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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.
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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.

Cite abstracts as:

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.

shear
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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
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from experimental works, electronic state calculations
provide remarkable information of the interactions be-
tween surface species and water molecules. The first-
principles method based on the density functional the-
ory is the most useful method in the present day. By
using the first-principles method, we calculated the
energy curves with respect to water configuration on
brucite and talc surfaces and the ab initio model po-
tentials were obtained by fitting the parameters to the
calculated energy curves. Using this ab initio model po-
tentials, molecular dynamics simulations of water thin
film embedded between brucite and talc surfaces have
been performed at various temperature-pressure con-
ditions. The thicknesses of water thin film were em-
ployed from 0.5 to 2.0 nm. Since it is expected that
physical properties of water would change with the dis-
tance from mineral surfaces, we analysed the mobility
for each sliced layers having 0.25 nm thickness along
with a normal axis for surface plane. The self-diffusion

coefficient Dg and reorientation time 77 of water at

Y

each sliced layer were calculated. The 7—5

corresponds
to 7 as g measured by NMR experiments. The calcu-
lated Dg of nearest brucite and talc surfaces are 1.45

and 2.0 times and the T2

are 0.77 and 0.5 times as
large as the bulk values at ambient condition, respec-
tively. These anomalies are limited in monolayer near-
est to brucite and talc surfaces and the water in the
other layers are almost equal to bulk state. This rapid
mobility of water on brucite and talc surfaces results
from the weak interaction between water and surfaces.
Thus rapid mobility of water might affect on the fluid
migration in the earth.

T42A-0269 1330h POSTER

The Influence of Second Phases on
Grain Boundaries of Mylonitic
Microfabrics: Evidences From Natural
Carbonate Mylonites

Andreas Eber':1 (011-41-31-631-4832;
ebert@geo.unibe.ch)

Marco Herwegh! (011-41-31-631-8764;
herwegh@geo.unibe.ch)
Adrian Pfiffner! (pfiffner@geo.unibe.ch)

Linstitute of Geological Sciences, Baltzerstr.
Bern 3012, Switzerland

1-3,

Impure carbonate mylonites were sampled along
basal thrusts of two Helvetic nappes in western Switzer-
land (Morcles and Doldenhorn nappe). The two nappes
built up large-scale recumbent folds with intensively
deformed and elongated inverted limbs. In both nappes
the temperature rises towards the rear of each tectonic
unit. Both type, mineralogy (sheet silicates, dolomite,
quartz) and content of second phases vary within the
samples. In this study we investigated the influence of
volume fraction, grain size, shape, mineralogy of second
phase minerals, and the temperature on the mylonitic
microfabric. In all samples, calcite shows a steady state
grain size, but the grain size varies as a function of
(a) size and volume fraction of the second phase min-
erals and (b) temperature. (a) At constant tempera-
ture, two major microstructure controlling parameters
can be distinguished: second phases in impure and dy-
namic recrystallization in pure mylonites. In impure
calcite mylonites pinning and dragging of calcite grain
boundaries by second phase minerals stabilize the cal-
cite grain size (Dee) after: Dee=c* 2™ with Z=dyp /fp
(size dp and volume fraction fj, of second phase miner-
als, modified after Zener in Smith, 1948). In this way
the calcite grain size is inversely proportional to the
second phase content. In contrast, the average calcite
grain size is maintained constant by dynamic recrystal-
lization via a balance of grain growth and grain size
reducing mechanisms. Different lithologies with dif-
ferent second phase mineralogy from the same locality
(constant temperature) show the same Dc¢e-Z trends,
indicating that the shape of the second phases (elon-
gated sheet silicates, blocky dolomite, spherical quartz)
has no major influence on the calcite grain size. How-
ever, the elongation of calcite grains increases with
decreasing Z, while in pure samples the elongation is
constant. (b) With increasing temperature the steady
state grain size D¢e of calcite increases, while the afore-
mentioned D¢e-Z trends persist. Thus for both types
of microstructure c is temperature dependent. In light
of crystallographic preferred orientation, first investi-
gations show a shift from random distribution to point
maxima with increasing Z and temperature. This study
shows that already small amounts of second phases can
drastically influence the microstructure of mylonites
and the associated deformation mechanisms. The afore-
mentioned relation allows to take the influence of sec-
ond phases on calcite grain size into account, which
is an important requirement for rheological interpreta-
tions.
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Due to its sharp resolution (< 1 micron) and its
ability in building 3D reconstructions from images
scanned at various depths, laser scanning confocal mi-
croscopy (LSCM) is a powerful tool to render the three-
dimensional geometry of microstructural features like
pores, cracks and grains. This technique was used
in particular to study the grain-to-grain contacts and
grain surface topology at small scale in several sand-
stones. For that purpose, the rock samples to be stud-
ied were impregnated with a fluorescent dyed (Rho-
damine B) resin in order to discriminate the void space
from the grains. The next stage is then to make thin-
sections with a thickness larger than usual (> 100 mi-
crons) that can be studied under LSCM. Three differ-
ent sandstones have been studied: the Rothbach sand-
stone (Vosges mountains, Bastern France), the Ben-
theim sandstone (Germany) and the Darley Dale sand-
stone (UK). On each sample several three dimensional
blocks have been investigated with size 228 by 152 mi-
crons and depths ranging from 35 to 100 microns. From
each block, series of tens of parallel ”virtual sections”
have been recorded, separated by 1 or 2 microns in
depth. We show on several examples the complex struc-
ture of grain-to-grain contacts which may be associated
to the heterogeneity in cement distribution. In par-
ticular for the Rothbach sandstone, we found that the
topology of the grain surfaces is dominated by the coat-
ing of clay particles which leads to a high surface rough-
Complementary SEM studies revealed that the
clays are also present as cementing material between
the grains. A thorough petrophysical study has shown
that the anisotropy of P wave velocity in the Rothbach
sandstone can be explained by an anisotropic distribu-
tion of cement: whereas this could not be confirmed
from our LSCM and SEM analysis, we observed that
the spatial distribution of contact lengths is anisotropic
which explains qualitatively the spatial variability of P
wave velocity. Finally we show examples of Hertzian
cracks that initiated from the contact between grains
in Darley Dale sandstone samples that experienced me-
chanical loading under triaxial conditions.

