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FOREWARD

The Geosciences Research Symposium "Reactivity and Mobility of Geologic Fluids:
Congtraints from Inorganic Geochemistry" is the second of a series of short, topically focused
meetings for principal investigators to give presentations and engage in discussions of their
BES/Geosciences-supported research on themes of common interest. As the theme of this
symposium is central to much of the BES/Geosciences-supported research at Oak Ridge National
Laboratory, Dr. Dave Wesolowski, the Geosciences Research Program coordinator, generously
agreed to host the meeting in Oak Ridge and arrange for tours of his Geochemistry Group
laboratory facilitieson site.  The meetings provide an opportunity for the investigators to be
recognized for outstanding research contributions, one each from a DOE L aboratory project, and
from aUniversity project. To help in selecting those to be honored, we are fortunate to have
with us as guest session co-chairs Professors Hubert Barnes, Penn State; Thure Cerling, Utah
State; Robert Clayton, University of Chicago; and Dr. Jim Hays, recently retired from the
directorship of NSF's Earth Sciences Division; who join our Principal Investigator co-chairs Drs.
Bill Casey, UC Davis, Mike Murrell, LANL; Jack Sharp, University of Texas, and Ed Stolper,
Caltech. For their efforts on behalf of the investigators, | thank them all. We are looking
forward to an outstanding series of presentations and discussions.

William C. Luth, Manager
Geosciences Research Program
Office of Basic Energy Sciences
U. S. Department of Energy
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Coupled Modeling of Fluid and Heat Flow in the Bahama Bank.

J. M. Bahr and S. Rashad, Department of Geology and Geophysics, University of Wisconsin at
Madison; G. Eberli and P. Swart, Marine Geology and Geophysics Department, University of
Miami

Mechanisms that have been proposed as driving forces for fluid circulation in carbonate banks
include (1) reflux of dense water that results from evaporation in shallow water above the bank,
(2) circulation associated with afresh water lens that devel ops as the result of precipitation
recharge on anidand, (3) sea-level differences resulting from large scale ocean currents, which
generate a hydraulic gradient across the bank, and (4) thermal convection generated by the
natural geothermal flux.

The objective of our numerical modeling is to provide a quantitative assessment of the potential
interactions between these driving forces and to evaluate the effects of bank scale permeability
variations on the resulting fluid circulation patterns and steady-state temperature distributions.
We have used the USGS finite difference code HST3D to solve coupled equations for fluid flow,
heat flow, and solute transport. The simulation region represents a two-dimensional cross
section, which isroughly patterned on a section through North Andros Island on the Great
Bahama Bank. The section extends to a depth of 3 km and is approximately 170 km wide.
Boundary conditions include a specified heat flux through the lower boundary, a specified fluid
flux of fresh water through the upper boundary in the region of North Andros Island, and
specified pressures, temperatures, and salinities along the top and sides of the bank that arein
contact with seawater.

The model includes three mgor permeability zones: (1) quaternary carbonate across the top of
the bank, which is known to be cavernous and very permesable, (2) deposits from the former
Straits of Andros and the Straits of Florida, and (3) the older Bimini and Andros Banks. Core
plug permeabilities from two core holes drilled as part of the Bahamas Drilling Project provide
some congtraints on permeability of carbonate deposited in the Straits of Florida. Because there
are few constraints on permeability of the older bank deposits, this parameter was varied in
sengitivity analyses.

Simulation results indicate that, for the range of parameters and boundary conditions
investigated, geothermal flux is the dominant driving force for bank scale fluid circulation. For a
homogeneous permeability distribution, the geotherma flux induces numerous small circulation
cells. Variations in permeability due to the major zones listed above lead to larger scale
"Kohout" convection cells, with cool ocean water entering the bank along the deeper margins of
the bank, being warmed during transport through the bank, and exiting at higher elevations. Sea-
level differences of up to 0.6 m do not generate cross-bank flow. Evaporative reflux and fresh-
water recharge have local effects on salinity and flow directions, but the bank scale circulation
patterns and steady-state temperature distributions are relatively insensitive to these processes.
Temperature distributions, particularly along the steep margins of the bank, are sensitive to
permeability anisotropy and to permeability contrasts between the straits and bank deposits.



| sotopic Studies of Mantle Hydr ogen.
D.R. Bell and T. C. Hoering, Geophysical Laboratory, Carnegie Institution of Washington

D/H ratios are, in principle, useful in characterizing reservoirs of mantle hydrogen and as tracers
of volatile transfer processesin Earth'sinterior. In practice, however, surface processes such as
contamination and degassing, which may alter the primary D/H ratio, complicate the
interpretation of isotopic measurements on mantle-derived H. Although there are indications™
that water associated with subduction zones and certain chemically enriched basaltsis enriched
in D relative to "typical" upper mantle water, the extent of isotopic heterogeneity of mantle H
remains uncertain. Kaersutitic amphibole megacrysts in akaline basalts is one of the most
widespread sources of mantle water and is therefore potentialy useful for large-scale regional
studies of D/H variation. However, D/H ratios of these amphiboles vary widely (from +8 to
-113%0)," even in samples from the same locality, so that this potential has yet to be realized.

In order to investigate the origin of this variability and to explore the possibility that primary
mantle D/H ratios may be deduced from these amphiboles, we analyzed the D/H ratios and
chemical compositions of a suite of 17 kaersutitic amphiboles from Dish Hill, California. This
work contrasts with previous studies in which sampling is widespread but representatives from
any given locality are few. Samples were collected from a restricted area on the southern flank of
the volcanic center and are associated with the basal volcanic breccia’ Fourteen of the samples
were large single crystals or crystal fragments (megacrysts, 0.4 to 30.0 grams), believed to derive
from pegmatitic veins crystallized from meltsin the mantle. Two were coarse-grained
intergrowths of amphibole with olivine and spinel, and one was a thin (2 mm) selvage on a
peridotite xenolith.

The samplesrangein MG # {=100 Mg/(Mg + Tota Fe)} from 55 to 85, with the polymineralic
intergrowths having highest Mg #s. In the megacryst samples, the abundances of all elements
analyzed by electron microprobe vary systematically with Mg#, giving reason to expect
concomitant behavior in the primary water content of these sasmples. The polymineralic and
selvage samples are displaced from these trends to varying degrees. Our data confirm a genera
systematic behavior for H: 12 of the 14 megacrysts are displaced from this trend to significantly
lower H,Ocontents of 0.59 and 0.04 wt. %, respectively. dD of the former sample is -9%o, while
the latter provided insufficient H for isotopic analysis. The polymineralic and selvage samples
have H,0 contents of 1.08 to 1.15 wt. %, with dD from -37 to -45%.

