form of the porosity perturbation term implicitly em-
bedded in the Biot framework is deduced, which turns
out to be solely dependent on the pressure difference of
the two phases.

A modification of the elastic parameter in the Biot
fluid pressure equation, as being sought in the BISQ
model, implies that the form of underpinning porosity
perturbation term is being altered. It turns out that
for such a modification the porosity perturbation term
must assume the dependence on the pressure difference
as well as the total pressure of the two phases. Since
the same porosity perturbation term underlies the Biot
solid pressure equation also, this equation must also be
modified accordingly.

We find that once the correction for squirt flow is
properly incorporated in the Biot theory by modify-
ing its both, fluid and solid, pressure equations on ac-
count of porosity perturbation term being dependent
on the pressure difference as well as the total pres-
sure of the two phases, the resulting framework is the
volume-averaged theory of poroelasticity (de la Cruz
and Spanos, Geophys. 1985; Sahay et al., GJI 2001).
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The objective of this study was to better understand
observed amplitude anomalies, and quantify the geo-
logic uncertainty associated with the feasibility of using
seismic AVO signatures to detect hydrocarbons in off-
shore Venezuela region. Data from four wells were an-
alyzed. Prediction of shear velocity was carried out in
selected wells as none of the wells have shear logs. Sand
and shale properties were estimated from selected zones
based on the gamma-ray logs and geologic information
about the formations.
out within the sand zones taking into account the prop-
erties of the reservoir fluids. Monte-Carlo (MC) simula-
tions, incorporating statistical variability and correla-
tions of rock properties, were used to compute normal-
incidence reflectivity and AVO gradient for different
pore fluid conditions: brine sands, oil sands and gas
sands. The computed seismic signatures were used to
evaluate the feasibility of using seismic AVO for pore
fluid and lithology discrimination. Forward modeling of
CDP gathers was carried out and AVO signatures from
synthetic CDP gathers were compared to MC simula-
tions.

Fluid substitution was carried

The main conclusions are: statistical rock physics
and AVO modeling analyses of data from wells indicate
that Pliocene gas/oil sands are expected to have ob-
servable seismic amplitude and AVO signatures, with
negative R(0) and small gradient G at top sand. How-
ever, the signature changes from Pliocene to Miocene
sands. Depth-dependent geologic trends in AVO pat-
terns were identified using data from Pliocene and
Miocene sands. Directly using Pliocene AVO patterns
to interpret amplitudes from Miocene sands without
correcting for the trend could lead to potential pitfalls.
Miocene sands are expected to have much weaker fluid
signatures, as they are high velocity, stiff sands. Vol-
canoclastics and carbonates are other possible sources
of strong amplitude and AVO signatures, and hence
may cause false alarms if not properly interpreted. A
combination of reflection polarity and strong AVO gra-
dient can help to distinguish volcanics and limestones
from the sands.
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For dynamic measurement of elastic constants of
a porous material saturated with viscous fluid when
resonance-bar technique is applied, one also observes
attenuation of the wave field. The current practice is

to interpret it in terms of solid-viscosity by assuming a
viscoelastic rheology for porous material.

The likely mechanisms of attenuation in a fluid sat-
urated porous material are: 1) motion of the fluid with
respect to the solid frame and 2) viscous loss within
the pore fluid. Therefore, it is appropriate to assume
a poroelastic rheology and link the observed attenua-
tion value to fluid properties and permeability. In the
framework of poroelastic theory, the explicit formula
linking attenuation to the properties of solid and fluid
constituents and permeability are not worked out yet.
In order to established such a link one has to work-
out solutions of appropriate boundary value problems
in such a framework.

Here, we have carried out the solution of bound-
ary value problem associated with torsional oscillation
of a finite poroelastic circular cylinder, casted in the
framework of volume-averaged theory of poroelasticity.
Analysing this solution by a perturbative approach we
are able to develop explicit expressions for resonance
frequency and attenuation for this mode of vibration.
It shows how the attenuation is controlled by the per-
meability and the fluid properties, and how the reso-
nance frequency drops over its value for the dry porous
frame due to the effect of the fluid-mass.
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A key question to all high pressure research arises
from the reliability of pressure standards. There is
some indication and discussion of an uncertainty of
10-20% for higher pressures in all standards. Simul-
taneous and independent investigation of the dynami-
cal (ultrasonic interferometry of elastic wave velocities)
and static (XRD-measurement of the pressure-induced
volume decline) compressibility on a sample reveal the
possibility of a standard-free pressure calibration (see
Getting, 1998) and, consequently an absolute pressure
measurement.

Ultrasonic interferometry is used to measure veloc-
ities of elastic compressional and shear waves in the
multi-anvil high pressure device MAXS80 at HASYLAB
Hamburg enabling simultaneous XRD and ultrasonic
experiments. Two of the six anvils were equipped with
overtone polished lithium niobate transducers of 33.3
MHz natural frequency, for generation and detection
of ultrasonic waves with a frequency sweep between
5 and 55 MHz. Different buffer - reflector combina-
tions were tested to optimize the critical interference
between both sample echoes. NaCl powder of 99.5 %
purity (analytical grade by Merck) was used as start-
ing material for manufacturing the samples used as
pressure calibrant after Decker (1971). The medium
grain size was 50 pm. The powder was pressed to a
crude sample cylinder of 10 mm diameter and a length
of 20 mm using a load of 6 tons resulting in an ef-
fective pressure of 0.25 to 0.3 GPa. The millimeter
sized samples (diameter 2.4 mm and 1.6 mm length
for 6 mm anvil truncation and diameter 3.1 mm and
1.1 mm length for 3.5 mm anvil truncation) for the
high pressure experiments were shaped with a high-
precision (4 0.5 pm) cylindrical grinding machine and
polished at the front faces. From the ultrasonic wave
velocity data we calculated the compressibility of NaCl.
This requires in situ density data. Therefore the sam-
ple deformation during the high pressure experiments
was analyzed in detail and the results were compared
with models published by different authors. The ex-
perimental results measured with different set-ups un-
der different pressure conditions were compared with
EoS-data derived from static compression experiments
up to 5 GPa (Bridgman, 1940) and up to 30 GPa (Hol-
land & Ahrens, 1998; Birch, 1986) using experimental
data from Boehler & Kennedy (1980) and Fritz et al.
(1971). At 1.2 GPa and 5.3 GPa the results of static
compression data exactly correspond to our velocity-
based data, polynomial-fitted up to the power of 7. In
the range between 2 and 4 GPa our dynamical data
have 1.5 - 3 % higher values. Furthermore the pressure
revealed according to Decker (1971) is in accordance to
our standard-free pressure calibration within the un-
certainty of the experiment.