ness.
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We have developed a theoretical model of initiation
of fluid segregation along grain boundaries in a solid
fluid aggregate deforming under an applied shear stress.
Prior to the application of stress, the fluid resides
in triple grain junctions and partially wets all grain
boundaries, but during deformation, the fluid may com-
pletely wet or dewet grain boundaries under tension or
compression, respectively. The driving force for wet-
ting or dewetting is provided by the normal stress at
the tip of the fluid front along the grain boundary,
solid-solid and solid-fluid interfacial energies and the
fluid pressure at the tip of the fluid front. Kinetics
of wetting or dewetting of grain boundaries under ten-
sion or compression, depends on the mobility parameter
B, which is defined by the ratio of the rate of stress
relaxation by grain boundary wetting to the rate of
stress relaxation by grain boundary diffusion. The re-
sults from our numerical experiment indicate that, de-
pending on the value of 8, deformation can cause zero
to complete wetting of the grain boundary under ten-
sile normal stress. Based on the final wetting length
along the grain boundary under tension and 3, we di-
vide the stress relaxation mechanism into the diffusive
relaxation regime, the wetting regime, and the interme-
diate regime. In the wetting regime, most of the grain
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boundary fluid will segregate along the grain bound-
aries under tension and thus the geometry of the fluid
distribution changes from a network of tubules along
grain edges to a network of planar fluid films along
those grain boundaries that are under tension during
deformation.
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The connectivity of molten Fe-S in peridotite has
been experimentally investigated by means of in situ
electrical conductivity measurements at high temper-
atures and 1GPa. Starting materials were powdered
mixtures of peridotite KLB-1 with various amounts
(0, 3, 6, 13, 19, 24 volume percent) of the 1 GPa
eutectic composition in the Fe-FeS binary system.
At temperatures above the eutectic point in the Fe-
FeS system (1253K) and below the solidus of KLB1
(1473K), molten Fe-S in a solid silicate matrix inter-
connects when the volume fraction is over 5 percent.
Conductivity-temperature paths indicate that in the
presence of partial silicate melting the connectivity of
molten Fe-S in a peridotite matrix is inhibited. Based
on observations of retrieved samples, the percolation
threshold of Fe-S melts in the presence of low to mod-
erate degrees of silicate melt is estimated at approxi-
mately 13 volume percent. These results indicate that
if the volume fraction of Fe-alloy in a planetesimal was
initially greater than 5 percent, and if early heating
by decay of radionuclides raised the temperature of
the interior above the Fe-alloy melting point, initial
metal segregation was controlled by permeable flow of
molten iron alloy melt in a solid silicate matrix. These
conditions were likely met by many terrestrial objects
in the early nebula. Efficient removal of residual Fe-
alloy (5 volume percent) from silicate requires high-
degree melting of silicate so that metal can segregate as
droplets. Giant impacts during the final stage of accre-
tion of large planetary objects could supply the energy
required for high-degrees of melting. Alternatively, if
initial metal segregation were delayed until a planetery
object grew to large size (approximately 1000 km in
diameter), release of gravitational potential energy due
to metal segregation could contribute enough heat to
form a magma ocean.
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The separation of liquid metal from a crystalline
silicate mantle during planetary core formation could
have only operated to completion if the liquid metal
fraction formed an interconnected network. Intercon-
nectivity depends on the dihedral angle between lig-
uid metal and crystalline silicates at low melt fractions.
Gaetani and Grove (1999) showed that liquid Fe-alloy
can wet an olivine matrix at high O and S fugacities
at ambient pressure. Therefore, it is important to un-
derstand the effects of the compositions of Fe alloy and
the silicate phase on the dihedral angle behaviour sys-
tematically under high pressure conditions. The re-
sult is also applicable to core formation mechanisms
on other terrestrial planets. For example, the Martian
mantle is believed to be more Fe-rich and the Martian
core more sulphur-rich compared to the Earth, which
may have resulted in important differences in silicate-
liquid metal dihedral angles during core formation. We
have investigated the effects of the metallic and sili-
cate phase compositions on the dihedral angle up to
20 GPa and 2200 K by varying the sulphur content of
an Fe-S alloy (S = 22 ~ 50 at.%) and the FeO con-
tent of a coexisting olivine assemblage (FeO = 0 ~ 67
mol.%). Using a multianvil apparatus, experiments at
high pressure and temperature were performed for 12
hours, which corresponds to the time scale for textural
equilibration. Graphite was used as the capsule ma-
terial. In the olivine stability field, texturally equi-
librated dihedral angles decrease with increasing sul-
phur content and decrease dramatically with increasing
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FeO content of olivine. Increasing the FeO content of
