longer reaction times coupled with the addition of Mg jons from circulat~
ing waters are apparently responsible for deep*burial dolomitization.

Samples of saddle dolomite from outcrops in the northwestern
Appalachian Basin of New York (Middle Silurian Lockport Formation) and
Ozark Dome of Arkansas (Lower Ordovician Powell and Everton Formations)
reveal that fracture> and vug~filling late cemegts contain relatively light
oxygen isotopic compositions (-7 to -11% PDB § 0) which suggest diagenetic
changes occurred under deep~burial conditions, even though these rocks are
now exposed on the surface.
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Freezing temperatures of, the twokphase (liquid + vapor) aqueous fluid
inclusions in late diagenetic minerals both in surfaceMexposed and deeply#
buried carbonates indg%ate very saline precipitating fluids with a
considerable amount of Ca in addition to NaC1 in the solution. High
homogenization temperatures (uncorrected for pressure) in the range of
about 100 to 260 C, are linked to formation under deep®burial conditions.

Under normal geothermal gradients of 25°C/km, measured in the study
areas, the homogenization temperatures of fluid¥*inclusions in late#
diagenetic cements in the range of 150 + 50° require maximum depths of
burial of about 5,000 m for the Lockport strata in the northwestern
Appalachian Basin. A temperature range of 135 * 25° for the Powell strata

‘in. the Ozark Dome requires burial depths of a maximum of about 4,250 m.

These interpretations lead to frightening questions: . what was the

,.paleogeography before removal of these strata and what happoned to the
‘great thicknesses os strata that . have now, vanished. .

Our investigations on. saddle dolomite from surface exposed carbonates
showed a non-ideal, non—stoichiometric dolomite with an average composition
1 Mn 0.0 )(co,) The present data suggest that the
crysté? curvature o? late—sa&dle %éaomite resulted. from enrichment of
calcium with respect -to magnesium in the crystal lattice of dolomite.,  XRD
studies on powdered late-saddle dolomite samples showed d101u reflection at
2.88 B, which-is consistent with ideal dolomite of Ca /Mg - Therefore, a
new calibration curve for the relationship between c280 ~content and posi-

tion of d101u peak in the late-saddle dolomite is needed3
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Contractor: STATE UNIVERSITY OF NEW YORK
: - Albany, New York 12222

Contract: . DE~AC02~82ER13013
Title: : Thermal‘Evolution of Sedimentary Basins
Person in Charge: T. M. Harrison

Scope of Work

Our research objective is to assess the usefulness of “°Ar/3°Ar age
spectrum analyses of detrital microcline in providing thermochronological
information necessary for reconstructing the thermal evolution of sedimen-
tary basins. Detrital microclines preserve a record of thermal events in
the temperature range ~100°C to 200°C, depending on length of heating and
several mineralogical variables.’ .

Having demonstrated the viability of this approach on deep drill core
samples from a variety of active basins (San Joaquin Valley," California,
Albuquerque Basin, New Mexico; North Sea Graben), our focus in 1985 was on
two issues: the application of microcline thermochronology {(MTC) to old
‘basins which may no longer be at peak temperature conditions and the
development of microanalysis techniques to allow measurements of . single
vcrystals. .

The most useful application of MTC isrto older basins which have ex-
perienced retrograde temperature histories.. Both economic assessment and
geodynamic analysis-of basins are complicated in cases where peak tempera=-
tures and heating durations are now known. We are investigating drill core
samples from the Anadarko Basin, Oklahoma, in this role as it .is suggested
that peak temperatures were reached during the Tertiary. We sampled wells
containing the "granite wash" lithology. (coarse microcline bearing
granitoid clasts) and preliminary analyses reveal these samples to be
excellent monitors of basin thermal history as sufficient material. for
isotopic measurement was obtained from single clasts avoiding complications
of mixed provenances. e

To avoid this general problem of analyzing aggregates of - heterogeneous
provenance and kinetic properties, we are developing techniques for
analysis of single crystals of K-feldspar while maintaining temperature
control needed for kinetic analysis. By mating a miniaturized double
vacuum furnace/extraction line.with a VG . 1200S mass spectrometer, a sen-
sitivity and background have been achieved that allow a Cretaceous K-
feldspar crystal of 1 mm on edge to yield 20 gas fractions with <. 1%
precision in isotope ratio measurement. Further development should allow
us to realize analysis of still smaller crystals.,
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Grantee: STATE UNIVERSITY OF NEW YORK ,
Department of Earth and Space Sciences
Stony Brook, New York 11794

Grant: DE~FG02~85ER13416
Title: Geochemistry and Origin of Regional Dolomites
Person in Charge: G. N. Hanson and W. J. Meyers

Scope of Work

The goals of this project are to develop geochemical approachés for
testing models describing the geochemistry and dynamics of fluid systems
responsible for the development of regional dolomites, which are major
reservoirs for petroleum. The Mississippian Burlington=Keokuk Fms. of
Iowa, Illinois, and Missouri, in which we have a detailed calcite cement
and dolomite zonal stratigraphy, have been used for developing these
approaches. C, 0,Sr, Pb and Nd isotopes and a range of trace elements are
being used to characterize the various generations of dolomite and calcite.
Quantitative approaches are being developed to predict how the isotope
values and trace element abundances of the carbonates will vary depending
on the extent and mechanism of fluid-rock interaction and the composition
of the fluid. Approaches that will allow one to determine how and when
dolomites and their porosity formed will help in evaluating the potential
of a given carbonate sequence as a petroleum reservoir.

Petrographic studies of the Burlington~Keokuk Fms. have defined the
essential framework for our geochemistry. Specifically, the
cathodoluminescent petrography has defined 7 calcite cement zonés that can
be mapped throughout the approximately 80,000 square kilometers of our
study area. The oldest four zones have been dated as pre-Pennsylvanian,
possibly pre-~St. Louis, based on petrography of paleokarstic features and.
distribution of cement zones. The younger two zones are probably
Pennsylvanian in age. The cement stratigraphy has given the foundation for
a detailed paragenetic sequence that includes dolomites, cherts, compac+-

‘tion, and Mississippi Valley Type mineralization.

Petrographic work has also defined three regionally extensive dolomite
generations, which based on geometric relationships with the calcite cement
zones can be dated. Dolomite I pre=dates all except the oldest cement and
therefore is clearly pre-~Pennsylvanian. Dolomite II pre~dates the youngest
two Pennsylvanian calcite cements and therefore is probably pre-
Pennsylvanian. Dolomite III also pre-dates the youngest calcite cements,
but could be Pennsylvanian. ~ ~

Porosity is largely restricted to dolomites, with intercrystalline
pores being the most important. Porosities range up to 40%, and are com~
monly partly plugged by late stage cements, chert, and microcrystalline
non~carbonate phase.
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Dolomites I and II are the most important and are geochemically
distinct. Dolomite I contains less Fe, Mn, and Mg than dolomite II, and
dolomite III is the most enriched in Fe and Mn. These data indicate that
dolomitization was a protracted process in which less stoichiometric
dolomite was replaced on a regional scale by more stoichiometric and more
Fe ‘and Mn rich dolomites.

Dolomite I has Sr isotope ratios near estimated Mississippian seawater
values, O isotopic compositions near expected seawater dolomite values but
depleted C isotopic compositions. By comparison, dolomite II has
radiogenic Sr and markedly depleted 0 isotopic compositions.

- Rare earth element (REE) profiles for all the dolomites are similar as
are Nd isotopic compositions. These are similar to those of coeval shaly
units with the important difference that the dolomites have .a distinct
negative Ce anomaly, which is interpreted as an original seawvater
signature. :

. We interpret these data to indicate that dolomitizing fluids sig-
nificantly altered the Sr, C, and O isotopic compositions and Fe, Mn, and
Sr abundances of precursor carbonates, whereas the REE patterns and Nd

"isotopic compositions are inherited from Mississippian seawater. The REE

are reset only in carbonate gangue minerals associated with minor
Mississippi Valley Type deposits which indicates that the REE are affected
in the carbonates only when the extent of water to rock interaction is
large.

Due to the relatively high Rb/Sr ratios in dolomites I and II, which
are a result of minor, but significant, amounts of clay (mainly

radiogenic Sr. This correction is possible, because the glauconite can be
shown to be authigenic or, when diagenetic, coeval with the dolomites which

- formed during the Mississippian.

We have good estimates, based on compositions of pristine brachiopods,
of the C, O, and Sr isotopic composition of Mississippian seawater. ' These
are probably better than any previous estimates.

Stable isotope, Fe and Mn compositions of dolomite I and II show
regional variations which we are using to interpret regional flow direc#
tions of dolomitizing fluids. ,

Crinoids show linear covariance of C and O isotopes within a single
measured section, and show a regional variation in C isotopes, which most
likely reflects the chemistry of the early diagenetic fluids.

The occurrence of radiogenic Sr in brachiopodS'and crinoids which have
marine C and O isotope values suggest the possibility that an early
diagenetic fluid was a brine with relatively radiogenicVSr.

Preliminary quantitative geochemical modeling suggests that dolomite I
may have resulted from a range of mixtures of seawater and fresh water, and
dolomite II may have resulted from interactions between brines and dolomite
I.
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Taken together the petrography, distribution and geochemistry of
diagenetic phases suggests a regional model involving southward flowing
fresh waters forming early calcite cements and interacting with seawater to
from dolomite I, and involving generally northward and upward flowing
brines forming dolomite II and probably dolomite III.

