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An experimental procedure has been developed that
permits measurement of the partitioning of Ar and He
between crystal interiors and the grain boundary re-
gion between crystals (GB) in synthetic polycrystalline
diopside aggregates. 57 Ar and 4He are introduced into
solid glass samples via neutron irradiation, eliminat-
ing issues of possible atmospheric gas contamination.
Samples are then crystallized in sub-solidus conditions
from a pure diopside glass in a piston cylinder appara-
tus. During crystallization, noble gases simultaneously
diffusively equilibrate between the evolving crystal and
grain boundary reservoirs. After equilibration, GB Ar
and He is differentiated from that incorporated within
the crystals by means of step heating analysis. An ap-
parent equilibrium state (i.e. constant equilibrium par-
titioning) is reached after about 20 hours of crystal-
lization in our experiments. Data for longer durations
show the predicted systematic trend of decreasing GB
Ar and He with increasing grain size. These data yield
values of effective grain boundary surface partitioning,
K(Ar)squ‘ in units of (mol Ar/m3 of crystal)/(mol
Ar/m?2 of GB) of 6.8 x 103 to 2.4 x 104 m~1. Using a
nominal GB thickness of 2-3 nm (corroborated by TEM
imaging of experimental samples) a true partition coef-
ficient (units of (mol Ar/m? of crystal)/(mol Ar/m3 in
GB)). K( 4, may be determined: 1.4 x 1075 to 7.1 x

1075, This value is about an order of magnitude lower
than Ar partitioning between diopside and glass. He
partitioning data provide a less robust constraint with
K(fgeybetween 1074 and 1075,
that grain boundaries constitute a significant, but not
infinite, reservoir, and therefore bulk transport path-
way, for noble gases in the lower crust and mantle.

These data suggest
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The classical model developed by McLean describes
segregation of solute or impurity atoms to grain bound-
aries in binary alloy systems using the absorption ana-
logue. This thermodynamic model has not been applied
to grain boundaries in Earth materials; grain bound-
aries have simply been treated as possible sinks for
impurities in rocks. To test if the model describes
segregation to grain boundaries in mantle rocks, the
chemistry of olivine grain boundaries in many types
of olivine aggregates annealed at 1373-1523 K and in
natural peridotites was analyzed using energy disper-
sive X-ray (EDX) profiling obtained with a scanning
transmission electron microscope (STEM) with a probe
size of < 1.4 nm. Profiles across grain boundaries re-
veal a substantial segregation of Ca, Al and Ti. High-
resolution transmission electron microscopy (HREM)

Cite abstracts as: Fos.

Trans.