Birch, F., J., Geophys. Res., 91, 4,949-4,954,
(1986).
Boehler, R., Kennedy, G.C., J. Phys. Chem. Solids,

41, 517-523, (1980).

Bridgman, P.W., Physical Review, 57, 237-239, (1940).
Decker, D.L., J. Appl. Physics, 42, 3,239-3,244, (1971).
Fritz, J.N., Marsh, S.P., Carter, W.J., McQueen, R.G.,
NBS Spec. Publ., E.C. Lloyd ed., 326, 201-208, (1971).
Getting, 1.C., Eos, 79, F830, (1998).
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Holland, K.G., Ahrens, T.H., Geophys. Mon. 101,
Manghnani, M.H. & Yagi, T. eds., 335-355, (1998).
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‘We describe a new and relatively straightforward

technique of determining the specific storage and the
hydraulic conductivity of a tight core sample from a
record of the upstream or/and the downstream hy-
draulic heads generated by constant-rate flow pumping.
First, an analytic solution of the general diffusion equa-
tion is derived, subject to proper boundary conditions
in which a flow pump injects fluid into a cylindrical
specimen placed between two reservoirs. The solution
for the hydraulic head consists of two parts: an asymp-
totic limit at long time scales, and a transient part
that decays with time and eventually converges to zero.
Based on our solution, the hydraulic heads of the up-
stream and downstream reservoirs will increase linearly
with time after the transient. The slope of the linear
function depends on the specific storage of rock sample
for a given test condition. The intercept of the linear
function and the difference in hydraulic head between
the two reservoirs are related to both rock hydraulic
properties and the other test system parameters. This
result suggests that we can obtain the specific storage
from the increasing rate of hydraulic head, and the hy-
draulic conductivity from the intercept or the difference
in hydraulic head if the other test system parameters
such as the compressive storage of the reservoirs and
the dimension of rock specimen are known. The most
important merit of our new method is that both the
specific storage and the hydraulic conductivity can be
simply determined from a single test record. No tedious
history matching with a transient curve is required. We
applied the new technique to a tight micritic limestone
from the Gulf of Corinth, Greece, using a core sam-
ple 38mm in diameter and 15mm in length. For the
simplicity of our test system, we removed the down-
stream reservoir. The measurement of the hydraulic
head versus the flow generated by the pump yields
5.9><10_10 m?2 of the upstream compressive storage.
‘We recorded the upstream hydraulic head generated by
the flow pumping into one end of rock specimen with
a constant flow rate of 107101113/sec. After a tran-
sient stage, the curve stabilised at a constant increas-
ing rate, as predicted. The linear increasing rate of the
head and the intercept of the linear function yielded the
specific storage as 2.8x107645.9%10~7 (m~1) and
the hydraulic conductivity as 4.1x10~1445.3x10~ 15
(m/sec), equivalent to 4.1x107 21 m?2
units.
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Although the rheology of the shallow mantle be-
neath oceanic spreading centers is generally approx-
imated by the behavior of polycrystalline olivine
aggregates, laboratory experiments demonstrate that
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the rheology of olivine aggregates can be affected by
the presence of melt or additional solid phases. In this
study we examine microstructural variation in natu-
rally deformed peridotites from the Oman ophiolite to
constrain the effects of melt and pyroxene on the rheol-
ogy of the shallow mantle. Using electron backscatter
diffraction and digital petrographic analysis, we have
measured grain size, grain shape, and lattice-preferred
orientation (LPO) of olivine and pyroxene in detailed
sections of dunites and adjacent harzburgites. Due to
the large grain size (up to 45 mm) in some rocks, we
use composite sections of multiple samples from each
locality.

We observe systematic variations in grain size, texture,
and magnitude of olivine LPO in dunites in proportion
to the width of the dunite. Wider dunites exhibit much
coarser grain size and a stronger, more orthorhombic
LPO (similar to Dijkstra et al, 2002) than narrower,
more recrystallized, dunites, which exhibit a strong
[100] pole but girdles in [010] and [001]. Harzburgites
adjacent to the dunites show olivine LPOs similar
in orientation and magnitude to those of the smaller
dunites, although some field observations indicate
the strength of dunites may be significantly different
from that of the surrounding harzburgite. Initial or-
thopyroxene data exhibit an LPO indicative of slip on
(100)[001], the easy slip system in enstatite.