Our future research will comprise use of the Burlington-Keokuk Fms. as
a proving ground for developing other new geochemical approaches. One of
our long term goals has been to apply approaches developed in the
Burlington-Keokuk study to dolomites in other tectono~sedimentary settings
and in strata of more direct economic interest. We are doing this through
our recently initiated studies in Devonian carbonates in Alberta and in the
Canning Basin region of Western Australia.
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Grantee:: : ©© UNIVERSITY OF NORTH CAROLINA

Department of Geology s
Chapel Hill, North Carolina 27514

Grant: = - DEAFGO5=B5ER1 3414

Title: ' S ActivityHComposition Relationships in Silicate
g - St : Melts '

Person in Charge: - 7 A. F.‘Glazner

Scope of Work

The purpose of this investigation is to gain insight into the relation-

" ship between the composition of a magma and its thermochemical properties.

These studies are useful for understanding the energy balance :‘in a cooling
magma body and for using samples of crystallized magma to infer the
pressure*temperature conditions of crystallization. R v

Current Activities (A. F» Glazner, V. Ussler III)f

A.

OnehAtmosphere Experimental Studies of Magmas -

We recently completed construction .of a one- atmosphere, gas-mixing
- furnace laboratory which will .be used. for studies of crystal—-melt
~relationships in mafic and intermediate magmas. The first set of

experiments is a study of phase relationships along a basalt-rhyolite
mixing line. 1Initial results indicate that the liquidus of magmas
produced by magma mixing is significantly higher in temperature than
the liquidus of a magma of comparable silica content produced by crys-
tal fractionation. " In addition, magnesian olivine is the liquidus

~.phase in mixed magmas up to high-sllica andesite composition. These

B.

relationships mimic relationships seen’ in natural magmas of mixed
parentage. { . : _

Future experiments will be used to improve the calibration of olivine-
melt and plaglioclase-melt geothermometers. Existing experimental data
on the compositions of coexisting crystal-melt pairs is confined to
natural compositions. Our experiments will explore comositions outside
the natural trend by doping natural compositions with single oxides or
oxide mixtures. These experiments will allow the effect of a given
melt component (e.g., K,0) on a given mineral component (e.g.,
forsterite) to be isolated.

Depth of Magma Chambers

The one=atmosphere olivine-melt and plagioclase~melt geothermometers
can be combined with high~pressure experimental data to produce an
olivine-plagioclase-melt thermobarometer. We have applied a prelimi-
nary calibration of this method to Quaternary basalts from Pisgah and
Amboy Craters in the Mojave Desert. These results indicate
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that olivine and plagioclase phenocrysts in the basalts grew in upper-
mantle magma chambers, at 30~35 km depth. ' One=atmosphere melting
experiments on one of the basalts yield a crystallization sequence that
is significantly different from the sequence observed in the rocks.
The difference in crystallization sequence is consistent with the
hypothesis that the phenocryst assemblage grew at high pressure.
Neither of the volcanoies is associated with rhyolite. These results
indicate that some basalt volcanoes are not associated with rhyolite
because they do not establish magma chambers in the crust. We have
collected several basalt samples from bimodal basalt-rhyolite fields in
California in order to see if these basalts predict crustal depths for
olivine~plagioclase-melt equilibration.

-Enthalpy—Compositions Relationships .in Magmas

'The eooling history of a magma body depends upon the relationship

* between enthalpy (H), temperature (T), and composition (X). Although

temperature is routinely controlled as an independent variable in
experimental petrology, in nature temperature is a dependent variable
whose value depends upon the total enthalpy of the system. We hve
developed a computer program which allows the enthalpy of -a magma,
relative to an equivalent crystalline assemblage at 298°K, to be
calculated. Calculation of H~T=X diagrams for simple binary phase
diagrams.(e.g., forsterite-quartz) indicates that inferences about
cooling history derived from standard T-X diagrams may be greatly in
error. For example, these diagrams indicate that a model magma body
that cools by loss of heat at a constant rate will spend a large amount
of time at invariant points, where the temperature is constant.

Magma mixing can be considered to be a constant—-enthalpy process, as a
first approximation. Construction of H4T=X diagrams for the magma-
mixing experiments described above will allow estimation of the
temperature and phase assemblage present in a mixed magma, given the
temperatures and compositions of the magmas being mixed.
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Grantee: : ‘ UNIVERSITY OF OKLAHOMA
IR : School of Geology and Geophysics

'Norman, Oklahoma 73019 - &

“Grant: o DE-FGOS-85ER 113&12

Title: S A Study of the- Source Material, Mechanisms

' ~of Generation, and Migration of Oils in the

Anadarko Basin, Oklahoma

Person in Charge: R. P. Philip

Scope of Work

The major objectives of this research are designed to study the origin
and migration pathways of oils in the Anadarko Basin, Oklahoma. Despite
the large quantities of oil and gas produced from this basin a.great deal
of uncertainty remains concerning the source(s) of the major oil
accumulations. The organic geochemical approach being used in the study
‘makes extensive use of the biomarker concepts for unravelling source
relationships and migration pathways. Migration mechanisms of crude oils
is an area that is not well understood at this time. If relationships can
be established between specific families of oils and their suspected source
rocks in this basin, it will provide an opportunity to study both the
mechanisms of primary and secondary migration and the effeets of migration
on crude oil composition.

In the first year of this study a great deal of time has been spent in
the collection of crude oils and suitable source rock samples from
throughout the basin. O0il samples from different producing horizons have
been collected an a number of these samples from specific locations have
‘been fractionated and analysed by gas chromatography-mass spectrometry
(GC/MS). The source rock samples that have been obtained are also being
prepared for analysis. ,

The major emphasis of this study is evaluating, on a basin-wide scale,
the origin and migration of the.Anadarko Basin oils. In addition, two more
localized geochemical studies have also been initiated within this basin.
The first involves a study of a number of oil seeps, occurring in the
Ordovician 0il Creek Sandstone, that have been biodegraded to differing
extents. Preliminary analyses of the seep samples show that extent of
alteration ranges from extreme at the surface to samples at a depth of 240
ft that show the presence of n=alkanes and hence as such are probably
unaffected by biodegradation. Alternatively, the deeper samples may be
mixtures of altered and unaltered oils, with the unaltered samples being
responsible for the addition of the n-alkanes. The aim of this work is to
study the sequential effects of blodegradation on the biomarkers typically
used in oil/source rock correlation studies and to use the results in
future interpretations of data thought to have been.affected by
bilodegradation. :
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The second smaller and more localized study involved o0ils and source
rocks from the Pauls Valley area of the Anadarko Basin. 1In this region a
detailed study of the biomarkers in 25 oils mainly from the Simpson Group
and 10 source rock samples has shown that the majority of oils present in
the Viola Formation are derived from a similar source of material. The
second step of this project will be to examine the potential source rocks
in order to determine the origin of the o0ils in this region.
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Grantee: . "UNIVERSITY OF OKLAHOMA
: School of Geology and Geophysics
Norman, Oklahoma 73019

Grant: - - DEFFGO5~86ER 3470
Title: o Workshop -in Continental Scientific Drilling
Person in Charge R. P. Philip

Scope of Work

A workshop was held at the University of Oklahoma, Norman, in January

1986, to discuss the role of organic geochemistry in the Continental

Scientific Drilling Program. A number of speakers made presentations on
topics that it was felt could benefit from this program. In particular the
areas of mjigration of fluids, origin, and stability of deep gases and
microbial activity at depth were discussed in detail.,  In addition to the
formal presentations, a number of discussion sessions were held. In these,
topics such as sample collection protocol, possible drilling targets,
scientific program, and how to continue the effort were all discussed.

It was felt that from an-: organic geochemical point of view, the drill~

-ing of a series of shallow holes would be more beneficial than one deep
-hole.. Such an array would permit a detailed study of migration to be
‘undertaken.- Migration is an area of geochemical research currently receiv-

ing -a great deal of attention.  No particular drilling targets were
delineated, However, it was felt -that it would be most advantageous to
interact as closely as possible with researchers proposing to drill holes
in various areas. In - this way, if any sedimentary sequences were drilled,
organic geochemists would be ready to analyze the samples.

o In brief, this workshop :-was successful in arousing the interest of
organic geochemists in the CSDP. -~ As a result of this workshop, organic
geochemist representatives have attended a number of subsequent workshops
to make an input into a number of other drilling programs. A final report
for the workshop is currently being finalized and should. be ready for

_circulation to attendees in June.
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Grantee: ‘ THE PENNSYLVANIA STATE UNIVERSITY
College of Earth and Mineral Sciences
University Park, Pennsylvania 16802

Grant: DE-FG02+~84ER13268

Title: - The Geochemistry of Coal Origins 1n Relation to
Coal Structure

Person in Charge: P. H. Given, W. Spackman, and P. C. Painter

Objectives

The principal objective of the study is to seek an understanding of the
processes involved in the transformation of ligno*cellulosic cell walls of
higher plants into coal-=forming entities during the early stages of coal
‘formation. It is felt that this is one valid and potentially valuable
approach to solving the problems of coal structure.

Scope of Work

The tactical approach has been to select samples of very immature coals
that exhibit differing degrees of preservation of woody structure, and
examine them by optical microscopy, using transmission of light through
thin sections, with and without polarizing screens, and fluorescence ex«
cited by blue or U.V. light. Specimens characterized in, §his way were then
studied by Fourier Transform Infrared spectroscopy, C NMR and various
pyrolysis/mass spectrometric techniques. Samples from three different
sites were available, but most of the work was on a large set of samples
collected from the Brandon lignite in Vermont; plants whose remalns are
seen .in this lignite include many of these now populating parts of the
Okefenokee Swamp in Georgia and the Everglades of Florida. A number of
samples of peatified wood were included in the microscopic studies, in
order to document the earliest changes and provide materials for
comparison.