The uniformity of these results suggests that primary H content and isotopic composition is
preserved in most of these samples. Low H contents of the two anomal ous megacrysts and the
high D/H ratio are probably the product of dehydrogenation-oxidation.”” It is likely that this
process occurred during transport and eruption as there are no other indications of unusual
chemistry in these samples. The high degree of uniformity observed, relative to similar previous
studies, may be due to local volcanology.® Within the limits of current uncertainty of the
relevant D/H fractionations, the mean "undisturbed” dD of -46%o. for the amphiboles could
reflect equilibrium with water, occurring as OH groupsin amelt, of dD near -70%eo, typical of
depleted upper mantle. The MORB-like affinity of these megacrystsisindicated by their Sr
isotope compositions’.

We conclude that H-isotope information, useful for global systematic studies, can be extracted
from mantle-derived amphiboles, providing the appropriate consideration is given to
petrographic features, petrologic affinity, and volcanological history of the samples.
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Field Experiment on the Role of Plantsin Weathering.
R. A. Bemer, Department of Geology and Geophysics, Y ae University, and M. F. Cochran,
Department of Geological Sciences, University of Kentucky

A major control on atmospheric CO, over long geological time scalesis the chemical weathering
of silicate minerals, and an important factor in this weathering is the role played by higher plants.
Our objective is to determine the quantitative effect of trees and other vascular plantsin
accelerating the weathering rate of silicates by performing controlled experiments under natural
field conditions.

Dissolved eement concentrations in throughfall and drain waters for small (60 m?) vegetated and
unvegetated plots are presently being determined as pan of an ongoing ecological experiment at
the Hubbard Brook Experimental Forest Station in New Hampshire. Three plots are being
investigated: one that was planted with red pine in 1983, one planted with two species of grass
(alsoin 1983), and a control containing only mosses and lichens and kept free of higher plants
over the same period. All plots are underlined with an impermeable plastic so that water passing
through the plots can be collected at an outlet pipe. By correcting for measured rain and
snowmelt inputs, as well as evapotranspiration (by normalizing to Cl), we can determine relative
release rates of dissolved speciesin drainage from each plot. Flow rates are determined at the
site, and we are analyzing waters collected over the past 12 years and now being collected

weekly for Na', K", Ca™, Mg"™, SO,”, NO,, C1, HCO,, F, H,SiO,, and pH. These water chemical

results, when combined with data on storage in growing biomass and soil (from the results of
other workers), will allow us eventually to obtain overall element release rates from primary
minerals via chemical weathering.

We have found a several-fold acceleration of the flux of all dissolved cations from the pine-
covered plot relative to the plant-free control. The effect is greatest for Na. Uptake by the
growing plants of K, Ca, and Mg causes their release in drainage waters to be less than that for
Na, which is much lessinvolved in biological cycling. Silicarelease rates are also distinctly
elevated in the tree-covered plot. Similar results, but with alesser accelerating effect, are found
for the grass-covered plot. The fixation of CO, as HCO, is grestly accelerated under the trees,
and to alesser extent under the grass, in the spring. We hypothesize that thisis due to the
protection from sulfuric and nitric acid precipitation during the winter by a snow cover and the
consequent buildup of akalinity due to continued silicate weathering by organic and carbonic
acids. This"old" water isthen gradually flushed out in the spring and replaced by acidic
snowmelt. Sulfate and H" are enriched in drainage from the tree-covered plot at other times,
possibly due to enhanced trapping of sulfuric acid aerosols by pine needles.
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Thermodynamic Mixing Properties of C-O-H-N Fluids at High Pressuresand
Temperatures.

J. G. Blencoe, J. C. Seitz, L. M. Anovitz*, and D. B. Joyce*, Chemical and Analytical Sciences
Division, Oak Ridge National Laboratory, and R. J. Bocinar*, Department of Geological
Sciences, Virginia Polytechnic Institute and State Univ.

Fluids composed predominantly of carbon, oxygen, hydrogen, and nitrogen have played a key
role in mass and energy transfer processesin the earth's crust. Thus, it is unfortunate that very
few reliable data are available on the physicochemical properties of these fluids. We are
addressing this problem by obtaining precise and accurate experimental data on the
thermodynamics and phase relations of C-O-H-N fluids at 50-2000 bars, 50-700°C. This
research (the "C-O-H-N Project") is divided into two distinct but complementary endeavors. a P-
V-T Task and a P-T-X Task. The principa aim of the P-V-T Task is to measure the volumetric
properties of C-O-H-N fluids. The main goal of the P-T-X Task isto determine the activity-
composition (a-X) relations of agueous C-O-H-N fluids. The data obtained in these research
activities are being combined with suitable literature data to devel op new equations of state
(EOSs) for binary and multicomponent mixtures of H,0, CO,, CHy, and N,

Volumetric properties of C-O-H-N fluids (P-V-T Task): A unique, custom-designed vibrating U-
tube densimeter (Blencoe et a., 1996) was used to make >1000 measurements of the P-V-T
properties of pure CO,, pure CH,, and binary and ternary CO,-CH,-N, fluids at 100-1000 bars,
50-400°C (Seitz et a., 1992, 1994, 1996a,b; Seitz and Blencoe, 1996). Measured parameters
were P, T, and t (period of vibration). Densities (r ) were determined relative to three reference
fluids (He, N, ad Ar. Conservative estimates of accuracy are P, +0.2 bars; T, +0.05°C, and r ,
+0.0005-0.0010 g/cm’. Results of this research indicate that (1) excess molar volume (V*) for
binary and ternary CO,-bearing mixtures increases sharply near the critical point of CO, (31.1°C,
73.6 bars); (2) CO,-bearing binary and ternary mixtures exhibit both positive and negative V*;
(3) the P-V-T properties of CO,-CH,-N, fluids are inaccurately predicted by published EOSs; and
(4) the volumetric properties of ternary CO,-CH,-N, mixtures can be estimated with good
accuracy from V* data for the binary mixtures using several different types of geometric
projection techniques.