observations reveal that the boundaries do not con-
tain a grain boundary phase. Moreover, an equilibrium
thermodynamic model, assuming that the solute is con-
fined entirely to the grain boundary plane, is quanti-
tatively consistent with the level of Ca grain boundary
segregation and its temperature dependence. Strain en-
ergy minimization and space charge compensation are
two important thermodynamic driving forces for segre-
gation to grain boundaries. A survey of all elements
measured in the grain boundary profiles indicates that
differences in ionic radius and valence state from that of
host elements (i.e., Mg and Si) control the enrichment
of elements at grain boundaries. The magnitude of the
partitioning is explained well by regarding the segre-
gation energy as the misfit strain energy calculated for
substitution of Ca for Mg in olivine grains. Therefore,
we can predict the value of the partition coefficient for
different elements and different minerals with parame-
ters such as ionic radius and Young’s modulus for the
crystals. Based on this calculation, we conclude that
grain boundaries can be primary storage sites for the
elements with large ionic radii such as Sr, Ba, K and
Rb in mantle rocks.
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As an integral part of the characterisation of mi-
crostructures of experimentally produced olivine-rich
samples, we have systematically studied grain bound-
aries in a conventional 300KV TEM by imaging and
EDS analysis. Grain boundaries examined have misori-
entations > 10° and show none of the arrays of dislo-
cations present in either subgrain walls or grain bound-
aries in metals. In the TEM each grain boundary is ori-
ented exactly parallel to the electron beam to produce
the sharpest image of the grain boundary, and then
TEM EDS analysis is performed with a beam ca. 20nm
wide and 200nm long parallel to the grain boundary.
Each grain boundary EDS spectrum is then compared
to a spectrum acquired under the same conditions in
the adjoining olivine grain. A large range of samples
have been examined, including olivine aggregates de-
rived from natural rocks and fully synthetically pro-
duced (trace element free, sol-gel origin). The samples
were quenched from temperatures between 1100 and
1400° C after being run either under hydrostatic con-
ditions from 0.3 to 3 GPa or after deformation in a Pa-
terson gas-medium apparatus. The apparent width of
the grain boundary region in high resolution TEM im-
ages is not detectably different for any of these samples,
but significant EDX spectral changes show differences
in composition of the grain boundaries that depend on
bulk composition and sample treatment. For example,
olivine in fully synthetically produced samples is trace
element free, and correspondingly no trace elements are
detectable in grain boundaries by TEM EDS. When
a basaltic melt is added, EPMA WDS analyses show
that the olivine grain interiors equilibrate with the melt
by incorporating a small amount of Ca, Ti and Al as
trace elements. Using TEM EDS we observe that the
grain boundaries in these samples are now enriched in
these elements relative to olivine grain interiors. Lev-
els of trace elements in grain boundaries also appear
to be affected by strain history: grain boundaries in
newly recrystallised regions (deformed aggregate of San
Carlos olivine 4 basaltic melt) have very low levels of
trace elements immediately after deformation, yet af-
ter a long hydrostatic anneal (1300°C, > 500 hrs) have
re-equilibrated and contain significantly higher levels
of trace elements. We conclude that the trace element
enrichment in olivine grain boundaries relative to grain
interiors reflects equilibrium partitioning between grain
interiors, grain boundaries and other phases such as
melt. This leads us to expect that olivine grain bound-
aries in natural rocks will also be enriched in trace el-
ements depending on bulk chemistry.
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The physical and chemical properties of grain
boundaries are known to play an important role in
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determining the electrical properties of polycrystalline
oxides. Grain boundaries can either enhance conduc-
tivity if the transport of charge carriers along the
grain boundaries is faster than through the lattice, or
grain boundaries can reduce conductivity if the grain
boundaries block the transport of charge carriers. The
purpose of the experiments presented here is to de-
duce the mechanisms responsible for electrical conduc-
tivity in fine-grained forsterite, the Mg-end member
of olivine, in order to get a better understanding of
the contribution of grain boundary transport, of the
properties of the grain boundaries, and to determine
any relation between grain size and conductivity. A
relationship between grain size and conductivity at
high temperature could potentially be used to interpret
zones of anomalous conductivity in the upper mantle.
The materials studied consist of fine-grained forsterite
(Mg28i04) with a minor amount (5%) of enstatite (Mg-
Si0O3) added. The electrical conductivity of three melt-
free synthetic polycrystalline samples, with grain sizes
between 1.1 and 4.7 mm, was measured at temperatures
up to 1470°C. The complex impedance plots display
one clear arc, indicating a single dominant conduction
mechanism. Bulk conductivity is inversely proportional
to the grain size of the different samples. This relation
suggests that grain boundary diffusion of the charge
carriers is controlling the electrical conductivity of the
samples. The activation energy for diffusion of the
charge carriers lies between 315 and 323 kJ/mol. This
resembles previous data on grain boundary diffusion of
Mg in forsterite and grain boundary diffusion creep. A
geometrical model of less conducting cubic grains and
more conducting grain boundaries agrees well with the
experimental data. This model is applied to a natural
mantle shear zone to predict the conductivity contrast
between fine-grained shear zones and less deformed re-
gions in the lithosphere. Upper mantle shear zones are
predicted to have 1.5 to 2 orders of magnitude higher
conductivity than less deformed regions in the litho-
sphere. This may mean that fine-grained shear zones
can be detected using magnetotelluric methods.
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In the active orogenic systems of the Central Andes
and the Himalayas, extremely high electrical conduc-
tivities are observed and attributed to partially molten
rocks within the crust. Laboratory experiments in com-
bination with numerical calculations show that the con-
ductivity behaviour of partially molten rocks can be
explained by a complete interconnectivity of the melt
phase for melt fractions > 20 vol.%. Furthermore, a
comparison of laboratory experiments and numerical
modelling reveals an excellent agreement between ob-
servations and models. This holds true for Hashin-
Shtrikman as well as a modified brick-layer model. In
these models, only one conductivity mechanism is as-
sumed for both, crystals and melt phase. However,
there is experimental evidence that the conductivity
mechanism in the solid matrix is dominated by elec-
trons whereas ionic charge transfer dominates the con-
ductivity in the melt phase. At the high frequencies
applied in laboratory studies, the effect of charge trans-
fer from crystals to melt will not - or slightly - affect
the bulk-conductivity of the composite. However, at
lower frequencies as used in field studies, the different
charge transfer mechanisms in crystals and melt will
lead to a blocking of charge transfer between solid and
melt. This enhances the resistivity of partially molten
rocks at low frequencies compared to laboratory stud-
ies using high frequencies. Therefore, grain-boundaries
will influence the electrical conductivity of partially
molten rocks. In other words, in partially molten rocks
processes at grain-boundaries hinder a direct scaling
of laboratory observations to field studies. However,
the knowledge of the underlying mechanisms of charge
transfer in crystals and melts allow an extrapolation
of laboratory observations to field studies, if models
are used which take the grain-boundary effects into ac-
count. Such a model will be presented and discussed.
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There are a wide variety of materials that exhibit
behavior consistent with Hart’s mechanical equation of
state. For such materials, constant structure ”hardness
curves” can be generated using load relaxation experi-
ments, which sweep out a spectrum of stress vs. strain
rate at nearly constant strain. Hardness curves gen-
erated at different levels of work hardening scale with
each other: that is, they can be translated in log-log
space along lines of fixed slope so that they fit on top
of each other. Despite the ubiquity of scaling among
many varied materials, there has never been an experi-
mental effort to establish a microscopic basis for it un-
til now. And until now, there has never been a careful
effort to establish the relationship between data gen-
erated from load relaxation and those obtained from
creep tests. Ome benefit of such efforts would be to
provide experimenters a tool for extending experimen-
tal techniques to lower strain rates - short duration load
relaxation experiments can routinely achieve 10-8 s 1
and, with effort, 1010 s=1  Such efforts might also
lead to a better understanding of power law creep itself,
for which there is no universally accepted microscopic
model. In this work we investigate mechanical equation
of state in single crystal rock-salt at 673K and 973K
deformed under compression in the [100] orientation.
We find that different hardness states correspond to
different average subgrain sizes and that subgrain size
distributions obtained at different levels of stress are
similar to each other, i.e., they have the same shape.
We compare the experimental data with a model based
on the partitioning of the crystal between dislocation
glide in large subgrains and subgrain boundary migra-
tion in small ones; the distinction between “large” and
“small” is based on strain rate. In the model, sub-
grain boundary migration is governed by the same kind
of law that governs Nabarro-Herring creep (with sub-
grains substituting for grains), except that the numer-
ical coefficient is much smaller in the case of subgrains
owing to constraints between the migration of neighbor-
ing subgrain boundaries. Subgrain boundary migration
is also responsible for dynamic recovery. The model is
able to mimic all aspects of the data including load re-
laxation, transient creep, and steady state power law
creep. Moreover, the model is able to account for a
transition from power law creep at high temperature
(973K) and low stress into power law breakdown at low
temperature and high stress (673K) without resorting
to additional mechanisms.