Geochemical data suggest that dunites represent high
porosity conduits for melt transport. Melt flux calcu-
lations based on field measurements of the distribution
of dunite widths in Oman suggest that melt fraction is
proportional to the width of the dunite conduit [Braun
and Kelemen, 2002]. The larger grain size and stronger
LPO preserved in wider dunites may reflect enhanced
grain growth due to a higher melt fraction while the
dunite was an active melt conduit. The coarse grain
size may subsequently strengthen the wider dunite rel-
ative to the harzburgite, such that the smaller dunites
and surrounding peridotite recrystallized more during
continued deformation. These microstructural obser-
vations can be used to place constraints on the relative
viscosities of dunite and harzburgite in the shallow
mantle.
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Dykes emplacement is a key mechanism of magma
transport in the lithosphere. However, a complete dy-
namic model is not yet available, because the details
of coupling between the viscous stresses, the coun-
try rock deformation, and the role of fractures are
not fully understood. We performed experiments to
determine melt concentration and strain distributions
around basalt dykes in a San Carlos olivine matrix
with 10% wt% MORB matrix, by using a high-pressure,
high-temperature Paterson apparatus. Undrained tri-
axial compression experiments have been conducted af-
ter hot-pressing San Carlos olivine with 10% MORB,
fully encapsulated by nickel shells. Creep and con-
stant displacement rate experiments were performed at
1473 K and confining pressure of 300MPa, at constant
stresses (80-160MPa) and constant strain rates ranging
from 3x10-4 to 5x10-5s-1. Microstructural observation
and chemical analyses of the melt distribution show an
increase of MORB matrix from 10% in proximity of the
dyke (1-2mm) to 4-5% at 3-4mm away. Melt migration
appears to be controlled by the loading conditions and
by the dyke geometry. As expected, the highest melt
concentrations, and presumably, the highest stress con-
centrations, are found at the tip of the dyke. The defor-
mation of matrix appears to be controlled by granular
flow, but dilatancy occurs near the tip of the dyke, in-
dicating coupled MORB transport and granular flow.
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To investigate the factors involved in the formation
of pressure sha-dows, we have deformed a series of syn-
thetic rock samples in triaxial compression and simple
shear. Our fine-grained (~15 pm) samples are com-
posed of either 95% San Carlos olivine + 5% MORB,
93% San Carlos olivine + 2% FeS+ 5% MORB, or 95%
Beaver Bay anorthite + 5% MORB. Additionally, we
placed 5-30 small (~1 mm diameter), approximately
spherical zirconia inclusions in each sample. Compres-
sion samples were deformed to strains of 10-20%, and
shear samples were deformed to a shear strain of 250%.
These experiments were performed at P = 300 MPa and
T = 1523K for the olivine-rich samples and T = 1473 K
for the anorthite-rich samples in a gas-medium pressure
apparatus with differential stresses between 10 and 100
MPa.

Our results indicate that significant migration of
melt can occur under these conditions. In the olivine
+ MORB compression samples deformed to a strain
of 20%, melt depleted lobes with ~0.5 the original
melt concentration develop in the region of maximum
compressive stresses, and melt-rich regions containing
about 1.5 to 2.0 times the original melt concentration
occur in the region of minimum compressive stress. In
all olivine + MORB compression samples a halo of
higher melt density surrounds the inclusion. The melt
redistribution is the most pronounced in the sheared
samples, forming regions of high melt concentration
(~2.0 to 2.5 times the original concentration) in the
low-pressure regions around the inclusion.

To investigate the effect of compaction length (5. =
(kn/u)1/2, where k is the permeability, n the shear vis-
cosity, and p the melt viscosity) on the development of
pressure shadows, the results on the olivine + MORB
samples were compared to those on olivine + MORB
+ FeS and anorthite + MORB. The addition of FeS
reduces the permeability and hence compaction length
relative to the olivine + MORB samples (~1 mm versus
~10 mm). The resulting melt distribution was more ho-
mogenous with little or no pressure shadow formation.
The replacement of olivine with anorthite reduces the
shear viscosity of the sample and thus also reduces the
compaction length to ~1 mm. The final melt distribu-
tion around the inclusions is nearly homogeneous with
no partitioning of melt into a pressure shadows. These
observations suggest that the development of pressure
shadows is hindered if the compaction length is rela-
tively small, that is, on the order of the size of the
inclusions.
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In partially molten mantle rocks experimentally de-
formed in simple shear, we have previously demon-
strated that the melt will segregate if the compaction
length of the material is on the order of the sam-
ple thickness. This observation implies that melt-rich
bands will form during deformation on lengthscales
smaller than the compaction length. In this study, we
attempt to relate statistical observations of melt dis-
tributions with the measured rheological properties via
calculations of the viscous dissipation produced during
each experiment. As a system deforms, melt segregates
into melt-rich, and thus weaker, bands, which in turn
modify the solid flow field. This strain partitioning af-
fects the rheology, and thus the viscous dissipation. In
order to quantitatively relate dissipation to melt distri-
bution, we first characterize the melt distribution (or
melt band configuration) by several average properties
(average area fraction of bands and average melt frac-
tion in bands) and statistical properties (band spacing,
angle, and thickness). Then, expressions for dissipa-
tion rate are derived for a strain-partitioned system in
terms of these parameters. From these calculations, we
can characterize the evolution of melt segregation dur-
ing the experiment and the effects of segregation on the
rheological properties of the rock. Initial analyses sug-
gest that melt segregation and strain partitioning lower
the total dissipation of the system relative to a non-
segregated system. The extent to which the deforming
system evolves to a dynamic steady state (i.e. constant
average configuration and constant dissipation), is an
open question.

This study is
of how to
deformation-driven melt segregation in experiments up-

leading toward an understanding
scale the occurrence and structure of

ward to the meso-scale processes of the mantle and
lower crust. Deformation may be an important driv-
ing force for the initial segregation of melt into chan-
nels deep in a melting region and in the modification
of those channels and the solid flow field further up
in any melting region as interactions with lithosphere
intensify. Furthermore, segregated melt can dramati-
cally influence the mechanical and transport properties
of partially molten rock in a wide range of geodynamic
environments.