olivine results in an increase in both the oxygen fugac-
ity and oxygen solubility in the sulphide melt. Dihedral
angles also decrease slightly with increasing tempera-
ture. The minimum value determined for the dihedral
angle between iron-sulphide and olivine was 65°, which
is still slightly higher than the critical angle for wetting
of 60°. These results show that melting of the silicate
is required to obtain complete metal-silicate separation
and therefore support a magma ocean scenario during
core formation.
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In polyphase materials, strain hardening is often re-
lated to the stress transfer from a weak phase to a
stronger phase across an interphase boundary. Thus,
interphase bonding may be an important aspect of com-
posite deformation. Previous analytical and experi-
mental approaches demonstrate that perfect bonding
between rigid inclusions and matrix increases the in-
ternal stress in the inclusions substantially. Various
models have been used to calculate the stresses within
the two phases. Eshelby, estimated the internal stress
arising from the misfit between the inclusion and the
infinite isotropic matrix, by introducing the concepts of
constrained strain (eC) and equivalent transformation
strain (el'). Further extensions applicable at finite vol-
ume fraction of inclusion show that this model is use-
ful for predicting a wide range of composite properties.
In this study, we used the Eshelby-Mori-Tanaka (EMT)
model (e.g., Eshelby, 1957; Mori and Tanaka, 1973; Mu-
rali and Weng, 1993) to describe the plastic flow of two-
phase aggregates. The components of internal stresses
in the matrix and inclusion are calculated by the EMT
model. Based on the end-member flow laws, strain
rates in each phase and the mean strain rate of the
two-phase aggregates can then be calculated for both
creep and constant-rate process. Using experimental
data from the literature, we calculated the aggregate
strength of anhydrite-halite, plagioclase-clinopyroxene,
calcite-halite, calcite-quartz and anorthite-quartz mix-
tures.The model appears to overestimate the stress con-
centrations in inclusions and the bulk strengths when
the strength contrast between the component phases is
relatively high (anorthite-quartz and calcite-quartz ag-
gregates). The agreements can be improved by relax-
ing stresses arising from misfit strain (e.g. by invoking
interface sliding). Anorthite-quartz aggregates show
less strengthening when high concentration of water-
related defects are present. If these defects are present
at grain boundaries, and if they weaken the interfacial
bonding, the EMT model would be consistent with the
relatively small strengthening observed in experiments.
The calcite-quartz aggregates show less strengthening
at high pore pressure (or low effective pressure), per-
haps because high pore pressure allows the interface to
relax stress transferring from weaker calcite matrix to
the stronger quartz particles.
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Tectonic processes on Europa are influenced by the
rheology of ice and icy compounds. The rheology of
water ice alloyed with one or more hydrates at plane-
tary conditions is not well known. We investigate grain
size effects on ice rheology in Europan eutectic sys-
tems. Although much is known about the rheology of
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pure ice, the addition of other phases can potentially
affect the grain textures and rheologies of polyphase
mixtures. We make such alloys by cooling and crys-
tallizing aqueous binaries of water with sodium-sulfate
hydrate, magnesium-sulfate hydrate or sulfuric acid hy-
drate. Using a precision cryobath and seeded growth,
we can make eutectic mixtures of ice with these hy-
drates by precisely controlled freezing of these solu-
tions. This method of controlled growth with only
small undercooling of the eutectics avoids the problem
of rapid, uncontrolled growth that occurs when no seed
material is used. A field-emission SEM fitted with a
cryogenic prepping station and observation stage per-
mits detailed SEM microscopy on fractured surfaces of
these specimens without decomposition under the elec-
tron beam. We also use energy dispersive x-ray spec-
tra to distinguish between the ice and sulfate-hydrate
phases. We see reproducible eutectic grain textures de-
veloped using these methods and observe two types of
grain morphologies made evident by differences in sur-
face relief: (1) Large ice grains; (2) Fine eutectoid in-
tergrowths associated with simultaneous growth of ice
and hydrate. Grain sizes of the eutectic intergrowths
range from approximately 5 to 50 microns, far smaller
than developed during free growth of ice from the melt
and apparently stable at temperatures near eutectic.
We plan deformation tests on such samples to inves-
tigate the effects of these fine grain sizes on sample
strengths compared to the strenths of cold-pressed mix-
tures of these same phases. This ongoing work is a first
look at these important grain textures in chemical sys-
tems that are probably volumetrically important in Eu-
ropa. Understanding the effects of these complex and
intriguing intergrowths on rheology may enable predic-
tion of the behavior of such material under stress and
better explain morphological features on Europa’s sur-
face.
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We have investigated the response of rods of var-