T41F-07 1200h

Grain Size Reduction and Deformation
Mechanisms in Ultra-Fine-Grained
Shear Zones From the Lherz
Peridotite

Gill M. Pennock! (gpennock@geo.uu.nl)
Martyn R. Drury! (martynd@geo.uu.nl)

Hans G. Ave Lallemant? (ave@rice.edu)

IDepartment of Earth Sciences, Utrecht University,
PO Box 80.021, Utrecht 3508TA, Netherlands

2Department of Geology and Geophysics,Rice Univer-
sity, PO Box 1892, Houston 77251-1892

We have used SEM and Electron backscattered
diffraction to investigate the petrology, microstructure
and lattice preferred orientation (LPO) of narrow (5-
10 mm wide), high strain, ultramylonitic shear zones
exposed in the Lherz peridotite body, N. Pyrenees,
France. The wall rock is a protomylonite with a nor-
mal olivine LPO ([100] parallel to the stretching lin-
eation). Fractures occur in the wall rock and termi-
nate at the shear zone margin. There is a system-
atic step-like grain-size decrease (2 mm, 0.1 mm, 0.02
mm, 0.01 mm, 0.005 mm) at the margin of the shear
In the shear zone grains are elongated with a
good alignment of grain boundaries. The mineral as-
semblage consists of olivine, pyroxene, spinel and am-
phibole clasts in a matrix of olivine, pyroxene, spinel,
magnesite (MgCO3). An olivine LPO occurs in the ma-
trix similar to the type-B LPO reported by Jung and
Karato(Science, 293,1460, 2001). The narrow ultramy-
lonite zones may initially have formed as fractures that
were subsequently infiltrated by CO2 derived from ad-
jacent limestones. If this hypothesis is correct then
the initial grain-size reduction probably involved some
cataclasis with shear zones forming during crustal em-
placement of the peridotite. Microstructures and min-
eral assemblages indicate that recrystallization and the
reaction (ol + CO2 = opx + magnesite) have also con-
tributed to grain size reduction. The decrease of matrix
grain size into the shear zone may reflect increasing cat-
aclastic strain, decreasing temperature during reaction
or increasing stress during dynamic recrystallisation.
The ultra-fine grain size and aligned grain boundaries
suggest an important role for sliding along interfaces.
Granular flow is the most likely deformation mecha-
nism in such fine-grained rocks, unless deformation oc-
curred at very high stress and strain rate. The pres-
ence of LPO in these ultra-fine grained shear zones is