Activity-composition relations of agueous C-O-H-N Fluids (P-T-X Task): More than 100 fluid
samples containing .0 a0 oxygen buffer (Ni-NiO or Co-Co0), and CO, or N, were reacted in a
2.5" 1.D., hydrogen-service internally heated pressure vessel (IHPV) at constant P, T,and f, ,
to determine the a-X relations of H,0-CO, mixtures at 500 bars, 400-700°C (Joyce and Blencoe,
1994; Anovitz et a., in preparation), and the a-X relations of H,0-N, mixtures at 500 bars, 500°C
(Anovitzet a., in preparation). During experimentation, x ,,, in each sample either increased or
decreased, dependingon P, T, f andthe f established by the Ar-H, atmospherein the IHPV.
After quenching, the mass of H,0 in each sample was determined by converting H,0to H,in a
uranium furnace, and measuring p,,, manometrically. Considering all potential sources of error
in the experimentation, conservative estimates of uncertainty are 4,, , , £0.003-0.03; and X, ,, ,
+0.01. Results of thisresearch indicate that (1) H,0-CO, fluids exhibit continuously positive
deviations from Raoult's law behavior at 500 bars, 400-700°C; (2) the modified Redlich-Kwong
EOSs developed by Holloway (1977) and Kerrick and Jacobs (1981) fall to provide accurate
calculated activities for H,0-CO, fluids at 500 bars, 400-700°C; and (3) at agiven P and T, H,0-
N, fluids are more nonideal than H,0-CO,fluids.
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Experimental Studies of PVTX Propertiesof Fluids.
R JBodnar, Fluids Research Laboratory, Department of Geological Sciences, Virginia
Polytechnic Institute and State University

Volumetric (PVTX) properties of fluid systems represent the fundamental information required
to calculate thermodynamic properties of fluids. For the past severd years, workersin the Fluid
Research Laboratory have been conducting experimental studies to determine the PVTX
properties of geologically important fluid systems over the range of PTX conditions applicable to
energy, industrial, and hazardous waste remediation environments. At the present time, efforts
are focused on three related systems: H,0-NaCl, H,0-CO,-NaCl and H,0-CH ,-"hydrocarbons’.
We (and others) are using the data obtained in these studies to develop equations of state to
predict the volumetric properties of these fluidsin crustal environments.

The system H,0-NaCl serves asamode for fluidsin terrestrial geothermal systems, in many
hydrothermal ore-forming environments, in steam power generation facilities, and in reactors
employed in the destruction of hazardous waste using supercritical water oxidation technologies:
Experimental studies of the PV TX properties of thisimportant system over the range of PTX
conditions appropriate to the above environments have been completed, and an empirical
equation describing the physical properties of the system has been developed and tested. This
equation allows the phase behavior and densities of H,0-NaCl fluids to be predicted over awide
range of PTX conditions.

Supercritical water oxidation of hazardous waste often results in production of a high-salinity
brine containing the gaseous products of the breakdown of the hazardous materials. The
dominant component of the gasis often carbon dioxide, and much effort has been focused on the
development of areaction cycle that permits separation of the more volatile gas from the less
volatile agueous component. Using the system H,0-CO,-NaCl as a model, experiments have been
conducted in the PTX applicable to supercritical water oxidation processes to better constrain the
phase equilibrium and PVT properties of immiscible fluids in this system. The goa of thiswork
is to identify the range of conditionsin which the separation of the more volétile (CO,)
component from the less volatile (H,0-NaCl) components occurs most effectively.

Preliminary experiments have been conducted to generate methane and higher hydrocarbons
(petroleum) in situ through hydrous pyrolysis of an immature source rock (New Albany shale).
The resulting fluids are then trapped as synthetic fluid inclusions in quartz and other mineral
phases at the temperatures and pressures of the experiments. Examination of the synthetic fluid
inclusions after the experiment permits identification of phase boundaries (bubble-point/dew-
point curves) and mutual solubilities of hydrocarbons and water. These data provide a more
complete understanding of the physical and chemical processes associated with the generation
and migration of oil and natural gas in the subsurface.
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I nvestigationsinto the Surface Chemistry of Dissolving Feldspar.
S. L. Brantley, Department of Geosciences, Pennsylvania State University

The inherent difficulty in validating numerical models of fluid, solute, and heat transport in the
subsurface requires that multiple data sets be collected and used to "ground-truth™ environmental
simulations. For example, where multiple minera-water reactions can be quantified, the rate of
reaction of one phase may be quantified and other reactions scaled to that phase, alowing
congtraint of water-rock interracial area or fluid residence time. Feldspar-water reactions may be
particularly useful in analyzing problems of coupled fluid flow and chemical reaction in silicate-
containing terrains because dissolution rates of abite can often be unambiguoudly inferred from
geochemical data. However, many field-based analyses of weathering rates of feldspar have
shown that dissolution of feldspar in soils, aquifers, and small watershedsis slower than
dissolution in laboratory experiments. In ongoing research into the dissolution kinetics of
feldspars, we are investigating how the chemistry of the minera surface affects the dissolution
rate. In addition, we have analyzed field-weathered soil grains to investigate the natural surface
of weathered feldspars. We are using XPS and RNRA to analyze surface chemistry of lab-
leached and naturally weathered feldspars over arange of pH values. In addition, we are looking
at the surface chemistry of feldspar glass and crystal after dissolution in order to investigate the
structural controls on leaching. The time evolution of the mineral surface during leaching
conveys important constraints on the mechanism of feldspar dissolution.
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Mineral-Fluid Trace Element Partitioning at High Pressure and Temperature.
J. M. Brenan ,F. J. Ryerson, and H. F. Shaw, Lawrence Livermore Nationa Laboratory

Convergent margins are one of the principal sites of mass and chemical recycling on the planet.
Reactive transport, involving the generation of aqueous fluids in the subducted oceanic crust and
their interaction with the overlying mantle wedge, is an important aspect of the recycling
process. Although samples of the effluent fluid, such as the products of convergent margin
magmatism or fluids expelled in accretionary prisms, are readily available for anaysis,
constraints on the source term., i.e., theinitia composition of fluid prior to transecting the
overlying solid matrix, are few. Inasmuch as the modification of fluid composition is one of the
primary means to assess the nature of the reactive transport process, the imposition of
experimental constraints on the source fluid composition is essential. Moreover, knowledge of
the composition of aqueous fluids generated at depth in convergent margins serves as key input
to models of global chemical cycles. As such, the major thrust of our past and on- going work is
the experimental quantification of fluids generated at convergent margins, and more specificaly
minera-fluid chemical fractionation of trace elements at high pressure (P) and temperature (T).

We have developed an experimental protocol for measuring mineral-fluid partition coefficients
in which aknown fluid composition isimposed upon a small mass fraction of mineral grains,
resulting in a near-infinite reservoir of trace e ements during mineral growth. Most experiments
are performed using thick-walled nickel capsules lined with platinum whereby a platinum gasket
and nickel lid seal the capsule during compression in the piston-cylinder apparatus. Experiments
contain H,0 or H,0-NaCl mixtures and added silicate material, which serves as a reasonable
proxy for the major element composition of aqueous fluids that would coexist with mafic or
ultramafic lithologies at high P and T. The trace element composition of minerals grown in
experiments are characterized by SIMS, and run-product fluids are characterized by either mass
balance or by direct analysis using isotope dilution mass spectrometry (IDMS). Experiments
have been conducted at 800-1000°C and 1-2 GPafor durations of 3-4 days. To date, we have
characterized minera-fluid partition coefficients for diopsidic clinopyroxene, pyrope-almandine
garnet, pargasitic amphibole and ruffle, and have preliminary results for apatite and zoisite.
Elements that have been studied include Rb, Ba, St, Nb, U, Th, Pb, and the REEs.