ious materials as a function of the driving frequency
and drive amplitude near resonance. For linear ma-
terials one expects no change in resonance frequency
as a function of the drive amplitude, while classical
(Landau) nonlinearity manifests itself as a softening (or
hardening) in the resonance frequency proportional to
the square of the driving amplitude. A softening in the
resonance frequency directly proportional to the magni-
tude of the drive is known to exist in diverse materials,
both damaged and undamaged. Our study of multiple
materials, carried out over a broad range of internal
strains, was aimed at unambiguously establishing the
domains of internal strain where these different phe-
nomena exist. As a function of internal strain, our re-
sults are consistent with an initial harmonic behavior,
followed by the onset of classical nonlinearity, and fi-
nally by a frequency shift linearly proportional to the
drive amplitude.

T42A-0277 1330h POSTER

a-3 Inversion in Quartz From Low
Frequency Electrical Impedance
Spectroscopy

Nikolai Bagdassarov (449(0)6879823376;
nickbagd@geophysik.uni-frankfurt.de)

Nikolai Bagdassarov, Institut fuer Meteorologie und
Geophysik, Universitaet Frankfurt, Feldbergstrasse
47, Frankfurt am Main 60323, Germany

The o — B phase transformation in polycristalline
quartz has been studied in the pressure range from 0.5
to 2.5 GPa by the use of the low frequency electrical
impedance spectroscopy in the range from 10~2 to 10°
Hz. The electrical conductivity (dispersion) obtained
at low frequencies (low frequency dispersion or LFD) is
due to the grain boundary electric charge transport and
electrode polarization. The temperature dependence of
LFD exhibits a different slope on an Arrhenius plot
In(oppp X T) vs. 1/T above and below T¢, where
T is the absolute and T, is the inversion temperature.
The point where the slope changes, coincides with the
Te, i. e. the temperature point of a-8 inversion in
quartz. The obtained inversion temperature T, from

Fos.