- Principal Accomplishments

It was observed that roughly 10% of the Brandon lignite seam consisted
of material having the external morphology and texture of blocks of wood of
varying degrees of preservation. Woody material of this kind has been
noted in some other lignite seams, and referred to by others as "coalified
logs"™. The rest of the seam had evidently been through a process of
"gelification", which destroys the macroscopically visible woody structure.
Microscopic examination of sections showed that the degrees of preservation
of the walls of vessels relative to tracheid cells varied within a block of
woody material, but generally these tended to show increasing swelling and
distortion of cell walls towards the outer margin of the block. FTIR
spectra of inner zones of several blocks did not differ as much as dif#
ferences in cell wall preservation would suggest. However, the bands were
relatively sharp and quite closely resembled those of lignin; not much
evidence of preservation of polysaccharides could be seen.
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© The infrared spectra of the gelified material or "matrix" showed broad
bands and closely resembled those previously published for lignites.
Spectral subtraction routines indicate that the outermost margins of woody
blocks were mixtures of gelified with ligninhlike material. :

130 NMR spectra (CPFMAS) showed major differences 1n chemistry between

-matrix and woody material.  The latter evidently is phenolic and retains

some methoxyl groups; experience: of some degree of oxidation was indicated
by the presence.of some C in carbonyl groups. ‘

It was observed in the pyrolysis studies that there appeared to be a
correlation between the ‘intensity of cell wall birefringence of peatified
wood and the abundance of hexosan derivatives from cellulose in
pyrolysis/GC/MS traces. As one compares the mass spectra in the sequence

‘fresh plant, peatified wood, Brandon woody samples, a series of chemical
. changes are evident, including demethylation and demethoxylation. However,

the altered 1lignin remains mostly in polymeric form. Pentosans from
hemicelluloses and perhaps bacterial sources disappear quite early in the
sequence, but a little cellulose can persist in coalified logs.

The phenomenon of gelification in coal formation has been known to coal
petrographers for at least 25 years. It was thought that this was a
process that always occurred as a stage in coalification, having the effect
of converting the morphology and anatomical structure of wood to the rela=
tively poorly structured huminitic and vitrinitic macerals. This is no
doubt still a reasonable .view, with the added implication that destruction

‘of morphology 1s accompanied by extensive alteration of the chemical struc=

ture of lignin and any other remaining plant polymers.

The occasional occurrence of coalified logs 1n-coa1 seams has also’'been
on record for some time. It is now known, from our work and.that of

“others, that coalified logs can retain much of the chemistry of lignin
.(and, in some cases, cellulose), as well as retaining the texture and

external morphology of wood. The distinctive feature of our study is that
the samples that were studied chemically had first been carefully charac-
terized botanically. It was in this way possible to show that preservation
of anatomy and of chemistry go hand in hand; if one occurs, so does the

~ other. However, how and why some woody material in a peat swamp or marsh

can escape gelification while the rest of the sediment becomes lignite is

still far from clear.

It is probably best to regard coalified 1ogs as fossils, well-preserved

‘for some adventitious reason, and representing a stage most of the coal

went through much earlier. This view is supported by the microscopic
studies referred to, which show that differing degrees of swelling,
gelification and granularity can be observed in different tissues of the
same peat sample. . Like everything else about coal, 1its diagenesis and
metamorphism are heterogeneous.

=167~




i .

The evidence certainly favors chemically altered lignin as the
principal (but by no means the only) precursor of coals. As water is
squeezed out of the young sediment during induration, and exposure to
somewhat elevated temperatures is experienced, slow reactions in the solid
state will further alter the polymeric lignin=related materials, and in-
itiate cross-linking into the three#dimensional network macromolecular
structure characteristic of mature vitrinites. It should be noted that
polysaccharides readily dehydrate to aromatic (phenolic) structures on low*
temperature pyrolysis, and so, to the extent that their carbon survives in
coals, they will no longer be recognizable as such.

A Final Report is in preparation.
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Grantee: - = : PRINCETON UNIVERSITY
‘ ‘ - Department of Geological and Geophysical Sciences
Princeton, New Jersey 08544

Grant: DE~FG02%85ER13437

Title: Silicate, Aluminosilicate and Borosilicate Melts:
Thermochemical Studies by High Temperature
Calorimetry

Person in Charge: A. Navrotsky

Scope of Work

High temperature solution calorimetry is used to determine heats of
mixing in aluminosilicate and borosilicate glasses and melts. The sub=
stitution of B for Al along the join NaAlSi 0, has been studied by
calorimetry and NMR spectroscopy. The energetics of mixing are complicated
by the presence of some nontetrahedral B and Al at intermediate
compositions. Heats of mixing in (Li,Na)AlSi,0, glasses are being studied
and correlated with other manifestations of the "mixed alkali effect" such
as electrical conductivity. We are continuing the modeling of phase

‘equilibria. The emphasis is on ascertaining the usefulness of the two+

lattice model for the entropy of mixing and in developing more appropriate
complex structural entropy models.

Hydrous glasses and melts in the system albite~water have been studied
in three ways. Drop calorimetry (hot furnace to 85°C calorimeter) at high
pressure measured heat contents. Transposed temperature drop calorimetry
(room temperature to hot calorimeter) measured the heat of evolution of
water from a hydrous glass. The heat of solution of the resulting an=
hydrous decrepitated powder was measured by oxide melt solution
calorimetry. The results indicate small exothermic heats of solution of H,
0 in albite glass and melt. The enthalpies of mixing become more ideal
with increasing temperature and show their largest magnitude at composi-
tions corresponding to maximum OH  concentrations.

A Setaram 1500°C calorimeter has been used for transposed-temperature-
drop (cold to hot) calorimetry. The heat of fusion of diopside has been
measured directly (by the melting of crystal), confirming earlier values
obtained by conventional drop calorimetry (which produces glass) and heat
of solution of glass and crystal. The incongruent melting of ‘diopside was
observed directly in calorimetry at 1350-1390°C. The heat capacities of
the supercooled liquid (glass taken above Tg) and of the stable liquid are
similar. Work on albite and on Ab#An~Di 1s in progress.

A solution calorimetric study of glasses in the system An-Di«Fo will
commence as soon as the calorimeters are operating at Princeton. Much of
late 1985 and early 1986 were taken up with moving the labs from Arizona
State University to Princeton University. All equipment should be fully
functional by summer 1986.
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The data and models developed in this work are correlated to the struc=
ture and physical properties of silicate melts and have potential
applications in such diverse fields as geochemistry, magma energy gener=
ation, ceramic science, nuclear waste disposal, and reactor safety.
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" Grantee: . '~ ¥ ¢ . .:SOUTH DAKOTA: SCHOOL:OF MINES AND TECHNOLOGY
: -7~ Rapid City, :South:Dakota . 57701~3995

Grant: » DE#FG01=84ER*13259 = -5l

Title:? v oivize . - Thermally=Induced Chemical Migratidn:
A EER SRt Natural Analog Approach
Person in'Chargé: o .J. J. Papike

Scope of Work

" The major objective of this research is to gain a quantitative under~
"standing of chemical migration:in the geologic environment over.a range of
temperatures -and pressures and in diverse geologic:media. Contact metamor-.
" phic.occurrences: serve as geologic analogs for:the underground storage of:
nuclear. waste, with digneous:intrusion providing the heat-and trace element.
source, -and .the country rock: the medium.through which migration takes
“place., . The specific sites for this study:are :pegmatite/wallrock interac-
‘tion zones in the Black Hills;. South Dakota..This type of study provides
information on- chemical migration over:-geologic times, a time span that
cannot be duplicated in laboratory experiments or with presently available
hcalculation procedures.

Sy

Some Findings from Pegmatite/Wallroek Studies o

Exsolution of ‘ac fluid phase during crystallization of .4 volatile—rich
pegmatitic melt provides a medium for fluid transport of relatively incom~
patible elements out of the pegmatite system and into surrounding country
rock. Interaction between pegmatite<derived fluids and:country rock can
result in the formation of extensive exomorphic aureoles. <Compositional
characteristics.of these aureoles:are dependent. upon:fluid composition:-and:
therefore provide an indirect method-for -constraining the chemistry of.
pegmatite fluids. - Aureoles adjacent to three Black Hills pegmatites (Etta,
Peerless, Bob Ingersoll-1) illustrate:the relationship between aureole.
characteristics, pegmatite mineralogy and possible fluid composition. ' The
aureole associated with the Etta pegmatite (spodumene=bearing, tourmaline~
poor)-is:enriched:in alkali.elements (Rb, Cs, Li),  whereas: the aureoles
associated with the Peerless and -Bob Ingersoll I pegmatites (spodumene
absent; tourmaline:and:lepidolite or.lithia mica bearing) are enriched in:
alkall elements, F and B. Fluid compositions approximated from trace-
element modeling and extent of halogen substitution in sheet silicates
indicate pegmatite-derived solutions have relatively:high solute concentrax
tions (alkal{ elements:> 1000 ppm) and exhibit compositional differences.
between pegmatites. The most noticeable differences in fluid compositions
are (1) alkali element ratios Rb/Cs and Rb/Li decrease in the order
Peerless = Bob Ingersoll I ~ Etta, F(2) boron content is relatively high in
the fluid phase derived from the Bob Ingersoll I and Peerless pegmatites,
and (3) log [f(H,0)/f (HF)] of the fluid phase associated with the Bob
Ingersoll I and Peerless pegmatites may be responsible for the stability of
lepidolite and lithia mica relative to spodumene in these pegmatites.
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Grantee: : - . SOUTH DAKOTA SCHOOL OF MINES AND TECHNOLOGY
Rapid City, South Dakota 57701+3995

Grant: ' DE-FGO1-85ER13407

Title: : : Cores from the Salton Sea Scientific Drilling
Program: Metamorphic Reaction Progress as a
Function of Chemical ‘and Thermal Environment

!