URL: http://olivine.geo.umn.edu
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Deformation of fluid bearing rocks affects the dis-
tribution of pore fluids. In a large number of geo-
logically important solid-fluid systems the fluid forms
an isotropic network of tubules along grain edges at
low fluid fractions. When such rocks are deformed
in the laboratory at high pressures and temperatures,
the fluid becomes distributed along grain boundaries
in narrow bands in a sense antithetic to the sense of
shear. Thus, during deformation, the fluid distribution
changes from a network of interconnected tubules along
grain edges to a planar network along the grain bound-
aries. We propose a model for the stress assisted transi-
tion from tubular network to the planar network of pore
fluid. In this model, grain boundaries do not support
any shear stress and thus can relax some of the applied
stress by sliding. However, when polycrystalline aggre-
gates are stressed, sliding grain boundaries are pinned
at triple grain junctions. As a result, stress is concen-
trated along grain boundaries near triple grain junc-
tions. The sign of normal stress along the grain bound-
aries depends on the orientation of the grain boundary
with respect to applied shear stress. Stress concentra-
tions are quickly relaxed by diffusive material transport
along grain boundaries to a uniform stress distribution
independent of position. However, during progressive
deformation, normal stress builds up along the grain
boundaries. The pressure of the liquid in a triple grain
junction changes in response to the change in grain
boundary stress. Thus, the average normal stress along
the grain boundary can increase to a critical value when
the total energy of the system is minimized by wetting
of the grain boundary by the fluid in triple grain junc-
tion. The time required to reach the critical average
stress along the grain boundaries depends strongly on
grain size for small grain sizes. Once the critical aver-
age stress is reached, fluid flows from the triple grain
junction to wet the grain boundary. A planar network
of grain boundary fluid is established. The time taken
to establish the complete network depends on the vis-
cosity of the pore fluid.

MR62A-1049 1330h POSTER

Pressure- and temperature-dependent
thermal expansivity and the effect on
mantle convection and surface
observables

Harro Schmeling! (+49-(0)69-798-23335;
Schmeling@geophysik.uni-frankfurt.de)

Gabriele Marquart? ((030) 253 50 50;
marquart@geo.uu.nl)

Thomas Ruedas! (+49-(0)69-798-24949;
ruedas@geophysik.uni-frankfurt.de)

Linstitute of Meteorology and Geophysics Univer-
sity of Frankfurt, Feldbergstrasse 47, Frankfurt D-
60323, Germany

2Faculty of Earth Sciences, Budapestlaan 4, Utrecht
3584 CD, Netherlands

In most mantle convection studies with variable
thermal expansivity only the pressure dependence is
considered. Here we investigate the effect of temper-
ature and/or pressure dependent thermal expansivity
« on the distribution of buoyancy forces in mantle con-
vection. Thermal expansivity is calculated for realistic
earth parameters and a map on its dependence on T
and p is given. By studying simple 2D constant vis-
cosity convection and comparing cases with constant
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a, a(p), a(T), and a(p, T) we find that for the mantle
temperature the pressure dependence of « is important.
For the lithosphere the dependence of a on temperature
is dominating, since the temperature dependence of «
is much stronger in the low-pressure regime. Also dy-
namic topography changes considerably if « is 7' and p
dependent compared to a constant or only p dependent
case.
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Previous research into the mechanism of planetary
core formation has lead to the conclusion that the cores
of the terrestrial planets can only develop by the set-
tling of metallic melt through a magma ocean. This
conclusion was reached by examining the equilibrium
distribution of core-forming melts in a silicate matrix
under hydrostatic pressure conditions. These studies
verified that, under hydrostatic conditions, metallic
melts are distributed in isolated pockets, that is, their

dihedral angle in olivine is > 60 However, the influ-
ence of deformation (non-hydrostatic stress) on the sys-
tem was not taken into account. Deformation experi-
ments performed in our lab have demonstrated that ini-
tially isolated iron sulfide melt pockets become aligned
during deformation, altering the permeability of the
system. In our studies, samples composed of olivine
+ iron sulfide with and without MORB were deformed
at 1523 K and 300 MPa at shear stresses ranging from
10 to 100 MPa. Samples were deformed either under
constant load or at a constant displacement rates of
1076 — 10745~ 1. Shear strains ranged from 0.8 to
2.5. The microstructures of the samples were examined
in reflected light and scanning electron microscopy. In
the case of olivine + 5 vol% iron sulfide + 10 vol%
MORB, a sample sheared to v = 2.5 in a series of con-
stant load steps revealed bands of high basalt concen-
tration. These silicate melt-rich bands are aligned at
~ 20° to the shear plane and antithetic to the shear
direction. The silicate melt fraction in the bands is
~ 0.2 while the melt fraction in the regions between the
melt-rich bands is ~ 0.02. The silicate melt bands are
< 50pum wide and are space ~ 100um apart. The aver-
age size of the iron sulfide blebs in the silicate melt-rich
band is larger than the average size of blebs outside the
band. Two other samples of the same composition were
sheared to strains of 0.8 and 1.5 at constant displace-
ment rates but lacked melt-rich bands. In the case of
olivine + 5 vol% iron sulfide without MORB, iron sul-
fide melt-rich bands developed in a smaple sheared to
v = 1.5 in constant load steps. The sulfide blebs in this
sample coarsened as isolated blebs interconnected dur-
ing deformation, leading to the development of metallic
melt-rich bands. Therefore, we conclude that deforma-
tion may make it possible for core-forming melt to ac-
cumulate in and segregate from a solid silicate matrix.
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Fluid flow at oceanic spreading centers controls the
cooling and rheology of oceanic lithosphere, the bi-
ological and chemical evolution of hydrothermal sys-
tems, and serpentinization of mantle peridotite. Faults
provide conduits for focused flow at the ridges and
likely provide the channels necessary to sustain high-
temperature hydrothermal vents. However, dispersed
fluid flow can be accommodated though a zone of ther-
mally fractured rock and promote distributed serpen-
tinization of the lithosphere at slow spreading ridges.
Thermal fractures form in upwelling mantle peridotite
due to both thermal expansion anisotropy and ther-
mal expansion mismatch between mineral grains. To
test the applicability of micromechanical models for
thermal cracking in peridotite and determine the criti-
cal stress intensity factor necessary to initiate thermal
cracking in the oceanic lithosphere, we have run con-
trolled cooling rate experiments on hot-pressed olivine