this method compares well with the previous measure-
ments of T¢ using DTA and laser interferometry. The
LFD data in insulating materials with ionic conductiv-
ity due to impurities may be a useful method for char-
acterization of structural displacive phase transitions
in quartz-like structures, for example, berlinite AIPO4
and FePO,4. The results of this study in SiOp demon-
strated workability of the LFD method, and the exper-
imentally determined slope of dT¢/dP in the range of
from 0.5 to 2.5 GPa is ~ 233.5°/GPa. The activa-
tion volume of the electrical conductivity in « phase
is several times larger than in 8 phase indicating that
in two phases differing proportion of ion types (alka-
lis and H1) may be responsible for the overall electric
charge transport along grain boundaries.
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Both compressional and shear wave velocities have
been measured during hydrostatic and triaxial exper-
iments in Carrara marble and Solnhofen limestone
at room temperature. During brittle-ductile transi-
tion, competition between dilatant deformation mecha-
nisms (crack opening and propagation) and compaction
mechanisms (pore-collapse, phase transition, pressure-
solution) takes place and inhibits microcrack prop-
agation and coalescence. As a consequence, elastic
anisotropy due to cracks is less sharp which is an ex-
pected result from fracture mechanics. During cataclas-
tic dilatancy, elastic wave velocities decreased quasi-
isotropically due to diffuse cracking in the rock. In such
a deformation regime, during some deviatoric stress re-
laxation tests (i.e. blocking the piston movement, so
that some of the elastic strain was converted into per-
manent deformation), we consistently observed a slight
but yet non-negligible increase of elastic wave veloc-
ities. Elastic recovery was faster when grainsize was
smaller and could be complete within a few days. In
such conditions, absence of a dead band in the stress
space indicates that calcite friction coefficient is very
low (0.1-0.2). Microstructure analysis confirms that di-
latancy is due to grain boundary sliding, wheras com-
paction is due to plastic pore collapse and twinning ac-
tivity of calcite monominerals. Competition between
dilatant and compaction mechanisms seems to depend
on the presence of fluids and on the strain rate. This
experimental result could have important consequences
for fault mechanics and is in agreement with macro-
scopical mechanisms invoked by Rice [1992] to explain
the low friction coefficient of certain major faults, such
as San Andreas.
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The yield behavior of Castlegate sandstone (28 per-
cent porosity) has been investigated with a variety of
compressive loading paths. The initial yield surface was
modeled as an ellipse quadrant with an intercept of 190
MPa along the pressure axis and 10 MPa along the dif-
ferential stress axis. Unload loops during testing were
used to model the decay of the shear modulus. Plastic
strain behavior was fit using a separate hardening pa-
rameter along each axis and non-associated flow. Con-
trary to experiments, shear localization was predicted
to precede compaction localization due to the small as-
pect ratio of the yield surface. With an aspect ratio
nearer to unity, as suggested for a variety of sandstones
by recent results from TF Wong et al, the model may
predict compaction localization.
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Gypsum is an important mineral of evaporitic rocks.
Evaporites, interlayered within sedimentary sequences,
play an important role in localizing the deformation
especially in thrust tectonics (Apennines, Zagros, Gulf
of Mexico, etc.) since are generally weaker than the
other rocks; in some cases the deformation is accompa-
nied by seismicity as in the Northern Apennines exten-
sional systems. In order to determine the rheological
and microstructural evolution of gypsum with strain,
a set of experiments was performed on natural gyp-
sum samples from Volterra (Tuscany, Italy). Exper-
imental deformation tests were performed at confin-
ing pressures up to 300 MPa, at temperatures up to
130°C and at strain rates ranging between 6x10 %
and 5><1076 s71. In order to reach high shear strain
values, we deformed gypsum specimens using both the
torsion technique in the Paterson apparatus at ETH
Zurich (up to v = 5) and the sawcut-type assembly at
35° in a Heard-type apparatus at Manchester Univer-
sity (up to v = 1.2). All samples have been studied
by optical microscopy, to investigate the evolution of
the microstructure with strain, and by XRD analysis,
to determine whether and to what extent gypsum dehy-
drated during deformation. In torsion, the shear stress
increased with the strain rate and decreased with the
temperature. In general a peak stress was reached at ~
between 0.5 and 1 (at higher temperatures is reached
sooner). After the peak, a various amount of weakening
occurred, and mechanical 'steady state’ conditions were
never reached. Weakening was up to 30-40%. Most
of the times the jacket failure ended prematurely the
experiment. The microstructure evolved from a defor-
mation microstructure, where grains changed shape ac-
cording to the bulk strain imposed, into a recrystalliza-
tion microstructure, where grains were more aequant.
Grain boundary migration recrystallization was very ef-
fective in resetting the microstructure after v of 1 or 2.
In the samples deformed using saw-cut assembly, the
shear stress increased together with confining pressure
and strain rate; the temperature increase (up to 90°C)
induced a slight decrease in the shear stress, whereas at
130° C the shear stress is higher because bassanite has
formed. Regarding the gypsum-bassanite transition, we
could observe that it is controlled by temperature and
pressure but also by the strain rate and the applied
differential stress.
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The (Y4REE) chemistry of many metamorphic and
igneous rocks is primarily controlled by phosphate-
bearing accessory minerals such as fluorapatite and
monazite. Studies of natural fluorapatite (Harlov and
Foerster (2002) J Petrol 43, 801) as well as experimen-
tal investigations of chlorapatite (Harlov et al. (2002)
Am Mineral 87, 245) and fluorapatite (Harlov et al.
(2003) Am Mineral, 88, 1209) indicate that Th- and U-
poor monazite, as inclusions in apatite, originate from
the (Y+REE) budget available in the apatite as a prod-
uct of mass transfer during fluid-triggered metasomatic
alteration. Monazite inclusions form only in metaso-
matized regions of the apatite which have undergone
fluid-induced dissolution-reprecipitation of the original
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apatite (Putnis (2002), Min Mag 66, 689) generally
to an altered composition lower in (Y4+REE+Na+Si).
Dissolution-reprecipitation also results in a large in-
crease in the micro-porosity throughout the metaso-
matized areas. The micro-pores provide natural nu-
cleation sites for the growth of monazite inclusions
via dissolution-precipitation as well as provide nat-
ural pathways for fluid movement and mass trans-
fer throughout these metasomatized regions. TEM
investigation of monazite inclusions in fluorapatite
crystallized from late stage evolved magmas (Kiruna
magnetite-apatite ore deposit, N. Sweden; Harlov et
al. (2002) Chem Geol 191, 47) and in fluorapatite
metamorphosed under granulite facies conditions in the
presence of low HoO activity fluids (Val Strona tra-
verse, Ivrea-Verbano Zone, N. Italy; Harlov and Foer-
ster (2002) J Petrol 43, 769), indicate that the inter-
face between the monazite inclusion and the fluorap-
atite host tends to consist of either a 10-50 nm thick,
continuous, amorphous layer surrounding the entire in-
clusion or a series of small, isolated voids, 10 - 20 nm in
size, randomly scattered along the contact between the
monazite inclusion and the surrounding host. These
voids most likely represent fluid pathways. Chemi-
cally, the monazite inclusions are characterized by an
enrichment in Cl along their rims in contact with the
amorphous interface suggesting the presence of Cl-rich
fluids. The composition of the amorphous layer con-
sists of elements generally incompatible with the crys-
tal chemistry of Th- and U-poor monazite. These in-
clude predominantly SiOg followed by MgO, FeO, CaO,
and F; in essence all by-product elements not required
by the monazite grains during metasomatically induced
growth.
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In polycrystalline aggregates having no lattice dis-
locations within the grains, mechanical absorption is
effected by the motion of primary and secondary grain-
(or phase-)boundary dislocations, which can be ac-
commodated by chemical diffusion for high-enough
temperatures and/or low-enough frequencies. We
postulate that the absorption seen in most upper-
mantle rock has its origin in such mechanisms. High-
homologous-temperature mechanical-absorption exper-
iments on metal aggregates suggest that solid-state
phase boundaries are perhaps significantly more ef-
fective in absorbing mechanical energy than are grain
boundaries [McMillan et al., 2003]. We are engaged in
evaluating this effect in mantle aggregates. The experi-
ments reported here examine the ambient-temperature,
(shear) RUS response of very-fine-grained (grain size
~5 pm) aggregates of olivine and olivine plus orthopy-
roxene, with mechanical absorption characterized as a
function of volumetric percentage of pyroxene (10, 15,
20 and 30 vol% opx). Aggregates were prepared via
controlled-oxygen-activity, vacuum sintering of natu-
ral powders; mechanical data were collected on cubic