Person in Charge: J. J.Papike and C. K. Shearer

Scope of Work

We are studying the downhole progressive metamorphism at the Salton Sea
site by means of monitoring and evaluating discontinuous and eontinuous
metamorphic reactions with emphasis placed on (1) the progress of reack
tions, (2) mineral~fluid reactions and interaction of rock with external
fluid reservoirs, (3) volatile species evolved and consumed during reac~
tions, (4) changes in style and progress of metamorphism with changes in
original porosity and fluid flow,. (5) evaluation and correlation of mineral
phases and organic material geothermometry, and (6) alteration and’ develop#
ment of oxide mineralogy. , :

Variables such as temperature, pressure, fluid composition, and fluid
flow-porosity can be measured in situ. The correlation of mineral as-
semblages, mineral chemistries, and mineral reactions with these measured
variables will provide invaluable insight into the dynamics of
metamorphism. .

The initial phase of this study is to identify stable mineral as~
semblages and to document variations in mineral chemistries. -Preliminary
modal analysis and interpretation of textural relationships between mineral
phases can be performed using standard petrographic techniques. A random
orientative X-ray diffraction technique will be used to ensure statistical
relevance of the modes and to determine the modal mineralogy of fine~
grained metamorphic rocks. This X-ray technique has been developed into-a
routine and reliable methodology at the South Dakota School of Mines and:
Technology. Mineral chemistries will be determined by.electron microprobe.
Using these data with temperatures measured in situ, isothermal composi-
tional diagrams can be constructed and the sequence of prograde cont inuous
and discontinuous reactions can be identified.

.-This work is being done in collaboration with J. C. Laul (Pacific
Northwest Laboratories), who is conducting the INAA and RNAA analyses.

€
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Grantee: - - "~ " -UNIVERSITY OF SOUTHERN CALIFORNIA
SR -~ Department of- Geological Sciences
Los Angeles, California 90089<0T41

Grant: DE~FGO3F-85ER1 3336

“ Title:~'“7itf,~w} -Q;”fContinental Scientific Drilling Program. The

Seismology of Continental Thermal Regimes
Person in Charge: = - - K. Aki

Scope of Work

This program was started as an involvement in two major geothermal

»proJects; namely, the Hot Dry Rock Geothermal Energy Development Project of
“the Los AlamOS“National>Laboratory-andpthe Magma Energy Project of Sandia
‘National Laboratories. The theory and methods developed for interpretation
-of. various seismic experiments conducted at Fenton Hill, New Mexico, and

Kilauea Iki, Hawaif, ~however; :found-a variety of applications to other

r.geothermal areas ‘and volcanoes,: and our research has been evolving into

what might be called volcanic seismology.\.=

In this program we are. applying the methods of passive seismology using
natural seismic sources occurring in:geothermal areas as well as active

"seismology using artificial ‘sources to the candidate sites for the CSDP,
" such as Long Valley :and Jemez’ Mountains, in order .to delineate the
'geometrical and mechanical properties as- well ‘as: thé mass:and energy

transport mechanism of - the geothermal system., . .

During the past year, -we have accomplished the following work. covering

: both experimental: and theoretical aspects of the project: - completing a

review paper of the origin of volecanic tremors;- initiating study on seismic

"signals attributed to:tensile cracks (so call long+period events) dis-

covered at. the Los Alamos Hot Dry-Rock:site;. initiating theoretical study

“on :slow wavées trapped in a.fluid-filled crack for modeling long-period
’ events;Tinitiating;a;pilot‘studygonvborehole.seismic.expeniments at
“Oroville, . Calif. and:discovering guided waves trapped in a fault zone;

initiating a° simultaneous interpretation of borehole seismic data and

-gurface -Seismic data-for a quantitative characterization of subsurface
"material;. archiving and processing U.S.G.S. selsmic.data:from geothermal

areas as the SLAC computation c¢enter and. monitoring coda Q- for prediction
of_earthquakes,and volcanic eruptions; further confirming and studying

- theoretically the distinct difference in ‘the frequency local;:regional and

teleseismic data in the Jemeéz Mountains by a network of digital event
recorders, and participating in: planning the Katmal Scientific Drilling
Project.n~;;AL . R TR R PR TE Iy e 9
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Grantee: - S STANFORD UNIVERSITY
Stanford California 9&305

Grant. DE"FGO3F86ERF13601

Title-’-" - Porosity with Fluids: Origin and Effects
- - . on Physical Properties of Crustal Rocks -

Person in Charge: A. M. Nur

Scope of wOrk

. The’ general obJective ‘of the past year's work was to continue: our
investigations of physical phenomena in cracked" and porous-rocks with
fluids, &and to apply the results to geophysical exploration, reservoir
evaluation, and the study of shall crustal processes.

(1)  Wave propagation. We extended the study of velocities in clay

-~ ~bearing rocks to poorlyrconsolidated and - unconsolidated
sandstones. We have obtained velocity and porosity VvS. pressure
data for sand#clay mixtures as well as for clean sand and pure
smectite clay. We have disc¢overed, in surprising contrast to
consolidated saridstones, that the presence of clays in unconr
solidated sand causes velocity to increase. This effect is
probably due to the filling of grain'contacts and the space be-
tween grains with clays. We have set up a broadband ‘(5KHz to
1MHz) acoustic system to study velocities and Q = vs. frequency in
porous rocks. The system has been completed, and results for
Berea were obtained. We have found that Q = varies with fre-r
quency, and that this variation depends on saturation. The
results will:provide for much better interpretation of seismic
data for exploration and crustal studies. :

(2) Dielectric properties. We have measured the dielectric constant
of rock as a function of saturation and frequency. We have dis®
covered. that the dielectric response of porous rocks is controlled
by the surface area density of the pore space (pore surface
area/porosity). Furthermore, a large and systematic hysteresis in
the dielectric constant occurs between saturation.and desaturation
runs. This effect # which was not known for rocks before * is
most likely due to the way water in. partially saturated pore space
organizes itself. The results have fascinating potential applicah
tions for logging in gas or steam bearing reservoirs. '

(3) Network modeling. We have. developing a rigorous inversion method,
to obtain rock state parameters (porosity, clay content, ete.,)
from physical measurements on rock. The method is based on maxi®
mum entropy consideration, and has been applied to. cracked rock.
A related model was developed to relate the exponent m in Archies
law to the distribution of pore shapes within a given rock. It
appears that for-a given porosity, m is strongly

174~




‘ dependent ‘on the distribution of pore. shapes L thus promising to
provide .constraints on .the inversion of- electrical resistivity
data. Furthermor'e. a program has beeh written and tested, using a
_boundary elements -algorithm, which enables us to obtain the elas~
tic response of arbitrarily shaped pores: very rapidly. This:very
“efficient’ progr‘am has now. been placed’ on-a 5.1/2" floppy disk,.and
-'is routinely run on an IBM:PC-or equivalent.. It is thus possible,
for the first time, to. compute elastic response for pore shapes
_which cannot be handled analytically on the one hand, or for which
finite elements or finite dirf‘er'ence methods are much too
cumbersome.. BrTe o S : : . :

(4). zNuclear magnetic resonance studies (NMR) ‘We have found that the
. intensity- of: magnetization: in some rocks is greater when ‘they-are
_partially saturated with.water (typically around:60% ~ 70% water
saturation). than when . they are fully saturated.: This-discovery

. -has already led 10 ‘heated, : if not- virulent debate among several”

- physicists. who work: on rock NMR< ‘with.some claiming that the:

.. effect must be wrong, .whereas’ others consider- the discovery to be
EER | break thr'ough in NMR and NML logging.._g«;_. Sl , Sl ’
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Grantee: . - - rn ;STANFORD UNIVERSITY :
R Department of. Applied Earth Sciences
Stanford, California 9"305 . ‘

Grant: -~ - DE*F003F85E313319

‘Titleé‘ .f*;:';“ . v"Structure and. Emplacement of -the Inyo Domes
T e Intrusion, Long Valley, California-
Person>1n Chargeifn'px D.~D, Poilard | (,;". o . r3\- o

kScope of Work

Hhen a silicic dike 1ntrudes to within a few hundred meter of the
Earth's surface, several processes become:important which may eventually
control the character:of the eruption. These processes include the
development.of. .fissures and faults at.the surface above the dike, growth,
. and disruption:of -vesicles-(Eichelberger:et al., in press), mixing of magma
with groundwater, -flashing of groundwater to steam near. the dike, and
-extensive brecclation of the host rock::- The objective of this project is
‘to understand ‘the roles :of some of these processes in the emplacement of
silicic dikes using the Inyo Domes Volcanic Chain near. Mammoth Lakes,
California, as an example. . o

-Several features at the Inyo Chain make it an unusually good location
for such a study. At the south end of the chain, a set of prominent
phreatic craters (the Inyo Craters),. normal fault scarps, and open fissures
indicate that the Inyo Domes-dike.came within a few hundred meters of the
surface, Unlike many other places, these features were not destroyed by
subsequent-eruptive activity.. At the north end of the chain, two core
holes have been-drilled into the feeder conduit beneath one:of the domes
(Obsidian Flow), and into a dike between two of the domes. The core con-
tains zones of extensive brecciation of the granitic. host rock near both
the dike and the conduit. Within 130 meters of the dike, fractures of a
variety of orientations are filled with granitic, and in a few places,
magmatic debris which was apparently injected during emplacement of the
dike.