aggregates. During the experiments, we use a pore

fluid monitoring technique to determine when cracking
proceeds to an extent where an interconnected microc-
rack network develops. By varying grain size, cooling
rate, and confining pressure during the experiments, we
can either enhance or suppress thermal cracking within
the olivine samples. Larger grain sizes (38 - 60 mi-
crons) or faster cooling rates (1°C/s) enhance microc-
rack formation. Based on our experiments, we estimate
a critical stress intensity factor of ~ 0.65 — 0.75 MPa
m1/2. The laboratory experiments can be scaled to the
Earth using micromechanical models for the influence
of grain size and cooling rate on the freezing tempera-
ture for viscous dissipation of thermal stresses (Evans
and Clarke, 1980). The depth extent of thermal crack-
ing can be estimated by coupling micromechanical mod-
els of stress intensity resulting from anisotropic thermal
contraction with thermal models for upwelling mantle
at oceanic spreading centers. Our analysis indicates
that thermal cracking of peridotite is likely at depths
less than ~ 4 km beneath the seafloor and at tempera-
tures less than ~ 350°C. These predictions agree well
with the depth of a transition from serpentinized to un-
altered peridotite in the oceanic lithosphere determined
from seismic observations.
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We quantitatively link permeability to diagenesis
in sandstone by conducting numerical pore-scale fluid-
flow experiments on a CT-scanned sample. The 3D
micro-topology of the sample is represented by zeros
for the pores and ones for the mineral phase. Abso-
lute permeability is obtained from lattice-Boltzmann
viscous flow simulation in the digital pore space. The
numerical results closely match measured permeability
in the sample. We numerically alter the original digital
sample by (a) depositing cement on the grain surface
and (b) inserting small "silt” particles into the pore
space. By calculating the permeability of the altered
sandstone, we obtain permeability-porosity trends that
differ depending on the diagenetic alteration process.
Thin-section 2D images of rock are much cheaper to ob-
tain and more readily available than 3D images. Thus
we explore the possibility of obtaining accurate perme-
ability estimates from 2D images. In this approach,
the 3D digital pore space realizations are generated
from digitized 2D images via statistical indicator simu-
lation. We produce digital 2D images from the original
3D digital sample by slicing it in the computer. The
2D porosity of the slices, on average, is the same as the
measured 3D porosity. However, the statistical spread
around the average value is noticeable. It is remarkable
that the calculated permeability of the statistically re-
constructed 3D realizations matches, on average, the
calculated permeability of the original digital sample
and also the measured permeability. Finally, we ap-
ply diagenetic alterations to 2D slices, statistically re-
construct the corresponding 3D samples, and calculate
their permeability. The results indicate that in clas-
tic sediments, absolute permeability can be accurately
estimated from 2D sections. Also, the effect of diage-
nesis on porosity and permeability can be quantified
using 2D section alteration and realistic permeability-
porosity trends can be established.
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For geological materials, there are few experiments