specimens (~125 mmS), le measured for the all-

olivine aggregate was 4x10~ 4. Addition of orthopyrox-
ene demonstrated an approximately linear trend with
volume percentage, with the 30 vol% opx specimens

producing a le = 1.6x10~3. There was no discern-

able discontinuity in the data between 15 and 20 vol%
opx, which is the volume-percentage range where py-
roxene percolative connectivity is anticipated. K.M.
McMillan et al., J. Mater. Sci., 38, 2747-2754 (2003).
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Berea sandstone is a well-studied material known
to be nonlinearly elastic. For example, stress-strain
measurements for stresses less than 30 MPa are repeat-
ably hysteretic and display end-point memory. In an
effort to understand the energy scales of the mecha-
nisms causing nonlinear elasticity in Berea sandstone,
we have studied the temperature dependence of sam-
ple resonances. Resonances are related to the elastic
moduli of a sample, and thus indicate whether or not a
sample is hardening or softening as a function of tem-
perature. We find that for temperatures in the range
100 K — 330 K, sample resonance frequencies display
significant hysteresis, and several unusual behaviors.
Elastic softening is observed as temperature decreases,
rather than the expected monotonic increase. In addi-
tion, while measurements are repeatable, they are rate
dependent on a timescale much longer than the calcu-
lated timescale for temperature equilibrium across the
sample. It is our hypothesis that this unusual elas-
tic behavior and the slow onset of thermal equilibrium
arises from the granular nature of the material. A series
of time and temperature dependent experiments was
designed and executed to investigate this hypothesis.
We will discuss the results of these measurements and
their implications for future research.
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The effects of brine on recrystallization processes
in halite are well known from nature and experiment.
However, the detailed properties of the brine such as
morphology, connectivity, diffusivity and their result-
ing influences on deformation mechanisms are still a
matter of debate. This paper presents a microstruc-
tural study of dense, statically recrystallizing syn-
thetic polycrystalline halite containing small amounts
of brine. We used powders of two different grain size
classes: <10 pm and 200-355 pum. The aggregates were
compacted to brine-filled porosities less than about 2%
and annealed at room temperature, without an exter-
nal stress field. Coarse-grained samples undergo re-
crystallization manifested by the growth of large (up
to 300 pm) strain-free grains into the deformed old
grains. The new grains are frequently euhedral, with
mobile grain boundaries moving at rates up to 6 nm/s.
Their mobility is interpreted to be high due to the
presence of water. Grain surfaces are smooth and the
width of the water-rich zones is usually below the res-
olution of the SEM (less than 50 nm). The evolution
of fine-grained samples starts with primary recrystal-
lization and a reorganization of grain boundaries. Af-
ter this stage which lasts a few hours, normal grain
growth effectively stops, and no significant increase of
grain size is observed even after several months. Mi-
crostructural observations indicate contact healing at
the grain boundaries, with dihedral angles ranging be-
tween 20 and 110°. We interpret these boundaries to be
fluid-free, with the brine residing in a network of triple
junction tubes. This system of triple junctions is inter-
connected and associated with significant permeability.
‘While grain growth is inhibited in the fine-grained sam-
ples, after a few hours of annealing exaggerated grain
growth is commonly initiated. This is manifested by
the growth of large, euhedral grains replacing the fine-
grained matrix. These grains also grow with low-index
facets and their boundaries are also interpreted to be
mobile due to the existence of a water-rich phase.
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Aqueous fluid is one of the most important geologi-
cal fluids in the Earth’s upper mantle. The distribution
of aqueous fluid affects not only to rheological proper-
ties and seismic attenuation, but also to material trans-
port. Recently, many dihedral angles between minerals
and fluids have been reported in order to evaluate con-
nectivity of the fluids in rocks. Watson (1999) pro-
posed the concept of lithologic partitioning of fluids.
Grain size also affects the fluid distribution in rocks
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(Wark & Watson, 2000). Fujii et al. (1986) pointed
out that in the Ol - Opx - basalt system, the connectiv-
ity of melt through grain edges was interrupted by Opx
grains whose dihedral angle with melt is larger than
60 degree. Processes that control the fluid distribu-
tion in multi-phase rocks, however, are not fully under-