Measured clinopyroxene-fluid partition coefficients for di- and trivalent cations are in excellent
agreement with the Blundy/Wood partitioning model based on substitution-induced lattice strain.
This result indicates that (1) trace element fractionation can be considered to be (to afirst order)
the result of mineral-site specificity (based solely on ionic radius and charge) and not fluid-phase
complexing, and (2) partition coefficients can be extrapolated to other P and T with knowledge
of the partitioning behavior of the major substituent cation, Ca. Moreover, the successful
application of the Blundy/Wood model to clinopyroxene suggests that other mineral/fluid
systems may be treated in asimilar fashion.

Mineral-fluid partition coefficients can be used to calculate bulk eclogite- and Iherzolite-fluid
partition coefficients as a means to assess both the trace element composition of fluids that may
be a product of dehydration of the oceanic crust and the effect of the subarc mantle on trace
element fractionation during fluid fow. Results of this assessment have allowed usto provide
fresh insight into certain longstanding problems related to the geochemistry of convergent
margin magmas, such as their relative depletion in Nb, high Ce/Pb ratios, excessesin [**U]
relative to [“°Th] and the effects of fluid vs. melt metasomatism. In addition, our results afford
the opportunity to evaluate the composition of material returned to the, deep mantle during
subduction, which in turn provides constraints on geodynamic models concerning the fate of
subducted oceanic crust.

16



Ongoing work in our laboratory involves characterizing the chemical and isotopic partitioning
behavior of light elements such as B, Be, and Li, which appear to be conservative tracers of
oceanic crust dehydration. In addition, we are applying the Blundy/Wood partitioning model to
accessory minerals with the goal of assessing their retentivity for REESs and actinides (e.g., Pu)
during hydrothermal processes.
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A New Method for Deter mining Excess Gibbs Energiesin Binary Metal-Carbonate Solid
Solutions.

W. H. Casey and P. A. Rock, Department of Land, Air and Water Resources and the Department
of Geology and the Department of Chemistry, University of Californiaat Davis

Objective: Our objectives are (1) to establish the eectrochemica cell methods involving cells
without liquid-liquid junctions for determining the Gibbs energies of impure carbonate minerals,
binary carbonate solid solutions, and hydroxy-carbonate minerals and oxalates of environmental
interest; and (2) use of the data obtained together with literature data to test theoretical models of
| attice energies and excess Gibbs energies of mixing for metal carbonate solid solutions.

Project Description and Results: Electrochemica and thermochemical measurements have been
used to determine the Gibbs energies of formation and excess Gibbs energies of mixing at 25 °C
and 1 bar for the systems™*CaM,_ CO,(ss) (M*" = Cd™ Sr* and Mn*"0 £ x £ 1) and excess
enthalpies of formation for the system Ca Sr, ,CO,(ss) have been measured.” We have also
investigated huntite’ and dolomite and obtained preliminary results on high magnesian calcites.
New cells without liquid-liquid junction have been used to determine the Gibbs energies of
formation of hydrocerrusite and hydrozincite.

Theoretical |attice energies and excess Gibbs energies of formation have been calculated for the
systems CaM, ,CO,(SS) (M*' = Cd™ Mn*" Fe""Mg™). The calculations separately evauate the
electrostatic energy polarization energy, and repulsion energy, of the crystals. Asis known, the
largest contribution to the lattice energy is electrostatic, followed by the repulsive energy
contributions, which typically account for about 10% of the total lattice energy. The contribution
from the polarization energy is of the order of 2% of the entire lattice energy, but comparable in
magnitude to GF values for metal carbonate solid solutions. The basic approach being employed
by our student, Mr. Greg Mandell, for fmding the polarization energies involves computing the
local electric field at a reference oxygen atom due to the lattice of point charges and oxygen
dipoles. The polarizability of oxygen in the solid is computed through the general Lorent local-
field method of Lawless and DeVries. The partial charge on the oxygensis calculated via
molecular orbital methods.

Publications:
1. P.A.Rock, W. H. Case, M. K. McBeath, E. M. Walling. A new method for determining Gibbs
energies of formation of metal-carbonate solid solutions 1: The Ca Cd,, CO,(s) system at 298 K and
1 bar. Geochim. Cosmochim. Acta (1994) 58, 4281-4291.
2. W.H. Casey, P. A. Rock, M. K. McBezath, E. M. Walling, J-B. Chung. A new method for
determining excess Gibbs energies in binary metal-carbonate solid solutions. 1994 Goldschmidt
Conference; MineralMag. (1994) 58A, 156-157.
3. E.M.Waling, P. A. Rock, W. H. Casey. The Gibbs energy of formation ofhuntite, CaMg,(CO,), at
198 K and 1 bar from electrochemical cell measurements. Amer. Min. (1995) 80, 355-3509.
4, W.H. Casey, P. A. Rock, J-B. Chung, E. M. Walling, M. K. McBeath. Gibbs energies of formation of
metal-carbonate solutions 2: The Ca Sr, CO,(s) system at 298 K and 1 bar. Amer. J. Science (1995) 296
(in press, 23 pages).
5. W.H. Casgy, L. Chai, A. Navrotsky, P. A. Rock. Thermochemistry of mixing strontianite [SrCO,(s)]
and aragonite [CaCO,(s)] to form Ca Sr,- CO,(s) solid solutions. Geochim. Cosmochim. Acta (1995)
(in press).
6. U. Kubacky-Beard, W. H. Casey, J. H. Castles, P. A. Rock (in review). Standard Gibbs energies of
formation of ZnC,0, x2H,0(s), CdC,0,8H,0(s), Hg,C,0,(s and PbC,0,(s) at 298 K and 1 bar. Geochim.
Cosmochim. Acta (1996) (submitted 12/22/95).
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Stable | sotope Exchange Equilibria and Kinetics.

D. R. Cale, J. Horita, S. M. Fortier,D. J. Wesolowski, L. R Riciputi, B. A. Paterson, and T. E.
Burch, Oak Ridge National Laboratory; J. W. Valey, University of Wisconsin at Madison; and
A. C. Lasaga, Yae University

Equilibrium isotope fractionation factors and rates of isotope exchange (via diffusion or minerd
transformation mechanisms) form the cornerstones for interpretation of stable isotope data from
natural systems. Because of recent advances in analytical techniques (high precision on small
sample sizes or in situ spots), the need for accurate, reliable fractionation factors and rate
constants has never been greater. A major focus of our BES research is the experimental
determination of rates and equilibrium fractionations for a variety of geologically relevant
systems including, but not limited to, C-O-H gases, iron oxides, carbonates, quartz, and sheet
slicates).