investigating the effect of second phase on semi-brittle

flow. Under circumstances where the matrix deforms
via plasticity or viscous creep, microvoids near sec-
ond particles may nucleate either by decohesion of the
particle-matrix interface or by particle fracture. The
mechanical behavior may be greatly influenced by the
presence of such microvoid which can, for example, lead
to pressure sensitivity of plastic flow and ductile frac-
ture. In this paper, we extend the previous studies
of semi-brittle flow of synthetic calcite-quartz aggre-
gates to a range of temperature and effective pressures
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where viscous creep occurs. Triaxial deformation ex-
periments were performed on Solnhofen limestone and
hot-pressed calcite-quartz aggregates containing 10, 20
and 30 wt% quartz at confining pressure of 300 MPa,
pore pressure 50 to 290 MPa, temperature from 673K
to 1073K and at strain rates of 3.0x10 2, 8.3x10 9
and 3.0x10~%4. Starting porosity varies from 5 to
9%. We made axial and volumetric strain measure-
ments during the mechanical tests, measured pore vol-
ume change by monitoring the volume of pore fluid
that flows out or into the specimen at constant pore
pressure. Yield stress increases with decreasing poros-
ity and shows a dependence on both effective pressure
and strain rate. Thus, the yield stress versus effective
pressure can be described as a yield surface with neg-
ative slope that expands with decreasing porosity and
increasing strain hardening, gradually approaching the
envelope of strength at 10% strain, which has positive
slope. The local slope of yield surface (u) varies from
-0.1 to -1.2, and dilation coefficient (3) from -0.1 to
-0.66. At high effective pressure, the value of (u+p3)
may be favorable for formation of compaction band [Is-
sen and Rudnicki, 2001]. Creep of porous rock can be
modeled to first-order as an isolated equivalent void
in an incompressible nonlinear viscous matrix [Budi-
ansky et al.1982]. Based on their constitutive equa-
tions, we used an incremental method to calculate the
strain-stress curve of the porous material under a con-
stant external strain rate. The numerical simulations
reproduce general trends of the deformation behavior of
the porous rock as observed in our experiments, includ-
ing the decrease of yield stress with increasing effective
pressure and significant strain hardening at high effec-
tive pressure. The drop of yield stress with increasing
porosity is modeled well, and so is the volumetric strain
rate, which increases with increasing porosity.
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Geologists have recently discerned naturally occur-
ring discrete localized planar zones of deformation,
associated with compaction of initially high-porosity
rock. Compaction bands are characterized by signifi-
cant porosity reduction and grain crushing, which may
influence fluid transport, and stress and strain distri-
bution in sedimentary formations. Thus, it is impor-
tant to understand the conditions whereby compaction
bands form and develop. A theoretical continuum ap-
proach of Issen and Rudnicki, associates an instability
in the elastic constitutive relation with the emergence
of planar compaction bands, perpendicular to the com-
pressive principal stress. In order to gain insight into
the formation mechanisms of the compaction bands un-
der a variety of boundary conditions, we developed a
discrete model, where the material is represented as a
hexagonal lattice of springs that can transfer only nor-
mal forces (Central Force Spring model). In contrast
to a continuum formulation the discrete lattice model
allows for a statistical distribution of material proper-
ties (e.g., Young modulus, stress threshold etc). The
occurrence of grain crushing and porosity reduction is
represented by a change in the elastic properties of each
element that exceeds a certain stress threshold. The
emergence of compaction bands is simulated by the re-
sponse to the redistribution of forces of the subsequent
modified spring-network (with now altered elements)
under the same tri-axial loading regime. Parametric
analysis is conducted to explore the conditions under
which compaction bands form and develop.
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Compaction band is commonly observed in sand-
stone and even in the honeycombed material (Papka
and Kyriakides, 1999). In sandstone, the compaction
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bands come into being only under a narrow interval
of confining pressure (Olsson and Holcomb, 2000), and
these confining pressures are around the critical value
for cataclastic flow (Zhang, Wong and Davis, 1990).
Critical pressure of cataclastic flow is related to the
particle size distribution, porosity, Poisson ratio, frac-
ture toughness, initial crack size, and Young’s mod-
ulus. For quartz rich sandstone, except the particle
size distribution and porosity, the other factors are al-
most identical. So the particle size and porosity are
thought to have key effects on the formation of com-
paction bands. Numerical experiments are conducted
on samples with uniformly distributed balls using dis-
crete element method. In the sample with wide rang
of particle size, the force chains are developed along
the dominant large balls, which form the frame of the
sample. In more homogeneous material, the force dis-
tribution is more uniform. And under moderate hydro-
static compression, some of the balls reach their criti-
cal force gradually, and often in tabular or sub-tabular
style. If biaxial load are performed right after this,
compaction bands are supposed to arises. While when
the hydrostatic compression increase, most of the balls
reache their critical force, and the cataclastic flow oc-
cur. Further experiments will be done on different size
distribution such as fractal distribution.
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To investigate the influence of porosity change on
the brittle-ductile transition, we conducted a system-
atic investigation of the phenomenology and microme-
chanics of shear-enhanced compaction, dilatancy and
failure in the Solnhofen, Tavel and Indiana limestones
with porosities ranging from 3% to 16%. Hydrostatic
and triaxial compression experiments were conducted
on nominally dry samples at confining pressures up to
435 MPa. Under sufficiently high confinement, shear-
enhanced compaction was observed in all three lime-
stones. The compactive yield behavior of Solnhofen
limestone samples (with initial porosities as low as
3%) is phenomenologically similar to that of carbonate
rocks, sandstone and granular materials with porosities
ranging up to 40%. The compactive flow is commonly
observed to be a transient phenomenon, in that the
failure mode evolves with increasing strain to dilatant
cataclastic flow and ultimately shear localization. It
is therefore inappropriate to view stress-induced com-
paction and dilatancy as mutually exclusive processes,
especially when large strains are involved as in many
geological settings. Synthesis of our new data and pub-
lished data on more porous carbonate rocks show that
the compactive yield stress decreases with increasing
porosity. At the same porosity, the compactive yield
stress of a carbonate rock is lower than that of a sili-
ciclastic rock. Microstructural observations show that
the inelastic compaction arises from pore collapse ac-
companied by crystal plasticity and cataclastic pro-
cesses in the solid matrix. Several versions of the plas-
tic pore collapse model were employed to interpret the
micromechanics of compaction and failure in these car-
bonate rocks.
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The complete set of 21 elastic stiffnesses of a com-
posite material is found from ultrasonic measurements
of the phase velocity anisotropy. Co-planar arrays of
specially constructed near-point ultrasonic transduc-
ers of differing polarizations are used to generate and
recorded ultrasonic waveforms travelling at a variety
of differing angles within a number of differing planes
through a composite material. Using a well-tested tau-
p plane wave decomposition technique, quasi-P and
quasi-S wave phase-speeds are obtained from these ul-
trasonic waveforms. The resulting 779 individual phase

velocities are inverted, under no a priori presumptions
about the symmetry or orientation of the material, to
provide all the stiffnesses of the material. These show
the composite material has a nearly orthorhombic sym-
metry as is expected from its visually observable tex-
ture. This orthorhombic character is further apparent
in a number of bootstrap tests of the inversion that as-
sumes differing levels of symmetry from triclinic to or-
thorhombic and using various subsets of the measured
phase velocities. However, the present analysis of the
anisotropic material does not account for the effects
of wave-speed dispersion evident in the observed wave-
forms. This dispersion is particularly severe for the in-
plane quasi-S wave polarization and is possibly a con-
sequence of the fine layered structure of the material.
Some effects of dispersion on the tau-p plane wave de-
composition technique are examined in data acquired
on a block of isotropic plexiglass. This technique will
be applied to a layered sedimentary rock and some of
the preliminary results will be presented.
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Microstructures in naturally deformed rocks form
the crucial link between experimental and theoreti-
cal rock deformation studies and the interpretation of
large-scale tectonic processes. In this respect, calcite
is one of the best-studied crustal materials, and a large
body of data exists on both natural and experimen-
tal deformation at a wide range of conditions. At rel-
atively high temperature, deformation conditions pre-
dicted on the basis of experimental work show reason-
ably good agreement with estimates from natural rocks.
At low temperature, however, there is far less consis-
tency, which appears to be largely due to uncertainties
associated with the interpretation of microstructures in
terms of specific mechanisms.

In this study, we investigated calcite mylonites from
the Helvetic Nappe stack (Swiss Alps) with the aim
of establishing criteria to interpret low-temperature
deformation and recrystallization microstructures in
rocks that potentially deformed by multiple mecha-
nisms. The samples were taken from three major thrust
planes and showed a systematic increase in deformation
temperature in the range 250-400° C. Geological con-
straints imply a constant strain rate along individual
thrusts in the order of 10~ 10-107 1 s~1. Microstruc-
tures were analyzed applying quantitative image anal-
ysis techniques.