During the 1985 calendar year, the following studies were conducted:

(1) A 1:6,000 scale map was prepared of fissures, faults and craters
' in a 1.0 by 1.5 kilometer area around Inyo Craters (Mastin and
Pollard, 1985b). The pattern of these features indicates that the
area is underlain by two left stepping, north=northeast trending
en echelon dike segments. The eastern dike lies beneath Inyo
Craters. The western one underlies South Deadman Dome. The
spacing and cumulative opening displacement on fissures and faults
immediately south of Inyo Craters suggest that, in this area, the
dike is no more than a few hundred meters beneath the surface, and
is at least a few tens of meters wide. This .map and our inter-
pretation of the subsurface structure will be used to locate
future drilling sites.
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(2)

(3)-
- - .:.f1lled fractures in the core from the dike and conduit holes. :The

Deformation around several possible arrangements of en .echelon
dikes was modelled using two programs: ‘a boundary element program
for elastic stress around.cracks—under two>dimensional plane
strain loading (Mastin and Pollard, 1985a); and a dislocation
program for stress and strain around opening mode dislocations in
an elastic half space. The results of these models: (1) support
the field evidence for two en echelon dikes in the Inyo Craters
area; (2) suggest ‘that the westernmost dike extends farther south
near the surface than is indicated by the surface evidence; (3)
indicate that the dike beneath Inyo Craters is either vertical or
dips TO or more. degrees to the east. A manuscript for submission
to the Journal of Geophysical Research, covering this modelling
and the mapping described is in preparation. -

Preliminary petrographic studies were made of deformation and

-wide variety of filled-fracture orientations: indicates that the

.fluid pressure in the fractures was greater than the least com=

. pressive stress by a magnitude equal to a significant:fraction of
.. the difference: between the greatest and least stresses. It is

remarkable that the brecciated host rock immediately around the
dike contains no obvious magmatic debris in hand sample or thin
"section. Unlike some -mafic intrusions (Sheridan and Wohletz,

°1983), intermixing of fragmented magma and groundwater .apparently

was not an important mechanism of heat transfer rrom magma to

. groundwater.fa;a~

For calendar 1986 the following studies are - planned or in progress-bb

(1)

The stratigraphy and petrology of hydroclastic debris around Inyo

.- Craters will be mapped and examined. The objectives will be, among
" other. things,:to determine the type and history of the eruptive
e events, and to. identify the sequence of - crater development..

(2) S

Scanning electron microscopic studies, microprobe work fluid
inclusion analysis, -and additional petrographic work will be done

,;y;on the breccia and fracture fillings in the core near ‘the dike:.and
--the conduit. . The objectives of.the core studies will be to estadb~

. .1ish whether there is any-magmatic-debris mixed with brecciated

host rock near the dike margins, to identify how the breccia

formed, and to determine the temperature. and phase relationships
(steam versus water) of breccia-forming fluids in the host rock.

.k‘f177-.‘p SR




-
-

Grantee: + . - . .~ " TEXAS-A&M UNIVERSITY @
Lo ~ Department of .Geophysics and. -

Ly

"¢ ‘Center:for Tectonophysics:
’-‘iCollege Station, ‘Texas 778“3

Grant: /. 'DE~FGOSH86ER13165
Title: 2N e Stress-Induced Seismic Anisotropy
Penson’in'Charge:a o R Carlson‘

Scope . of Work

Particle motions detected on arrays of 3-component digital seismographs
and on :borehole instruments:used in vertical seismic profiling (VSP) and
oblique seismic experiments (OSE) indicate in situ elastic anisotropy. The
observed anisotropy is thought-to arise from alignments of cracks which, in
turn, are caused by tectonic stresses. ' Such interpretations are supported
by theoretical ‘and numerical models and by ‘a’'few experiments conducted at
low .stress levels, but the phenomenon of stress-induced elastic anisotropy
1n rocks has not been: thoroughly investigated. : e

‘ We are undertaking a series of 1aboratory experiments with the aim of
ascertaining the effects of deviatoric stress on rocks ‘containing natural
microcracks. More specifically, our objectives are: (1) to relate the
dynamic elastic stiffness tensor to the stress tensor for different stress
fields; (2) to determine how the elastic stiffness coefficients are af-
fected by the level of stress; and (3) to replicate field observations in
the laboratory under known stress conditions.

The materials used in these experiments will be Westerly Granite and
Maryland Diabase. Specimens will be machined to form cubes 15 cm on a
side, and suitably oriented P~ and S~wave ceramic transducers will be
mounted on the faces, edges, and corners of the cubes. Dynamic elastic
constants will be calculated from-meastred P4 and S-wave- velocities.
Stresses up-to 40 MPa will be applied using flat jacks. The free faces of
‘the cubes will be instrumented with strain gauges to monitor the uniformity
of the applied stresses. Replication of field experiments will be done
using transducers mounted on the free faces of the specimens. :
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Grantee: . . oo TEXAS A& M. UNIVERSITY.
ERE SR 7+ 1+ Center for- Tectonophysics .
College Station, Texas 778#3

Grant: ' .. . . .QJ'DE-Fco5-86ER13228
Tﬁne: v;=«fe;§;f ,NWI. Mechanlcal Properties of Rocks at High

Temperatures and Pressures - . I e

Person in.Charge: - ..»: M.:Friedman - = - -..»

e Sl ToEe o Serg - 4 : . B

Scope of Work

In continuation of our studies of borehole stability and the fracture
of rock in environments of hot fluids, differential stress and relatively
low effective pressures, we are investigating the (1) tensile strengths of
Sioux quartzite and Westerly granite, (2) fracture surfaces and microfrac-
ture types, abundances and coalescing tendencies in extension experiments
dn an effort to understand why strength decreases with increasing tempera-
ture, particularly when the specimen is water-saturated, and if fracture,
is a thermally activated process, and (3) role of biotite crystals as
stress concentrators and facilitators of sllp leading to the semi~brittle
failure of granite. The necessity to move our experimental apparatus in
advance of building‘renovation has delayed most of our experimentation.
Results to date are as follows:

1. Five extension tests of notched Westerly granite specimens were
performed at room temperature and confining pressures between 30
and 145 MPa. Tentative corrections to the measured differential
forces at catastrophic failure give an average tensile strength of
about 20 MPa and confirm the very important finding that the ten-~
sile strength of a rock is independent of the confining pressure
(Pe) up to the point where Pc = C ,» the unconfined compressive
strength.

2. The ultimate strengths of Westerly granite previously deformed in
extension (and used in our observational studies) decrease with
increasing temperature (T, 25° to 800°C), and are lower when water~
saturatéed than when dry. Weakening with temperature {(600° to
800°C) is dramatic in the wet environment.

3. In dry tests, intragranular cracks (IGC) and grain-boundary cracks
(GBC) increase in linear and areal density (abundance) with in-
creasing T at constant confining pressure (Pc); IGC increase in
abundance with Increasing Pc at constant T; and IGC tend to be
shorter with increasing T.

4, 1In wet tests, IGC decrease with increasing T; GBC tend to be better
developed with increasing T (as perhaps expected in that water
occurs primarily at the grain boundaries); and the IGC tend to be
shorter with increasing T. 37
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The common thread is the enhancement of grain-boundary cracks with

_increasing T. The GBC play a greater role in the crack coalescence
‘history leading to failure as T -increases. For wet conditions, the

GBC are best developed and consequently fewer and shorter IGC are
required to achieve coal'eseenc'evand failure. For dry conditions,
the GBC are only slightly better developed with increasing T so

‘that more IGC, even though shorter:, “ar’e needed to affect macro=-

scopic failure.

Perhéps the most surprising result of this study is the indication
that the length of IGC decreases with 1n¢r'easir;g T, wet or dry.
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Grantee: - ' - :TEXAS:A & M UNIVERSITY
‘ oo i G Center for e Tectonophysics s
D College Station, Texas 77Bu3

Grant: S .DE—F005-86ER13228
Titlei»;r‘:*f SR f-;II Geosciences Research Council |
Person in Chargeé /‘? : .AFriedman:ﬂ-

Scope of Work . -

In Fall, 1985, the Geosciences Research Council was formed to recognize
and advance research activities within the geosciences and the purview of
DOE/OBES. A broadly based council of fifteen geoscientists from academia,
goverment laboratories,:and industry-agreed:to serve. In addition to
chairman M.:Friedman. (Texas: A&M University; geology), the:council currently
consists of Phillip Abelson (generalist), D. J. Baker (President of JOI,
oceanography), J.:D. Bredehoeft (USGS, groundwater), W. G. Clement
(industrial consultant, geophysics), J. A. Eddy (UCAR, solar and ter-
restrail atmomospheric science), W. C. Luth (Sandia, geology), T. V.
McEvilly (LBL, geophysics), D. L.:Peck (USGS, geology), D. E. Powley (AMOCO
Research, pétroleum.geology), R. N. Schock (LLL, geochemistry), L. T.
Silver (Cal. Tech., geochemistry), J. T. Smith (Shell Dev. Co., petroleum
geology and geochemistry), s. c. Solomon (MIT, geophysics), and J. T.
Whetten (LANL, geology). ’ o

: The individual members of the council are charged to: (1) evaluate the
status, potential-value, and relevance of currentigeosciences research.to
meet the nation's energy needs; (2) identify energy-related geosciences
research areas that need to be developed or strengthened; and (3)
facilitate the above by serving.as a liaison group among the geosciences
community, DOE, and other sponsors of geosciences research, through 'spon-
sorship and organization:of: workshops and. technical sessions and the
promulgation of corresponding reports. PaaS R L L : ;
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Grantee:. . UNIVERSITY OF TEXAS ARLINGTON
B o .Department of ‘Geology, Box 19049
Arlington, Texas 76019 :

Crant': - 7 DE-FG05-85ER13413
Title-'; i?ltui o ,'f.iVolcanological Investigation of the Banco ‘Bonito"
' . Eruption (c. 100,000 yr) and- Subsurface Geology
.. of, the Ring Fracture Zone, Valles Caldera, o
“New Mexico :
Person in Charge: . S, Self . _ L >:';'

Scope of Work

This study involves integrated field and laboratory work on the
youngest post—Valles caldera eruptive units in the Jemez Mountains. The
units involved are the Banco ‘Bonito obsidian lava flow, the Battleship Rock
ignimbrite,,and the El Cajete pumice fall deposits.” All were probably
produced during the same eruptive interval. about 100 000 years ago.