Experimental studies were conducted to examine the kinetics of isotope exchange and
equilibrium isotope partitioning between CO, and CH, at elevated temperatures. Experiments
employing CH, with 99% “C and normal CO, (-1.1% “C) showed that, in the absence of
catalytic materias, the carbon isotope exchange is extremely suggish (<0.01% exchange) even
at 400°C after 26 days. Silicagel, molecular sieve, and graphite all dightly increased the isotope
exchange rate. As an aternative, we tested several silica-supported metal catalysts (Ni, Pd, Pt,
Rh). A detailed series of carbon isotope exchange experiments were carried out using an Ni
catalyst, Ni/NiO, as an fO, buffer and two isotopically different CO, gases (50 and -40%o) that
bracket the CH,. Isotopic reversal experiments demonstrated that C isotope equilibrium between
CO, and CH,was reached, or very closely approached, at temperatures from 200 to 500°C after
1-4 weeks. The measured fractionation factors agree well with the calculations by Richet et al.
(1977) at 200-250°C, but deviate with increasing temperature.

Oxygen isotope fractionations between magnetite-water and hematite-water have been studied
over temperature rangers of 300-600°C and 150-350°C, respectively. The hematite experiments
involved the simple recrystallization of fine-grained starting hematite (0.2-2.0 gm) reacted with
four isotopically labeled waters. The degree of exchange ranged from <10% at 150°C to over
60% at 350°C for reaction times of 2000-2100 hrs. The fractionation factorsare-10+ 1, -8.3 +
0.3, and -5.9 + 0.5%o at 150, 300, and 350°C, respectively. A number of reaction paths were used
to study magnetite-water fractionation: hematite reduced to magnetite in pure water or dilute
NaC1, hematite reacted with dilute acetic acid, iron metal oxidized to magnetite, and magnetite
recrystallized to magnetite. CO, laser extraction (bulk) and ion microprobe (coarse single
crystals) were used to analyze rum products. Fractionation factors for 450°C and above agree
well with those cited in the literature; between 450 and 300°C, we observe an agpparent minimum
of about -8.5%o in 1000 In a. A similar minimum was reported in theoretical studies by Becker
and Clayton (1976) and Zheng (1991), but at somewhat lower temperatures, -200°C and 300°C,
respectively.

Rates of isotopic exchange between minerals and fluids have been measured for a variety of
mineral systems at elevated temperatures and pressures. The ion microprobe was used to
measure the oxygen and carbon diffusion coefficients for the system calcite-H,0-CO, from 500 to
700°C at pressures of 0.75 to 2.75 kbar. Oxygen and hydrogen diffusivities have been
determined for the systems brucite-H,0 and clinochlore-H,0 at 500°C and 1.5 kbar. In systems
where recrystallization is the dominant mechanism, rates of isotope exchange have been
measured from 300 to 500°C in the systems carbonates (Ca, Mg, Ba, Sr) - H,0, and

phyllosilicates (muscovite, biotite, chlorite) - H,0 and range from 10™ to 10" moles O /m’/s".
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Within any given mineral group at a constant temperature, we observe a good correlation
between increasing rate and a decrease in the electrostatic |attice energy.
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Radiogenic I sotope Studies of Reactive Transport in Groundwater .

D .J. DePaolo, M.E. Conrad, T. M. Johnson, and D. P. Schrag, Berkeley Center for |sotope
Geochemistry, Department of Geology and Geophysics, Lawrence Berkeley National
Laboratory, and University of Caiforniaat Berkeley

Transport of solutesin groundwater must be quantified in order to predict the dispersal of
contaminants in the subsurface. Even in low-temperature systems there is chemical reaction
between fluid and rock accompanying the flow, and the rate of reaction affects the transport of
the solutes. Although kinetic data have been determined on many relevant reactions, the actual
rates of fluid-rock exchange are dependent on the effective surface area of reaction whichis
typicaly not known well enough to be a useful predictor. Isotope ratiosin fluids are in many
cases sengtive to the rate of fluid-rock reaction (R), modified by the fluid velocity (V). Our
approach to the problem has been to attempt to understand how field-scale observations of
isotopic ratios in fluids and rocks can be used to determine V/R, which is an effective "reaction
length” (L). Rather than try to predict R, which may be impossible, we smply try to "image" L.
Regions of large L correspond to either enhanced hydraulic conductivity or suppressed reaction,
and vice versa. The ambiguity of interpreting L valuesintermsof V or R can usually be
addressed by considering other data or age constraints. Characterizing geologic fluid-rock
systems at the field scale removes the uncertainty inherent in predicting the field-scale behavior
from observations made at small scales (like permeabilities), and in many situations helps to
answer the important regulatory questions more directly.

Our approach to this problem began with ironing out the theory for one-dimensional systems,
and then doing studies of systemsthat can be adequately characterized. Deep sea 00zes represent
excellent one-dimensional systems, and we have used the approach to understand rates of
diagenetic reactions and how the solid matrix is changed over time by continued reaction with
the pore fluids. The latter has allowed us to strip the effects of diagenesis from pal eotemperature
measurements and determine pal eotemperatures back into the Cretaceous, as well as estimate the
oxygen isotopic composition of the glacial oceans. The models have a so been applied to vadose
zone transport near Y ucca Mountain, where we show that the vein carbonate data (collected by
USGS) indicate faster downward transport than is predicted by standard percolation models. In
another study, we applied the approach to the groundwater beneath LBNL and were able to
estimate the flow velocities and hence the time required to transport any contaminants offsite. In
an ongoing study of fluids from the Hawaii Scientific Drilling Project core-hole in Hilo, we have
enough Sr isotope measurements and other constraints to estimate the water-rock reaction rate
for seawater circulating through the volcanic pile. There are now plans to meld this approach
systematically with hydraulic properties measurements at afield site.

The groundwater modeling approach has aso been exported to metamorphic and igneous
petrology applications. Huid-rock reaction under metamorphic conditions can be trested much
like groundwater problems, our contribution being that we set up the problem without requiring
rock-fluid equilibrium, but rather leaving the reaction rate as an adjustable parameter and
examining the effect of varying the Damkohler number. We have used isotopic data to extract
effective reaction rates and ionic diffugvities from metamorphic rocks. Similarly, isotopic data
from Hawalian lavas have been used to estimate the effective dispersvity of the partidly molten
zone under Hawaii, which appears to match that observed in groundwater systems at the 10 to
100km scale.
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Origin and Timing of Fluid Flow Eventsin a Fault Zone, Southwest England;
Paleomagnetic and Geochemical Results.
R. D. EImore and M. Engel, School of Geology and Geophysics, University of Oklahoma

Paleomagnetic and geochemical samples were collected from organic-rich Jurassic limestones
(BlueLias) in afault zone along the southern margin of the Bristol Channel Basin at Kilve, West
Somerset, England. The Bristol Channel Basin is one of severa fault-bounded sedimentary
basins in the Celtic Seallrish Searegion in which the timing of deformation, maturation of
organic matter, and hydrocarbon migration is uncertain. Deformation at Kilve consists of
numerous normal faults and associated folds. Fluid flow within the fault zone is indicated by
widespread calcite veining associated with the faults. The veins contain hydrocarbons.