The calcite mylonites show grain size distributions
that are close to lognormal. Average values (ranging
2-40 pm), distribution ranges and aspect ratios of the
grains all increase with temperature. The microstruc-
tures show evidence for subgrain rotation recrystalliza-
tion at the lowest temperature, giving way to migra-
tion recrystallization at higher temperature. Appli-
cation of recrystallized grain size piezometers resulted
in unrealistically high values of paleo-stress, occasion-
ally even above lithostatic pressure. As an alternative
then to these piezometric relations, the measured grain
size distributions have been incorporated in compos-
ite rheological laws of grain size sensitive (GSS) and
grain size insensitive (GSI) creep, applying up-to-date
experimentally calibrated flow laws for calcite. Us-
ing the above strain rates as constraints, more realistic
stress values of 60-90 MPa resulted. More importantly,
the observed change in aspect ratio of the deformed
grains appears to correlate with a change in contri-
bution of GSS mechanisms to the overall strain rate.
It follows that grain size distribution and aspect ratio
form potential microstructural parameters that allow
meaningful interpretation of rocks deformed by multi-
ple (GSS+GSI) mechanisms.
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Hydrous fluids migrating on fault planes undergo
decompression and thus local disequilibrium, react-
ing with their wallrocks and depositing or dissolving
species. This physico-chemical interaction will affect
local fluid flow, permeability and effective stress in
the region of the fault, and may lead to fault valving.
For a geologically meaningful system we have studied
the reaction between dilute sulphuric acid and oolitic
limestone under constant volume flow. The carbonate-
gypsum reaction doubles the solid molar volume, and
is capable of blocking the pore space, leading to large
increases in the pore fluid pressure under constant vol-
ume flow conditions. 0.1M acid was circulated through
38mm diameter core plugs of Indiana limestone in a
heated Hassler cell at 90°C, at which conditions gyp-
sum precipitates as blockyprisms. Confining and end
loads were 20Mpa and 10Mpa respectively, pore fluid
pressure was measured at the in-flow and out-flow pis-
tons. The out-flow pore fluid pressure was controlled
at 3.5 MPa by a back pressure regulator and the flow
rate through the plug was 15cm3.day-1. After some 24
hours the in-flow pore fluid pressure began to oscillate,
showing repeated cycles of gradual rise to a differential
pressure of 1.2MPa, followed by a sudden drop, giving
a saw-tooth appearance in the fluid P/time relation-
ship. At the experiments end the up-stream face of the
core had been entirely converted to solid gypsum except
where penetrated by a small number of holes 1.5mm in
diameter. X-ray tomography showed that these holes
are the terminations of narrow dissolution channels
(wormholes) that penetrate approximately parallel to
the core axis. The pressure oscilations are interpreted
as resulting from chemico-mechanical coupling at the
wormhole tip as it sequentially reacts to blocks the
pore space, then breaks through as the pore fluid pres-
sure rises. The maximum 1.2MPa thus gives the tensile
strength of the gypsum reaction lining to the worm-
hole tip, equating to a hydraulic head of about 100m.
This implies that fault valving would be impossible for
this system for fluid reservoirs separated by more than
this height difference. It seems, therefore, that the effi-
cacy of valve faulting process in porous rocks is limited
primarily by the local tensile strength of the mineral
sealing deposited on fault walls.

URL: http://www.glg.ed.ac.uk/science/rockphysics
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It is commonly observed that dynamic recrystalliza-
tion can affect the rheology of rock materials by alter-
ing the microstructure during deformation. The rhe-
ology of dynamically recrystallizing materials can be
affected by changes in the dislocation substructure or
by changes in grain size distribution, leading to a dif-
ferent relative contribution of grain size sensitive and
grain size insensitive creep. The grain size distribu-
tion can be altered by different processes associated
with dynamic recrystallization, such as the consump-
tion or coalescence of grains by migrating boundaries,
leading to grain growth, or the formation of new high
angle grain boundaries, leading to grain size reduction.
This study focuses on two major issues related to the
rheology of dynamically recrystallizing materials: (1)
the development of a recrystallized grain size distribu-
tion and its dependence on the deformation conditions,
and (2) assessment of rheological weakening due to dy-
namic recrystallization and its importance for strain
To investigate this, the effect
of strain, temperature, stress and strain rate on rheol-
ogy, microstructure and recrystallized grain size distri-
bution was systematically explored using experiments
on wet and dry polycrystalline halite. Samples of both
wet and dry materials were deformed at 50 MPa confin-
ing pressure and strain rates of 5x10~ T-1x10~ % s_l,
temperatures of 75-240°C and stresses of 7-22 MPa.
The experiments stress the importance of water for de-
formation of rock materials as wet and dry polycrys-
talline halite show distinctly different flow behavior
and strength at similar deformation conditions. Defor-
mation of dry polycrystalline halite results in contin-
uous work hardening and development of a clear sub-
grain structure under the investigated conditions. De-

localization in nature.

formation of wet polycrystalline halite results in oscil-
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lating flow stress accompanied by progressive subgrain
rotation and massive fluid-assisted grain boundary mi-
gration, leading to a much lower flow stress than in the
dry material. The observed flow behavior and strength
can only be explained when composite dislocation and
solution-precipitation creep in combination with grain
boundary migration recrystallization are taken into ac-
count. Most of the resulting recrystallized grain size
distributions of wet polycrystalline halite were found
to be close to lognormal with a median grain size and
standard deviation that decrease with increasing stress
and temperature. The data allowed testing of available
models for the development of steady state dynamic re-
crystallized grain size distributions. From the observed
flow behavior, we infer that dynamic recrystallization
does not lead to major rheological weakening in ma-
terials exhibiting relatively fast grain boundary migra-
tion. Therefore, it is unlikely that rheological weaken-
ing by grain boundary migration is sufficient to lead to
strain localization in geological materials that in gen-
eral exhibit lower migration rates than wet polycrys-
talline halite.
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The crystallographic preferred orientations (CPO)
of mineral phases in gabbroic rocks are a key compo-
nent for our understanding of the physical properties
(rheology, seismic velocities and anisotropy, ...) of the
lower continental crust and oceanic crust. In the past,
the CPO of gabbros were rarely analyzed, because of
the difficulty of measuring low-symmetry crystal (pla-
gioclase, clinopyroxene) orientation using the universal
stage. The recent use of the EBSD (Electron Back-
Scattered Diffraction) technique in geosciences makes
the measurement of these minerals much easier, using
a scanning electron microscope.