The El Cajete pumice fall member was. extensively sampled throughout the
southern Jemez Mountains, thereby documenting its dispersal. Detailed
stratigraphic sections through the El Cajete were made for correlation
purposes. . Interbedded ash-flow and surge units and their significance in
the eruptive cycle are being examined. Sieve analyses, petrography of
pumices, and distribution of the plinian fall units (delineated by median
diameter, maximum pumice, maximum lithic, and thickness parameters) are
being synthesized to estimate size,: dispersal, eruption column heights and
paleowind directions for this portion of the-eruptive phase. Age dating of
the E1l Cajete pumice by uranium series -disequilibrium on-3 to 5 of the
mineral phases and glass -is being attempted. This is due to failure of
previous attempts at precise age dating by conventional K/Ar techniques.
Xenocrystic minerals are. common and contaminate the mineral population,
giving too-old-ages. The U-Th method should allow:xenocrystic material to
be detected and yield an isochron. Valuable data pertinent to the orystal-
llization history ‘of - the magma body will also be obtained.

~ The Battleship Rock ignimbrite: is being investigated to determine its
position in-the Banco Bonito eruptive cycle and its original extent. Field
work included outlining the ignimbrite through field mapping, delineating
relationships with under- and over-lying units, and recognizing flow units
within the ignimbrite. Petrographic studies on the pumice may also be used
to determine its position in the - eruptive cycle, as well as to correlate
ash-flow units. : : :

The youngest eruptive unit, the Banco Bonito obsidian lava flow, was
mapped, exclusive of -that portion on the Baca Location. Air:photos and
" field characteristics are being.used to decipher the number and extent of
obsidian lava flow units. Samples from several of the lava lobes are being
used to determine any petrographic and compositional variation during this
last effusive phase of the eruptive cycle.,;' - :
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The integration of. stratigraphic field ‘relationships and stratigraphy
from the VC~1 Continental Scientific Drilling Project core will provide a
basis for an eruptive model and paleotopographic reconstruction. Also, the
stratigraphy under the southern ring fracture zone of the Valles caldera
using the VC-1 stratigraphy and the lithic assemblage in the El
Cajete/Battleship Rock fall units is being investigated. During explosive
eruptions of this type, rock fragments may be excavated from the conduit
wall in a progressive manner, and this is represented in the lithic content
of the fall units. At present, lithics collected in the El Cajete type
section are being examined for variation through the deposit. . Petrologiec
studies on the pumices ‘in the type section to determine magma chamber
parameters based on mineralogy are Jjust beginning. - This youngest -eruptive
post~caldera event may be significant in indicating the possibility for
future eruptions in the Jemez Mountains. e
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Grantee: o 27« -UNIVERSITY OF TULSA .
' -Tulsa. Oklahoma 7”10&

Grant: | | E—FGOS~85ER1 3417

Title: : : Stability of Natural Gas in the Deep Subsurface
Person in Charge:: - Ca Barker and N. Takach

Scope of Work .

-We have continued to investigate the stability of natural gas in the
deep subsurface using a: combined theoretical and experimental approach.

Gases trapped in fluid inclusions provide uncontaminated samples of
deep gas. However, minerals may contain secondary as well as primary
inclusions, and it is necessary to analyze each fluid inclusion separately.
We are doing this using a microcomputer-controlled, rapid scanning quad-
rupole mass spectrometer. Mineral samples are heated in vacuum - and as each
inclusion bursts the released gas is analyzed in 25 msec. and the back~
ground immediately prior to the burst. is subtracted. Up. to 225 individual
inclusions can be analyzed in two hours using about 10 mg of mineral,
Dynamic range is close-to 1 part in 10,000.. In the last year background
values have been reduced by installing turbomolecular pumps, and sen-
sitivity has been increased by replacing both the electron multiplier and
ion source .of the mass spectrometer. :

The analytical method is applicablerto almost all mineralswincluding
those that are opaque, and we have successfully-analyzed inclusions in
calcite, dolomite, quartz, plagioclase, galena, olivine, and salt, among
others. 1In particular, we have analyzed calcite cements.from the deep
Smackover carbonate section Louisiana (20,000 ft)-and found a wide variety
of methane/water/hydrogen sulfide ratios depending on sulfur content of the
system. Metamorphic quartz samples from the Kodiak melange, Alaska (from
50,000 ft based on inclusion geobarometry) were dominated by methane in
many cases though methane/water ratios were variable. There was little
carbon dioxide and no sulfur species. Continuing the sequence -of increas-
ing depth by analyzing Hawaiian olivines and Pacific MORB plagioclases we
found carbon dioxide dominated systems with 1% water in the former and 6%
in the latter. The MORB's also showed the presence of carbon monoxide.

The analytical studies have been supported by thermodynamic calcula-
tions of gas composition in deep reservoirs (< 40,000 ft). We have used
the computer program developed over the past few years that finds the
minimum free energy in multi-component (up to 70), multi-phase (up to- 30)
systems for various reservoir mineralogies. Calculations have been made
for carbonate and sandstone reservoirs using low, average and high geother-
mal gradients; hydrostatic and lithostatic pressures; and with and without
graphite. In general, the measured gas compositions are within the range
of those calculated by the computer program.
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Grantee: N o0 77 ¢ UNIVERSITY OF UTAH RESEARCH INSTITUTE
Earth Science Laboratory
Salt Lake City, Utah . 84108

Grant: DE~FG02-86ER13555

Title: . - o1 -Caldera Processes: vyydrothermal Dynamics and
: Ore Deposition in the Sulphur Springs Vapor

Dominated Zone, Valles Caldera, New Mexico

i (VC=2a) .

Person in Charge: ~ D. L. Nielson

VC“Za will be the second Continental Scientific Drilling Program

.corehole to be drilled in the.Valles Caldera. The scientific aspects of
~this project- are being jointly managed by University of Utah Research
;-Institute and Los Alamos Scientific Laboratory.  Scientists will<be on-site
‘at all times during the drilling. They will.be responsible for preliminary

descriptions of core and cuttings, .record keeping, marking and boxing of
core according to curatorial protocol, and cooperative work with inves~

o~tigators with regards to speoial ‘cores | and experiments.

Following completion of VC-Za,Apreliminary scientific studies will be

. performed on the core. These studies will ‘include hydrothermal alteration

mineralogy, correlation of stratigraphy with that present in nearby holes

.and:in the Redondo :Creek area, and an evaluation of the: structural setting
Flrevealed by the corehole. ; : ,

A data release meeting will be convened within two months of the
completion of VC=2a..  This meeting will be a:forum: for discussion of
results and transfer of information among collaborating scientists.r

‘ A final report will be prepared and presented at a- briefing to OBES.

. In addition, results of ‘the- project will be presented at the fall meeting

of the American Geophysical Union. -
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Grantee: ’ " UNIVERSITY OF UTAH RESEARCH INSTITUTE
‘Earth Science Laboratory
Salt Lake City, Utah 84108

Grant: DE-FG02-86ER13U6T -

Title: - = - Logging and Hydrothermal Alteration Studies
L ‘ - of- Hole VC-1, Valles Caldera, New Mexico

Person in Charge: D. L. Nielson and J B. Hulen

Scope of Work

VC-1, the first Continental Scientific Drilling Program Corehole in the
Valles-Toledo caldera complex, penetrates the Jemez fault zone, a major
regional structure, near its intersection.with the Valles caldera's south-
western ring. fracture. .In part, because of this favorable structural
setting, :the rocks penetrated by the corehole have been repeated ‘and exten=-
sively brecciated, hydrothermally altered, .and mineralized. We have begun
to characterize this alteration and mineralization as it relates to
‘development of the caldera complex and associated hydrothermal systems. ‘

Paleozoxc sedimentary rocks and the Precambrian basement in vc-1 have
been tectonically and hydrothermally brecciated in multiple episodes.
Secondary ;porosity and permeability-created during brecciation have focused
-hydrothermal fluid flow, leading to intense alteration and mineralization.
Hydrothermal pyrite, sericite, quartz and chlorite are.widespread in the
breccias; chalcopyrite, sphalerite, galena, magnetite,: hematite, barite,
and dolomite occur locally. Molybdenite and phengite are confined to an 8
m interval of strongly quartz-sericitized and quartz=veined hydrothermal
breccia. Mineralogic evidence suggests that this phyllic alteration took
place at higher temperatures (probably greater than 250°C) than those
currently prevailing at these depths in VC~1 (about 160°C). The relation-
ship of hydrothermal breccias and alteration in pre~Cenozoic rocks of
corehole VC~1 to formation of the Valles<Toledo caldera complex and as~
socliated geothermal systems remains to be determined.. -Detailed study of
alteration mineralogy and texture as well as age~dating of hydrothermal
sericites and phengites should allow us to clarify this relationship.