After removal of a modem viscous magnetization at low demagnetization temperatures, a
northerly and down component, which resides in magnetite, is removed from samples of the
veins and the limestones. This magnetization is interpreted as a chemical remanent
magnetization (CRM) that was acquired when the vein calcite precipitated. The pole position
suggests remanence acquisition in the late Cretaceous-early Tertiary. Fold tests on severa of the
folds associated with the faults suggest that the magnetization in the limestones is synfolding.
This magnetization is adso interpreted as a CRM and may have been acquired during fluid
alteration of the limestones.

Whilgt the host limestones and cacite veins have distinct stable carbon and oxygen isotope
compositions, both have radiogenic ®’sr/*°Sr values. Based on organic geochemical studies, it is
tentatively suggested that a deeper, more mature unit of the Blue Lias oil shaeisthe source of
the calcite vein bitumen. The geochemical evidence suggests that radiogenic basinal fluids
precipitated the veins and atered the limestones.
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Insightsinto Fault-Fluid Interactions Using Whole-rock Geochemistry.
J. P. Evans, Department of Geology, Utah State University

We use optical and scanning electron microscopy and whole-rock geochemical analysesto
investigate variations in deformation mechanisms and fluid-rock interactions in fault-related
rocks from three sites along the San Gabrid fault, southern Californiac Pacoima Canyon, Bear
Creek, and North Fork, and at two sitesin Wyoming: the White Rock thrust and the East Fork
thrust. At Bear Creek, North Branch of the San Gabridl fault, unatered and undeformed granite,
granodiorite, and diorite protolith bound a fault core several m thick that consists of foliated
cataclasite on either side of two 20-cm thick ultracataclasite layers. A foliated cataclasite
contains clays and zeolite veins which developed by alteration of protolith during slip. The
ultracataclasite consists of 20-100 gm diameter feldspar and quartz fragments embedded in a
clay-zeolite matrix. The matrix consists of grains <10 gm and is enriched in Fe, Mg, Mn, and Ti
relative to the average composition of the protolith. In contrast, ultracataclasite at Pacoima
Canyon contains little clay and zeolite and apparently evolved with little fluid-rock interaction.
Whole-rock geochemical analyses of the fault rock compositions at both sites are best explained
as aresult of mechanical mixing with local redistribution of some elementsin aclosed system
relative to fluids. At both sites, the ultracataclasite compositions can be modeled as the result of
mixing of the bounding foliated cataclasites. Similarly, the foliated cataclasites were derived by
mixing the protoliths on the same side of the ultracataclasite layer. Whole-rock analyses for
rocks from the North Fork site, which lieson amaj or splay of the San Gabriel fault, suggest an
open system relative to fluids. The concentration of immobile elements in the fault core relative
to al protalithsis best explained by fluid-assisted volume loss of 37% + 10%. Overdl, the
results imply local- and regional-scale variations in the hydrol ogic setting along the San Gabriel
fault that produced contrasting styles of deformation and fluid-rock interactions.

The East Fork and White Rock thrusts formed at 4-7 km and 10-12 km depths, respectively, in
crystalline thrust sheetsin northwestern Wyoming. The fault zones consist of undeformed and
unaltered protolith, which bounds damaged zones with increased fracture, fault, and vein density
and chemical alteration, and afault core comprised of zones of gouge, cataclasite, and
ultracataclasite. Whole-rock geochemical analyses of mgjor, minor, and trace elementsin 26
samples document the fluid-rock interactions in the fault zones. Fault-related rocks from the
shallow East Fork fault exhibit 10-40% depletion of Si, A1, K, Na, and Ca as measured against
immobile Ti as reference in the damaged zone, 40-60% depletion of Caand Na, and 0-20%
depletion of Si, A1, and K in the fault core. Rocks from the deeper level White Rock thrust
exhibit 10-30% depletion of these elementsin protocataclasites at the edge of the fault core and
up to 65% depletion in the cataclasites and ultracataclasites of the fault core. We interpret these
results to show that soluble elements were removed from the fault zones by syntectonic fluid
flow. Estimated volume losses in the shallow fault range from 0-22%, whereas the deeper level
fault experienced 50-65% volume loss in the fault core. Silicalossis used to estimate fluid-rock
ratios in the fault zones by assuming arange of temperatures and silica solubilitiesin the faults
during deformation. Volumetric F/R ratios range from 10>-10" for both faults, which yield fluid
fluxes in the fault zones of 10°-10° m/sec using geologic constraints on the life and geometry of
the fault. Depletion and volume loss at deep levels were greater due to hotter fluids and freer
grain size generated by mixed brittle plastic deformation, whereas at shallow levels, cooler
temperatures and purely brittle deformation resulted in vein formation and less chemica fluid-
rock interactions.
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Two-Phase Flow in Fractures.
R. J. Glass, Geohydrology Department, Sandia National Laboratory

In single-phase flow, geometry of the fracture aperture network determines flow and transport
characteristics within single fractures. Under two-phase, immiscible fluid-flow conditions,
phase-geometry (i.e., the geometry that is saturated with each phase) within the fracture
ultimately controls the permesbility to each phase, fluid pressure/saturation relations, and solute
dispersion within each phase. Phase geometry is a function of both the aperture field and the
two-phase flow processes themselves. Capillary, gravitational, and viscous forces in combination
with boundary and initial conditions have al been demonstrated to play rolesin the formation of
fracture phase-geometry. Phase "fingering," a separate process from the single-phase concept of
flow channelization, occurs in fractures where any of the aforementioned forces are dominant
(capillary fingering, gravity fingering, viscous fingering).