zone.
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unexpected. The type-B LPO may be (a) a relict from
early dislocation creep (b) produced by high stress-high
strain rate dislocation creep or (c¢) could be character-
istic of granular flow in aggregates with an elongated
grain shapes.
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Field observations and laboratory experiments have
recently documented in porous sandstones the develop-
ment of compaction bands sub-perpendicular to the di-
rection of maximum principal stress. These compaction
bands have been preferentially observed in relatively
homogeneous sandstones of high porosity, such as Ben-
theim sandstone studied by Wong et al. [2001] and
Baud et al. [2003], but also in a heterogenous sand-
stone of high porosity, such as Diemelstadt sandstone
Fortin et al. [2003]. Rock deformation, fluid trans-
port, and acoustic velocity are coupled together. On
one hand, Scott et al. [1993] showed that acoustic ve-
locities across the brittle-ductile transition are clearly
being affected. On the other hand the relation be-
tween permeability evolution and compaction of sand-
stone was demonstrated by Zhu et al [1999]. To under-
stand better the complexity of damage resulting from
compaction band formation and its effect on permeabil-
ity, we performed series of experiments on Bleurswiller
sandstone of porosity 25%. This vosgian sandstone is
made of 50% quartz, 30% feldspars, and 20% of oxides
and micas. Hydrostatic and conventional triaxial com-
pression experiments were conducted at room temper-
ature on saturated samples under drained conditions,
with a constant pore pressure of 10 MPa. The samples
were deformed in the range of confining pressure from
60 to 300 MPa Compressional wave velocities,
waves velocity, and permeability have been measured
during both hydrostatic and triaxial experiments.
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Recent molecular dynamics simulations and spec-
troscopic approaches
confined in nanometre scale has a constrained structure
with shorter hydrogen bond distances. In order to ver-
ify a hypothesis that ionic diffusivity in rocks should be
affected by the constrained molecule structure of water
in nanopore, we measured the effective diffusion coef-
ficients of iodine ion in undeformed rocks by through-
diffusion experiments. We also studied the quantitative
relationship between the diffusion coefficients and the
pore structures. Most of effective diffusion coefficients
(De) for rocks can be explained by the power law with
effective porosity (p), while De values for the sample in-
volving abundant nanopores were much lower than this
relation. These could be resulted from that De depends
not only on porosity and tortuosity (t) but also on in-
onic diffusion coefficient in nanopore water (Dn). By

indicated that water molecules
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simultaneous equation of Dn and t with known De and
porosity in two nanopore-type rocks, Dn and t can be
deduced independently, leading the equation (De = 9.0
x 10710 x p3 ). This means that Dn is 9.0 x 10l — 10]
m424/s. This Dn values is about two-times lower than
the diffusivity in free pure water. This result can be
applied for hydraulics, structural geology and new dis-
cipline of nano technology.
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We present an experimental study of pressure so-
lution of halite under a confocal microscope designed
to resolve conflicting results in previous experiments.
Two pressure solution mechanisms, thin film diffusion
and undercutting, were conceptually proposed (Weyl,
1959) and later experimentally shown to operate un-
der similar conditions (Tada & Siever, 1986; Hickman
& Evans 1992, 1995; Schutjens & Spiers, 1999). How-
ever, a transition between these mechanisms was never
observed, and it is not clear what may induce it. Our
experimental setup consists of a halite beveled inden-
ter pressed against a flat quartz window. The contact
is viewed in-situ through the window with the confo-
cal microscope. We hypothesize that changing the an-
gle of the bevel may change the relative magnitude of
the driving forces, consequently inducing a transition
in pressure solution mechanisms. The confocal micro-
scope allows a 3D reconstruction of the microstructures
at the contact.
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The interaction between minerals and water
molecules is a fundamentally important property that
influences fluid distribution and migration in the
earth’s crust, and transportation of HoO into the
earth’s mantle. In this work, we focused attention on
the mobility of water molecules on the cleavage sur-
faces of brucite and talc, and performed the molecular
dynamics simulations. Brucite is in most common as
an alteration product of periclase in contact metamor-
phosed dolomites. It is also found as a low-temperature
hydrothermal vein mineral in serpentinites and chlo-
rite schists. Talc occurs most frequently as a product
of metamorphism of hydrothermal alteration of ultra-
mafic rocks and is an important phase in the oceanic
crust. The first step in performing the simulations of
interfaces is to develop a reliable and
consistent model for the interaction of water molecules
with solid surfaces. Fundamental understanding of
such interaction often requires physico-chemical knowl-
edge at a molecular level, which is not easily obtained

mineral-water
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