2003 Fall Meeting

stood. In this paper, we report preferential distribution
of pore-fluid in the phase-boundaries (PBs), which is
caused by the fact that migration of grain boundary of
the same phases (GBs) dragging the fluid ceases at PB.
‘We have synthesized wherlites with various forsterite
(Fo) / diopside (Di) ratios with 1 - 1.5 wt percent wa-
ter at 1.2 GPa and 1200 deg.C for 3 days and a week.
Preference of aqueous fluid for one phase relative to
the other, due to the differences in relative mineral-
fluid interfacial energies, was not expected, because di-
hedral angles of Fo-fluid and of Di-fluid are similar at
the experimental conditions. Most of the fluid was dis-
tributed in the GBs as pore fluids and no fluid inclusion
was observed. We classified the pore fluids into two
types, those surrounded by GBs (A-type) and by PBs
(B-type). Regardless of Fo/Di ratios, proportion of B-
type was larger in 1 week runs than in 3 days runs. The
80-90 percent of pore fluids were B-type in the 1 week
runs. This result can be explained by the difference in
mobility between GB and PB: namely, the pore fluids
are dragged by the GBs much more rapidly than the
PBs. During grain-growth of multi-phase rocks, pore
fluids dragged by the GBs bump against the other min-
eral surface. This result leads to the implication that
the connectivity of fluid in multi-phase rocks would be
strongly affected by properties of the triple junctions
composed of two different mineral phases and fluid, i.e.,
dihedral angle, faceting, and spatial distribution.
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Structural analysis using satellite imageries and de-
tailed field studies with fault-slip data inversions in
critical areas in Guangxi and Guangdong Provinces and
Hong Kong reveal a polyphase tectonic history in the
southeastern margin of South China, which essentially
resulted from the passive reaction of the region to rela-
tive motions of neigboring plates during various times.
Northward subduction of the Paleo Kula-Pacific plate
under South China during Middle Jurassic-Early Creta-
ceous (Yenshanian arc) created a volcanic arc-back-arc
setting with left-lateral shear partitioning along duc-
tile fault zones and occasional left-lateral pull apart
basins. Subduction was blocked in the late Upper Cre-
taceous resulting in shortening of the back-arc region
and, reactivation of older faults (e.g . Nanxiong B. in
Guangdong & Mirs B. in Hong Kong), followed by oro-
gen collapse with local detachment faulting and narrow
molasse basins. The extensional setting continued dur-
ing Eocene-Oligogene with rifting characterized by the
formation of offshore basins and expansion of the conti-
nental shelves. The extension was accompanied by left-
lateral transtensional basins along NW-trending faults
transfer faults (Baise B. in Guangxi), probably influ-
enced by the left-lateral motion of the Red River Fault.
The area entered a period of relative tectonic quies-
cence during early Oligocene-mid Miocene when South
China Sea formed, with little stratigraphic record pre-
served on land. Tectonic exhumation in the Red River
region at around 20 m.y. produced NW-trending ex-
tensional structures in the region. Southerly extrusion
of the Kunming Block in the western part and sub-
duction process in the east during the mid-Miocene-
Pliocene resulted in E-W extension in the region, and
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local N-S compression in southern Tonkin. The west-
ward subduction of the Philippine Plate and the rever-
sal to right-lateral motion on the Red River Fault since
5 m.y.b.p. resulted in right-lateral motion and forma-
tion of pull-apart basins along NBE-trending faults in
the region (e.g. Haifeng B. in Guangdong). [Support
from HKU and PROCORE programme is gratefully ac-
knowledged].
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Abstract The north Qilian mountains are a strongly-
lineated Caledonian fold belt. Their mountain ranges,
major rivers, fold axes, fault lines, and the spatial dis-
tribution of major rock types are all more or less par-
allel to one another and trend in NWW-SEE direction.
The Caledonian plate tectonic structures have still been
well preserved despite modifications by the Indosinian
and Himalayan crustal disturbances. The north Qilian
mountains may be considered as a plate suture zone
which sutured the Alashan craton and the central-south
Qilian craton in the lower Paleozoic time. This su-
ture zone consists of an active continental margin, a
passive continental margin, and an intervening oceanic
domain. The southern margin of the Alashan craton
was an active continental margin in the lower Paleo-
zoic time, on which continental margin arcs, forearc
basin, forearc ridge, and accretionary prism were very
well developed. The northern margin of the central-
south Qilian craton was chiefly a passive continental
margin, but might be active locally in the lower Pa-
leozoic time. The intervening oceanic domain consists
of oceanic island arcs, oceanic islands, oceanic ridges,
major oceanic floor, and backarc basin ocean floor. A
Paleo-Qilian ocean with well-developed oceanic islands
and oceanic ridges is presumed to have existed during
the late Proterozoic-early Cambrian period. It started
to contract in the mid-Cambrian and a Mariana type
subduction occurred to have formed an oceanic island
arc and a backarc basin. The Andean type subduc-
tion followed in the late-Cambrian through the Sil-
urian periods, during which the paleo-Qilian oceanic
lithosphere obliquely subducted northward beneath the
southern margin of the Alashan craton, converting it
from passive to active, and produced continental mar-
gin arc, forearc basin, forearc ridge, and accretionary
prism, accompanied by the abundant granitoid intru-
sions. During the same period of time, the northern
margin of the central-south Qilian craton had remained
largely as a passive continental margin, but the paleo-
Qilian oceanic lithosphere might have also subducted
southward locally probably in the middle section of the
north Qilian mountains. The cessation of the northerly
oblique subduction in the late Silurian-Devonian pe-
riod resulted an arc-continent collision and formed a
backarc basin in the eastern section, and also left be-
hind a segment of mid-oceanic ridge, an oceanic is-
land arc, the enclosed remnant ocean, and a backarc
basin on the surface of the earth in the western sec-
tion. In summary, the lower Paleozoic plate tectonic
structures of the north Qilian mountains are charac-
terized by the orderly-arranged, well preserved mid-
oceanic ridges, oceanic island arcs, accretionary prism,
continental margin arcs, and backarc basins, and by
the occurrence of Mariana-type and Andean-type sub-
ductions, dipolar subduction, and continental rework-
ing and reactivation.
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The eastern syntaxis of the Himalayas is expressed
in the crust as a rotation of topographic, structural,
and lithologic features from dominantly east-west to
approximately north-south trends. The axis of rota-
tion of geologic features is coincidental with the high
topography of the Namche Barwa region, the expo-
sure of granulite-grade metamorphic rocks, and a ma-
jor bend in the Tsangpo River. Within the Namche
Barwa and subjacent terranes are numerous granitoids
that are associated with various events contributing to
the tectonic development of southeastern Tibet. Our
combined geochronologic and geochemical investigation
of these granitoids provides insight into mechanisms of
granite formation and helps to constrain the distribu-
tion of terranes, timing of assembly, and magmatic pro-
cesses operative in each. U-Pb SHRIMP ages establish
a complex tectonic history for southeastern Tibet, with
the presence of at least five magmatic episodes: ~250
Ma, ~120 Ma, 40-70 Ma, 18-25 Ma, and 3-10 Ma. Two
lines of evidence suggest that the Namche Barwa mas-
sif is a product of local feedbacks between tectonic and
surficial processes: 1) exceptionally young zircon ages
( 2.8-9.5 Ma) for samples collected from the Tsangpo
river gorge correspond to a period of rapid denudation;
2) granitoid geochemistry within the massif core reveals
high Rb/Sr ratios (>1.4), suggesting a fluid-absent (de-
compression) melting regime dominates near the core of
Namche Barwa.