The presentation will focus on low capillary number phase invasion processes where capillary
and gravity fingers dominate. Experimental results for both imposed flux and dissolution phase
invasion processes are used to develop an aperture scale model that is a modified form of
invasion percolation. The effects of gravity, local aperture field geometry, and loca in-plane
interfacial curvature between phases are included in the calculation of local aperture phase
invasion potential. This potential controls the choice of which apertureisinvaded asthe
displacement process progresses and thus the growth of the phase saturation structure within the
fracture. The modified percolation model isimplemented numerically incorporating severa first
order approximations and used to simulate phase saturation structure growth. These calculations
are compared to physical experimentsin aninitial air filled, analog rough-walled fracture where
the angle of the fracture in the gravity field was varied. Comparison of numerical and physical
experiments shows encouraging agreement. The inclusion of gravity yields fingers oriented in
the direction of the gravitational gradient when the more dense fluid invades the fracture from
the top. These fingers widen and tend to meander more as the gravitational gradient decreases.
In-plane interfacia curvature between phases also greatly affects the phase saturation structure in
both horizontal and nonhorizontal fractures, causing the suppression of capillary fingers at small
scale and the formation of macroscopic fingers and fronts.
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Using MC-ICPM Sto Study Mass Transfer in Low Temper ature Fluid Systems.
A N. Halliday, Department of Geologica Sciences, University of Michigan

Our understanding of mass transfer by low temperature fluids is limited, in part, by (1)
inadequate isotopic tracers, the chemical behavior of which iswell understood, (2) limited spatia
resolution for isotopic tracers that could be used to study the effects of exchange and
recrystallization at the sub-microscopic scale, and O) a poorly constrained knowledge of the
timing of crustal fluid flow relative to basinal evolution. Isotopic approaches using the new
method of inductively coupled plasma magnetic sector multiple collector mass spectrometry
(MC-ICPMS) offer considerable potential for advancesin al of these areas. MC-ICPM S
combines the ionization efficiency of 1CP sources with the precision attainable with multiple-
collector, double-focusing, magnetic-sector mass spectrometry. The addition of alaser facilitates
studies for which spatia resolution is needed. Although thisresearchisin itsinfancy, we can
already report significant developmentsin each of the above areas asillustrated by the following
examples.

Ocean chemistry of hafnium: The marine geochemistry of hafnium holds considerable potential
for tracing hydrothermal components in the oceans and changes in fluxes through time. "°Hf is
produced by b decay of "Lu (I = 1.94 x 10™ y™). The mantle has become depleted in Hf relative
to Lu, the Lu/Hf ratio of the continental crust being relatively low. Therefore, the Hf in the
mantle is more radiogenic and the I-1f in the continental crust is less radiogenic than that of the
bulk earth (which should be close to chondritic). While the Nd budget of the oceansislargely
dominated by continental runoff, early resultsindicated that the Hf in the oceans might be more
strongly dominated by hydrothermal contributions. A new extensive data set of Hf isotopic
compositions from the surfaces of Mn crusts reveals greater complexity with considerable
heterogeneity in e, (-3 to +11) that isafunction of crust type (hydrogenous versus hydrothermal)
and location. Hydrothermal crusts have the least Hf but the highest e,,.. Hydrogenous crusts have
up to 10 ppm Hf and e, valuesthat are distinct for each ocean (Atlantic < Indian < Pacific). Hf
isotopic compositions are correlated with Pb isotopic compositions, implying related remova
mechanisms. Further work isin progress on eolian inputs and direct analyses of natural fluids.

S isotopic measurements in situ: We have recently demonstrated that in Situ laser ablation
sampling and analysis with MC-ICPM S is capable of accurate and precise measurement of Sr
isotopic compositions in geologic materias. Sample preparation is very ssimple. Correcting for
Rb interference is straightforward for low Rb/Sr minera s such as plagioclase fel dspars, basaltic
groundmass or glass, clinopyroxene and natural phosphates, sulfates, and carbonates. Correcting
for Kr is more complicated because the mass bias and focusing for ions contributed from the
plasma support gas are different from those of the ablated particles or solute. The resultant data
for carbonates and feldspars agree with their independently known values exactly, and matrix
effects appear to be negligible.

In-Sn geochronology: The dating of the products of ancient crustal fluid flow has proved
extremely difficult. It is particularly important to find new ways of directly dating hydrothermal
minerals such as sulfides. It would clearly be advantageous to have a method that isinsensitive
to uncertainty ininitial isotopic composition and for which there is question that the
parent/daughter ratios are being fractionated by sulfide deposition. Despite the success of Rb-Sr
dating of sulfides, these problems represent a constant source of concern. For these reasons, we
have been devel oping In-Sn geochronology, rain (95.67%) decays to °Sn (0.34%) with a half-
life of 4.4 x 10" years. The In/Sn ratio of all normal silicate and carbonate rocks in the crust and
mantle is sufficiently low that the isotopic composition of Sn will not change significantly over
the entire age of the earth. However, some sphalerites contain up to 2 wt % In. Therefore, In/Sn
geochronology is a potentially powerful way of determining the ages of low temperature
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mineralization because there is no variability in initid ratio and the In/Sn ratio is only
fractionated by sulfide deposition. Therefore, any high In/Sn phase can be dated accurately on its
own, with a"model" age that is calculated with a high degree of certainty regarding the initial Sn
isotopic composition. Isochrons are thus effectively unnecessary. However, there are severe
difficulties to be overcome. Not least of these is that nobody has previously been able to measure
Sn isotopic compositions with sufficient precision to determine the small differencesin *°Sn
abundance produced by decay of the very long-lived *’In. Recently we have improved the
precision of measurement of Snh isotopic compositions by approximately an order of magnitude.
The In/Sn ratios in some sulfides (sphalerite, chalcopyite, tetrahedrite) are found to be
sufficiently high (commonly >5) that the predicted °Sn excess caused by decay of *’Inis
measurable. The In/Sn ratios determined so far range up to about 45, and preliminary In-Sn ages

for Precambrian ore deposits appear to be close to their independently known age.
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U-Pb Dating of Paleocaliche.
G, N Hanson, W. J. Meyers, E. T. Rasbury, and Z. Wang, Department of Earth and Space
Sciences, State University of New York at Stony Brook

The god of this project isto develop field, petrographic, and geochemical criteriato alow high
precision U-Pb dating of calcretes or caliches at pal eo-exposure surfaces on carbonate and clastic
rocksin rapidly deposited sediments. We have chosen to use U-Pb dating of caliche developed in
pal eosols because

0 Uraniumisenriched in akaline soil profiles.
o Calichesare common in rapidly deposited sediments throughout the Phanerozoic.

0 Cadlichesconsist of low magnesium calcite. This stable form of calcite does not easily
recrystallize during later diagenesis.

0 Pedogenic features can be identified geochemically and petrographically.

0 U and Pb are quite different chemical, allowing significant enrichment in U relative to
Pb. Y et, neither is easily mobilized during diagenesis.

We have begun studies in the Pennsylvanian-Permian section in the Sacramento Mountains, New
Mexico, and in the Triassic-Jurassic section in the Hartford Basin in Connecticut. Both sections
have well characterized paleosols that developed in rapidly deposited sediments. In addition, we
are participating in the study of a core jointly owned by UNOCAL and the Japanese National Qil
Company (JNOC). This core on the eastern edge of the Central Basin Platform of the Midland
Basin, Texas, includes the interval in the Sacramento Mountains.