Initial results of our VC-1 research were presented at a special ses-

sion of the American Geophysical Union 1985 Fall Meeting. Publication will
follow completion of more detailed characterization in progress.
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Grantee: : UNIVERSITY OF WASHINGTON'
STy igest Geophysies Program AK=50

Seattle, Washington = 98195

Grant: ‘ DE*FGO6-86<ER134T2 /i ~.ili

Title: = ‘o~ * @nil i Two=' and’ Three-Dimensional
Magnetotelluric Inversion

Person in Charge: . J. R. Booker

Scope of Work

e e e s 7 ,
‘ Our objective is to 1nterpret magnetotelluric (MT) data ‘when: the
electrical properties:of the-earth vary laterally as well as vertically.
Since most real MT data 4s significantly effécted by lateral structure,
understanding the multi~dimensional inverse problem is critical to reliable

use-of: MT- in exploring for thermal and hydrocarbon energy resources. -Our

approach uses the fact that the Frechet derivative of:MT data with respect
to vertical conductivity structure is closely related in the one- and
higher dimensional“cases.:.In fact,ithey are the same, except that the
electric field that must be'used in‘calculating: the:Frechet derivative is
the:true ‘electric-field existing 'in the laterally varying structure. = This
fact ‘suggests an-efficient iterative inverse ‘scheme.’ 7 At each step, the
‘data: at ‘each:site ‘are inverted as though they were one-dimensional, except
that the Frechet derivatives use the electric¢ifield-from a forward calcula-
tion using a laterally varying model based on” all the one-dimensional
inverses at the previous step.  This proceSs?should'cOnverge'to a depth and
laterally varying model ‘which fits the data.: Understanding this conver~
gence and subsequent appraisal of the model are our major tasks. ‘

“We have developedﬁaﬂveqyjetable oneﬁdimensloha1>inversioh which
produces’ models Wwhich have least ‘possible structure. ' This is: important
becausée unnecessary’structurée which has®a:lateral gradient from site to

site can produce largerariationé'in‘electhC'field which'can swamp the
structure we are looking for.  In the process of doing this, we have -

demonstrated the need ' to ‘spread the ‘datd misfit uniformly across the fre-
quency ‘spectrum (i.e.; a "white" fit) as well‘as to minimize the overall
misfit. Overfitting one spectral band for &' given level of overall misfit
always results-in unnecessary Btructure in some depth range. We have
‘developed a -statistical test for- whiténess of fit, and have developed 4
method to-adjust the norm used to'define the model with least structure so
as to‘achieve a white fit. A coﬁollary”to‘theSe'resdlts is:the need to
‘accurately characterize theé ‘errors in any data set ‘to be inverted. We have
also shown that the reciprocal of the MT data usually inverted leads to an
almost linear inverse problem for conductivity. By this we mean that the
results are linearly close to the truth looked at through a known window.
This will become extremely important in the appraisal part of the project.

The next step towards inverting two- and three=dimensional data is to
produce a program for calculating the subsurface electric field for a model
specified only along a series of vertical lines beneath measurement sites. .
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Grantee: UNIVERSITI-OFfHISCONSIN
. " Department of Geology and Geophysics
Madison, Wisconsin ' 53706

Grant: DE<FG02=84ER13184
Title: - o 'Thermal Stress- Microfracturing of Granite
Person in Charge: H. F. Wang

Scope of Work

The primary accomplishment of the current grant year was to complete
differential strain measurements and crack petrography measurements on a
suite of Westerly granite samples heated to ‘temperatures between 20 and
300°C. In addition, DSA derived crack spectra were obtained for heated and
unheated samples of Climax quartz monzonite and Stripa-granite. These
spectra suggest that newly. created thermal cracks have- lower aspect ratios
than those in the original crack population.«-4 : -

- - The crack petrography measurements indicate that most thermally~induced,
cracks are grain boundary cracks. - We have found it ‘important to count the
grain boundary cracks by type. The crack index is defined to be the number
of open grain boundaries of a given type divided by the total number of
such grain boundaries.. The crack -index for different. grain boundaries
indicates that quartz-quartz grains crack:early, quartz-feldspar pairs also
crack early but are not all completely cracked by 300°C, and feldspar*
feldspar cracks just begin to be significant at temperatures between 200
and 300°C. These results are in agreement with a spherical inclusion crack
model. ' ‘ : S o ' e

We have also completed research on the crack porosity and crack petrog-
raphy of granites from Illinois borehole UPH-3. Our detailed understanding
of the pre-existing open and healed cracks in these granites will make them
a good choice for future temperature cycling experiments.

The major experimental objective for the coming year will be to obtain
significantly more DSA and crack count data at intermediate temperatures
between 20 and 300°C. The existing DSA results indicate differences in the
amount of newly generated crack porosity for the different granites over
the maximum range of temperature. We currently hypothesize that the number
of cracks along a scan line are distributed in a Poisson fashion. We will
make many more crack counts to test this idea. The primary synthesis will
be to obtain a quantitative comparison between our previously proposed
crack model with these data. ~
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Grantee: “t 0 wai’ UNIVERSITY (OF WISCONSIN .
: .- Department-of:Geology and Geophysics
Madison, WISconsin 53706

Grant: DEHFGOZFSGER13593

Title: - Avé»:gzlcgaybeformation and Stress Modeling of Recent :
Magmatic Tectonics at Long Valley, California

A

Person in Charge:' H. F Wang

Scope of Work

The research program is to develop deformation and stress models for

“the south moat- region of the Long Valley caldera as part. of - the- Department

of Energy s effort on the thermal regimes portion of the Continental
Scientific: Drilling Program. :In preliminary calculations,. surface ‘deforma=-

‘/tion associated Mith an. inflated magma: chamber is; ‘modeled -by.an elastic
‘half-space containing an inclined ellipsoid which -undergoes a uniform

dilatation. - The analytical solution has been developed in terms of ellip-
tical integrations. . The inverse: problem has -been. carried out using the
linearization. method .and- applied £0 the Long: Valley uplift data.for the
period 1975-1983. ' The best fit .given by our triaxial. ellipsoid model

indicates:: (1) 'the depthito. the - .center. of the magma chamber under the
resurgent- dome is-about: 10 km; (2) the injected magma volume into the’
chamber i{s about 0.18 cubic kilometers.‘and (3) the chamber. has. a major
elongation-.along- the approximately vertical direction, _.Although the ab-

‘solute values of .the ellipsoidal -axes-cannot be- resolved uniquely by the
‘uplift: data,: seismic refraction and: attenuation studies indicate ‘that the
top of the magma chamber 1s unlikely to be shallower ‘than 3 km; hence, .the

maximum vertical axis of the triaxial ellipsoid in the model cannot be
greater than.7 .km and-a maximum. volume -ofsthe magma body is estimated as
700 cubic kilometers. iy T . :
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Grantee: WOODS HOLE OCEANOGRAPHIC INSTITUTION
SEER - Woods. Hole, MA 025A3

Grant: : DE“FGOZF86ER1BH66

Title: " Organic Geochemistry of Outer Continental
Margin and-Deep Ocean Sediments

Person in Charge: - J. M. Farrington,kJ. K. Whelan, and J. M. Hunt

Scope of Work

-~ The objective of this program is to develop a better understanding of
the processes of hydrocarbon generation and migration in coastal and off~
,shore sedimentary basins as an aid in predicéting favorable exploration
- areas for petroleum.’ Research has congentrated on the light hydrocarbons

(C1~C15) because these are the: compounds which migrate most easily by
diffusion, solution in pore waters. or in o0il and gas phases. Methods of
pyrolysis gas chromatography (GC) and. pyrolysis-GC mass spectrometry have
also been developed and utilized:in-examining high molecular weight
sedimentary organic matter, kerogen, .the precursor to petroleum. " Recent

 efforts have expanded our analytical eapabilities to the C15+ compounds.

: Detailed analyses have been- completed on seven Alaskan North Slope
wells. Pyrolysis parameters Tmax (the peak ‘temperature. of . pyrolyzable
organic matter) and ‘the production index (P.I., the:ratio of generated to
total petroleum generating- potential) were plotted against ‘each ‘other for
various maturity ranges and were found: to. distinguish sections influenced
by maturational as contrasted with migrational effects. By this method,
the Ikpikpuk and Seabee wells were found to be’ optimal for examination of
thermal maturational as contrasted’ with. migrational geochemical charac~
teristiecs, respectively. Changes of maturity (Vitrinite Reflectance) with
depth for the two wells were identical so that-a number of. pyrolysis and
sorbed light hydrocarbon trends previously proposed to be diagnostic of the
two processes could be compared. :

* Deep overmature formations'(Vitrinité'Reflectance. Ro, greater than
about 2.5%) from a number of wells were found to-give methane as the only
sorbed light hydrocarbon gas. Pyrolysis of ‘these same sections also
produced methane as the only light hydrocarbon.3 Concentrations of methane
decreased to background levels' (about 30 ppm) at the highest maturities. (Ro
= 4~5%4), The ratio of pyrolyzable C1/(C1+C2+C3) gave an excellent correla=
~tion with Ro in two wells,-one-ih Alaska ‘and.one in:the Texas Gulf coast,
suggesting that this ratio should be tested further as an experimentally
simpler maturation indicator.A - o .