URL: http://www.ces.lehigh.edu/groups/corners/
corners.html
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Comprehensive structural analysis based on ex-

tensive field mapping and LANDSAT TM imageries
indicates that several coastal basins in Guangdong
Province of South China, including Mirs Bay, Daya
Bay and Honghai Bay, are Late Cretaceous pull-apart
basins structurally controlled by the NE-trending Lin-
huashan Fault Zone (LHFZ). A detailed study of Mirs
Bay reveals a series of NW-trending high-angle normal
faults dipping eastward on the southwestern margin of
the basin and a broad NNW-striking fault zone on the
eastern margin. The overall basin geometry is compa-
rable to one at the mature stage of a classical pull-apart
basin. The basin intersects the 500 m-wide NE-striking
Tolo Channel Fault Zone, which displays a positive
flower structure probably formed during the oblique
subduction of the Paleo-Kula Plate under South China.
Detailed study reveals a right-lateral motion postdating
an earlier ductile deformation with a sinistral sense of
motion along the fault zone. A southward facing thrust
sheet exposed at the southern margin of the basin prob-
ably represents a detachment that formed during the
collapse of the volcanic arc. Analysis of satellite images
shows that the two basins located east of Mirs Bay are
comparable to ones in the transitional stage of the pull-
apart basin model. These three left-stepping basins are
evidence for the predominantly strike-slip nature of the
LHFZ during the subduction event, which has probably
experienced several changes in the sense of motion dur-
ing the Late Cretaceous through Tertiary in response
to changes in the geodynamic setting of the surround-
ing blocks. (Support from HKU and PROCORE pro-
gramme is gratefully acknowledged.)
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More than 2000 km of the Earth’s crust has been
telescoped by the continuous Indo-Asian collision in the
past 50-70 million years. Some models suggest that
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