We describe here some of the early results on the U-Pb isochron studies on caliches from the
New Haven Arkose in the Hartford Basin. Petrographic study of calcretesin the New Haven
Arkose has reveded at least three generations of calcite that closely coexist in the calcretes. The
first two generations are micritic and blocky calcite, respectively, which both have dull to dark
cathodoluminescence. They are closely associated with root related fabrics and have negative
d”C and d*°O values and low Mn abundances typical of soil carbonate. These data are consistent
with the fast two generations of calcite having been precipitated during pedogenesis. The third
generation is blocky calcite with bright cathodoluminescence, which fills pore spaces |eft by the
first generation calcite. The third generation calcite precipitated after internal sediments. This
calcite has alarger range of d“C and d*’O and high Mn concentrations. While the third
generation calcite may be pedogenic, it may be burial calcite or groundwater calcite. Fission
track studies reveal that the first and second generations of calcite have substantially higher U
abundances than the third generation.

206 /204

Due to the small sample sizes that we must use, it is difficult to precisely measure the "Pb™"Pb
ratio. It is significantly easier to measure the **Pb” Pb ratio precisely. The Figure below shows
two isochrons for the same data set using both *°U/**Pb-"*Pb/**Pb and **U/*” Pb-"*Pb/'Pb
isochrons. While the ages for the two isochrons, 218 and 216 Ma, are the same within
uncertainty, the U Po-**Phb/™Pb isochron has an uncertainty about one-half that of the

U Po-""P/™Pb isochron. The Triassic-Jurassic boundary occurs at the top of the 1500 to
2500 meter thick New Haven Arkose. The age of the boundary is 208 + 16 Ma[2 signal]
(Harland et a, 1990). The calcrete selected for dating is 100 to 200 meters below the top of the
New Haven Arkose based on the stratigraphy of Dowdall, 1979. The Talcott basalt which
immediately overlies the New Haven Arkose has an Ar-Ar age of 187 + 3 Ma, which may be a
minimum age for intrusion (Seidemann, 1989). The 216 + 3 Ma age of the calcrete is consistent
with the geology and other ages. It will be necessary to now date cal cretes above the Jurassic-
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Triassic boundary to put constraints on the age of the boundary, as well as to date calcretes
deeper in the section to seeif variations in the ages are consistent with the stratigraphic relations.
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K-feldspar Thermochronometry.
T. M. Harrison, Department of Earth and Space Sciences, University of Californiaat Los
Angeles

Because most geophysical processes involve heat flow disturbances, recovery of temperature
histories can provide insights into the behavior of the lithosphere that might otherwise be
inaccessible. The “Ar*Ar method has the potential to furnish information about both the internal
distribution of “Ar* and Ar diffusion parameters of minerals. Our multi-diffusion domain model
(MDD) has shown promise in reconciling once problematic effects seen in step-heating results of
K-feldspar and is now ready for application to a number of energy related problems. In our
formulation of the MDD model, the form of the Arrhenius plot and age spectrum are a function
of the diffusion parameters for each discrete domain (activation energy, E, and frequency factor,
Do), the domain distribution parameters (domain size, r , and volume fraction, f ), and the
thermal history. Since the diffusion parameters may be obtained directly from the Arrhenius plot
and we have two independent measures of r and f (the Arrhenius plot and age spectrum), we
have sufficient information to obtain a solution for the thermal history for the case of monotonic
cooling. The three studies described below represent the completion of long-term investigations
of the underlying assumptions and general predictions of the theory.

An early proposal to explain the relatively low argon retentivity in K-feldsparsinvoked perthite
lamellar boundaries as paths of fast diffusion, effectively reducing the length scale for argon
diffusion and lowering the closure temperature. This idea was criticized as these interfaces were
usually coherent and thus thought not able to behave as zones of rapid diffusion. To address this
issue, we utilized Ne isotopes as a probe of the diffusion behavior in and around perthite
lamellae during laboratory step-heating. During the neutron irradiations to affect the *K (n,p)*Ar
reaction, reactions on Na produce all three Ne isotopes. The nature of Ne loss from the sample
can thus lead to insights into the role of perthite boundaries in facilitating diffusive transport
and/or as amonitor of the lamellar annealing. We have found that, unlike feldspar glasses, Ne
diffusivities of crystalline material exhibit nonlinear Arrhenius arrays topologically identica to
those obtained for Ar diffusion in K-rich alkali feldspar, which we attribute to the existence of
discrete domains of Ar retentivity. The Bishop Tuff sanidine, which has awell defined lamellar
gpacing of 155 £ 6 nm and high Na content, is characterized by enhanced Ne loss at low
temperatures requiring that exsolution boundaries to be permeable to rare gas transport.

A comprehensive survey of the Ar diffusion properties of >100 K-feldspars analyzed in “Ar/*Ar
step-heating experiments has permitted us to test address fundamental issues underlying the
multi-domain hypothesis. We developed statistical methods based upon the correlation theorem
to determine the extent to which the age and log (r/r,) plots exhibit the sympathetic behavior
predicted by the MDD model. Correlated behavior is expected only if Ar diffusion occurs by the
same mechanisms and uses the same diffusion boundariesin nature as it does in the laboratory
heating. The model predicts that the age spectrum and log (r/r,) plots will be highly correlated
when all domains experience uniform fast or slow cooling. Experimenta data from samples
satisfying these criteria show this high correlation. Correlation is significantly reduced if age and
Arrhenius results from different samples are mixed. Samples highly contaminated with excess
“Ar(“Ar,) have poorly correlated age and Arrhenius data. However, the relationship (MR
CLEAN) between the differential release of “Ar_ and CL/K between successive temperature
pairs during laboratory heating permits us to correct age spectra for Cl-correlated “Ar_, which
dramatically increases the correlation to values predicted.by synthetic results.

We have devel oped an approach for automating K-feldspar thermal history modeling that greatly
reduces operator bias. Codes for both monotonic cooling and general thermal histories allowing
reheating (based upon use of Chebyshev polynomials) produce best-fit solutions from
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generalized initial temperature-time histories. Through a variationa process, an optimum fit to
the laboratory age spectrum is obtained. Under the constraint of monotonic cooling, the therma
history solution is unique. When this constraint is relaxed, however, avariety of solutions that fit
the age spectrum are obtained. Contour plots of the probability density calculated from this
spectrum of solutions reveal the full range of T-t constraints afforded by the K-feldspar age and
kinetic results. Because the approach is a variational process that calculates best-fit cooling
histories using the age spectra, it is a significant improvement over Monte Carlo routines that
calculate age spectra from random T-t histories.

Early attempts to evaluate the thermal history of sedimentary basins from “Ar®Ar mea