The Alaskan North Slope WOrk carried out this year promises to produce
closer collaboration between-our. laboratory ‘and the .U, -S. Geological Survey
so that the extensive USGS North:Slope sample and computerized data base’
can be fully utilized in addressing fundamental organic geochemical
questions. S
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Grantee: . ‘ YALE UNIVERSITY
Department of Geology and Geophysics
P. 0. Box 6666
New Haven. Connecticut 06511

Grant: DE*ACO2~T9ER1 045
Title: ~ Opening Mode Crack Growth in Rock
Person in Charge: R. B. Gordon_

Scope of Work

"This research is’a study of how the tensile fracture characteristics of
rock are determined by microstructure. The data are intended to be used in
the interpretation of fractures in rock in the field, particularly where
the passage of fluids through ‘the rock is of interest. Measurements of -
fracture energies were made earlier. in . the project on a set of different .
types of rocks having a wide range of fracture characteristics, the focus
of the research is now to show how the fracture energy and the distance
that a crack must advance before attaining steady state propagation are
determined by the ‘microstructure of the rock.  Polished specimens are split
while on the stage of an optical microscope and the progress of the crack

-~ is followed as successively greater loads are applied. The passage of the

ecrack through the different microstructural constituents is observed.
" Detection of cracks with' the optical microscope is sensitive to the surface
. preparation of the sample. the magnification ‘used, and the force applied at

the time of observation, but’ geometrical characteristics of the crack
pattern can be determined which are independent of subjective Judgments by
the observers.“ . : . _

Marble, granites, diabase, and basalt are now being examined to deter=
mine the mean crack density’ (the ratio of total crack length to the length
of the rupture path), mean ‘branching frequency. process zone width, the
fraction of the fracture pattern developed on preexisting cracks, and the
ratio of intergranular to transgranular cracking. Detailed study of marble
shows that opening of preexisting, noncoherent grain boundaries is the
principal structural change in the process zone. In the early stages of
rupture about 45% of the total fracture is ‘on newly-created surface and 55%
is on noncoherent grain boundaries; the latter decreases to about 33% as

- the process zone becomes fully developed. . Eventually a rupture path is

selected from the network of cracks in the process zone and final separa~

tion-is accomplished as interlocking faces along the rupture path are

freed. During the growth of the process zone, the crack density increases

to‘about five and the: mean distance between branch points in the fracture
pattern decreases to about two grain diameters. These structural changes

explain the observed increase in fracture energy during crack growth.

Markedly different. behavior is found in the other types of rock being

studied. C o ;
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GEOSCIENCES RESEARCH (ERDA/DOE)
Historical Summary ’
(Operating Funds - Thousands)

ON-SITE FY1577  FY1978  FY1978  FY1880  FY 1881 FY1982  FY1883  FY 1984 FY 1985 FY 1985°
ANL $ 0 ¢ 00 $ 40 ¢ 240 $ 310 ¢ 30 ¢ 3]V ¢ W0 ¢ W0 ;s
LANL o 7 8w 1.084 1420 “1.500 1376 w64 2343 2289 2.263
teL &0 660 s %95 107 1180 1405 1488 1.5% 1632
LNL 120 I ~ 910 1000 ' 110 1280 . 1815 188 1521
ORNL 150 180 - 20 20 W . & &0 . 40 e @
PNL : 250 250 450 865 %80 & .. &0, & . &S s
SNL/A _ &0 500 800 1165 1310 185 162 . _ 2,087 1,851 2.256
On-Site Totals 2400 270 $073 . B5B S 6215 $6431 $73 $9138 907 $.350
Tota! Off-Site ¢ 839 #1952 61895  $2508 63030 6341 4453 ¢339 423 3507
TOTAL OPERATING  $3239 43832 5974  ¢3084 ¢ 9265  $962 #1184  $12647 13339 1285
TOTAL EQUIPMENT - L - $ 35 450 ¢ L3 ¢ 900 ¢ 80 ¢ 90130 1.094

TOTAL GEOSCIENCES §3,293 $3.932 $6,329 48642 - 410168 610,532 $12,744 413,407 $14.439 - 13,951

*Reflects Gramm-Rudman-Hollings Reduction of 3.8%
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GEOSCIENCES RESEARCH (ERDA/DOE)
Historical Summary/Off-Site
(Operating Funds-Thousands)

(Continued)
Institution {P)) FY 1977 FY 1878 FY 1979 FY 1980 FY 1881 FY 1982 Fy 1883 FyY 1984 FY 1985 FY 1886°°
CUNY.B (Friedman) . = ERE o . i S _ _ % 8
CUNY-Q (Schreiber) ‘ . - - - = N ] 81 - 4 - 1w -
SUNY-A {Dewey} - - - - f- ‘86 - - - - -
SUNY-A {Harrison) U - - - - - 9 136 - 88 60
SUNY-SB (Henson) - - - - - - "2 18 120 120
SUNY.S8 (Papike) o e - 61 69 & - - - < o~
U/N. Carolina (Glazner) - : - - - - - - - - 38 - 23
U/Oklahoma (Philp) - : - - - - - - - 84 .88
U/Oregon (Weill) . - - - - - - 103 [Y] - -
Oregon State {Fehler) : - - - - - 38 - - - =
Penn State (Martin) - - - 62 8 NFX - - - e
Penn State (Given) : - - - - - - - 100 - YNEX
Princeton U (Navrotsky) ~= e - - - - - - 100 -
RP! (Friedman) - - - - " % % - e et
Rice {Ave Lallement) . - - - - - - - 120 m - -
*S. Dakots MET {Papike) - - - - - 100 130 15(! 89
*U/S. Catifornia (Aki) - - - - - - - - % 150
U/S. Florida (Sackett) ‘ - - - - E ] - - - - -
SMU (Blackwell) C = - - - [T 7 - - - -
Stanford U (Liou) - < - - - £ ' NEX - e -
Stanford U (Nur) : €& 104 - 147 140 140 125 160 w2 - 172 165
Stanford U {Parks) : - - - - e 87 66 8 - - -
*Stanford U (Pollard) v - - P S " - - - - 29 &2
*U/Texas-AR (Seff) - - - - - - - - 43 NEX
U/Texas-AU (Barker) . - - - - - - 54 - - -
Texas A&M (Carison) - - - - - - - - - e BE
Toxas ABM (Carter) . - - - - - - - 70 - -
Texas A&M (Friedman) - - . 208 202. 200 201 ] 100 . 194
Texas A&M {Gilbert} - - - - - - - - e .88
U/Tulse (Barker) - - [ NFX b n ™ A . 80, 81
USGS (Haas) ] 64 84 C e - - - - - -
*UURI {Nielson) ; - - - - - - - .4 - "
U/Washington {Booker} * - - - - - - - . - - 7
U/Wisconsin (Wang! - - - &7 28 - - 48 [ ) Y]
‘Woods Hole (Whalan/Farrington) - - - - - - - - Y <R -~
Woods Hole (Hunt i - 3 - 102 " 139 150 190 208 - .-
*Woodward-Clyde {Burdick) - - - - - 100 100 00 0 -
XDATA {Dines) ’ - - - - - 54 o6 - - -
Yale U (Gordon) - - & 4 x % » 184 - -
‘Other ) ’ - [ - 86 64 - - S = -
~Ofi-Site Towals: ~ . ] K= X Y ) B8 6 HES B3 W0 S5

*Continents! Sclentific Drilling Activity )
**Refiects Gramm-Rudman-Hollings Reduction
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Institution (P}
U/Alasks (Akasofu)
U/Alasks {Pulpau)
U/Arizona (Hill)
-U/Arizona {(Norton} '

*Arizons State {Fink)
Arizona State {Navrotsky) |
Aspen Institute {(Roberts)

*Brown U (Hermance)

*Cal Tech (Ahrens)

*Ca! Tech (Stolper)
U/California-B (Helgeson) .
U/California-B {Reynolds)
U/Californie-D (Mac Gregor)
U/Californie-LA (Anderson)
U/California-LA (Boehler)
U/Californis-LA (Kennedy)
U/California-LA (Warren)

*U/California—R (Mc Kibben)

*U/Californis-SD (Craig)
U/Chicago (Anderson)
Columbia U (Engelder)
Columbia U (Jacob)
Columbia U (Waiker)
DOSECC, Inc. (Raleigh)
Harvard U {Thompson)
U/Hawaii (Manghnani)
Headquarters Services
U/Maryland (Valette-Silver)
U/Minnesota (Johnson)
MIT {Aki)

MIT (Simmons)
MIT (Toksoz)

*Michigan State (Voge!)

*Michigan Tech (McDowell)
NAS/NRC {Hart)

*U/Nevada (Peppin)

*U/Nevada (Ryall)

*U/Oklahoma (Phiip)

GEOSCIENCES\RESEARCH (ERDA/DOE) '
'Historical Summary/Off-Site
(Operating Funds-Thousands)

FY 1885

FY 1577 FY 1978 FY 1973 FY 1880 FY 1981 FY 1982 FY 1983 FY 1984 F
7 - $ 8 ¢ 8 $ 108 ¢ 13 $ 17 $ 120 ¢ 126 $ 126
Q 5 13 & % - - - - -
- - - 9 % ] 101 %0 7] -
- - - - (Y] ) a - - -
- - - - - - - - .z <}
- - - kS ©2 & 13 - - -
- 48 57 n - - - - - -
- - 95 140 164 165 333 - 166 -
- - - - - - 2 1] 160 -
- - - - - - - - - 50 88
- - - - - - 204 - 120 - 120
17 148 127 168 144 150 165 196 b <<2 200
- n 61 < - - - - - -
- - - - - - - 80 n -
- - - - 46 NFX &0 66 % -
80 60 n n - - - - - -
41 80 103 107 121 NFX - - - -
- - - - - - - - ‘80 -
- - - - - - - 3 41 41
- - - 54 NFX 38 88 NFX 46 -
62 7 100 140 150 156 289 - 150 .. k]
240 6 274 N2 318 318 337 359 360 350
- - - - - - - o) ” 106
- - - - - - - - 6 -
- - - - - - m - 115 -
- - - - - & % 9 200 -
- - - - - 3 1 3 15 s
- — - - - - - — S -
- - - - & 57 NFX - - -
120 13 w 152 160 %1 158 147 - -
- 100 100 % 100 106 106 110 ®
- - - - - - - - - 142
- - - - - - - - 3 NFX
- - - - - - - - ) -
3 9 “ 16 168 - 200 157 12
- - - - - - - - - 143
- - - - - s 87 L 3 - -
- - - - - - - - - 2
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