We present a series of EBSD measurements of CPO
in gabbroic rocks from the Oman ophiolite, from the
lower crust at the South-West Indian ridge (ODP Hole
735B), and from igneous intrusions in the Itabuna belt
(Sao Francisco craton, Bahia, Brazil). The measured
samples cover a wide range of flow conditions, from
magmatic flow to plastic flow at the ductile/brittle
transition, with an emphasis on the high-temperature
structures.

Plagioclase is the dominant mineral phase and forms
the solid framework. Its fabrics generally display a gir-
dle of [100] in the foliation plane, with a maximum par-
allel to the mineral lineation, a point maximum of [010]
normal to the foliation, and a weaker concentration of
[001] in magmatically deformed samples. Moving from
magmatic flow to dislocation creep, the fabrics tend to
retain their strong [010] point maximum and to have
weaker [100] and stronger [001] maxima.

The fast direction of elastic wave propagation in
plagioclase is [010]. Consequently, the effect of plagio-
clase in a foliated gabbro (i.e. fast direction normal to
foliation) tends to be opposite to the one of olivine and
clinopyroxene (i.e. fast direction parallel to lineation),
resulting in a weak anisotropy, with a fast-propagation
direction strongly dependent on the modal composition
of the gabbro. Results are compared to the more classi-
cal fabrics and seismic properties of mantle peridotites.
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The perspectives of indentation techniques for the
investigation of the rheology of minerals and rocks
are explored. Microindentation hardness tests us-
ing a Vickers pyramid geometry on various minerals
show that this method is suitable to investigate the

strength of minerals in the low-temperature plastic-
ity regime. Experiments on the pyroxene solid so-
lution series jadeite-diopside revealed a good correla-
tion between hardness and shear modulus indicating
that jadeite and diopside belong to the same isome-
chanical group. Hardness tests on olivine provided in-
sight into its strength anisotropy. Orientation analy-
sis of SEM scale slip lines allowed the determination
of the activated slip systems, with the crystal orienta-
tion determined by EBSD. Impression creep tests us-
ing a cylindrical indenter were performed to study the
high-temperature deformation behaviour of materials
at low strain rates. This method was originally es-
tablished in engineering materials science, but has not
previously been applied to minerals. Creep parame-
ters obtained by impression creep tests compare well
to those obtained in conventional uniaxial creep tests.
The microstructure around the indents and its evolu-
tion along strain and strain rate gradients can be stud-
ied. Both methods require a minimum of sample prepa-
ration. While microindentation hardness tests can be
performed on small grains within natural aggregates,
impression creep tests are suitable for both single crys-
tals and polycrystalline aggregates.
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‘We compare the frictional strengths of 16 sheet-
structure minerals, measured under oven-dried and
water-saturated conditions, to identify the factors that
cause them to be relatively weak compared to most
other rock-forming minerals. We ran room-temperature
frictional sliding experiments on sawcut rock samples
containing a 1-mm layer of gouge of a given mineral sep-
arate. The samples were vacuum-dried at 120 degrees
C overnight and then immediately tested in a triaxial
apparatus at 100 MPa normal stress and 0.5 microme-
ters/sec sliding velocity. The samples were sheared dry
to 4 mm displacement, then water was introduced to a
pressure of 10 MPa and sliding was resumed at 100 MPa
effective normal stress. Preliminary work (Morrow et
al., 2000, Geophys. Res. Lett., v. 27, pp. 815-818)
indicated a possible correlation between the coefficient
of friction of a dry gouge and the strength of its in-
terlayer bonds, and the new results verify this corre-
lation. The dry values of coefficient of friction range
upwards from about 0.2 for graphite, levelling off at
about 0.8 for margarite, clintonite, gibbsite, kaolinite,
and lizardite. SEM examinations support the hypothe-
sis that for those gouges with a dry coefficient of fric-
tion less than 0.8, shear occurs by breaking through the
interlayer bonds to form new cleavage surfaces. For
samples whose dry coefficient of friction is approxi-
mately 0.8, consistent with Byerlee’s law, the inter-
layer bonds are sufficiently strong that other frictional
processes dominate. This correlation suggests that the
energy input associated with a given value of the co-
efficient of friction may be calibrated against labora-
tory cleavage measurements (e.g., about 5000 mJ/sq.
m surface energy of muscovite cleaved in a vacuum;
dry coefficient of friction of 0.6). The addition of wa-
ter causes strength to decrease for every mineral except
graphite. The range of values for water-saturated co-
efficient of friction is 0.2 for talc and graphite to 0.7
for the brittle micas margarite and clintonite. If these
minerals are separated into groups with similar crystal
structures, the water-saturated coefficient of friction
increases with increasing interlayer bond strength in
each group. We propose that the water in the saturated
gouges exists as thin, structured films that are bonded
to the plate surfaces proportional in part to the min-
eral’s surface energy; the water-saturated coefficient of
friction would then reflect the stresses required to shear
through the water films. Increasing temperature and
pressure would tend to reduce the width of the water
films and cause the strength to increase towards the
limiting dry value.

MR62A-1064 1330h POSTER

Primary Grain Shapes and Grain
Preferred Orientations: Why NO
Analysis of Finite Strain is Complete
Without Their Incorporation

Paul H. Wetmore® (213-740-8261;
wetmore@earth.usc.edu)

Scott R. Paterson (213-740-6103;
paterson@earth.usc.edu)

IDept. of Barth Sciences, University of Southern
California, 3651 University Ave., Los Anglese, CA
90089, United States

The final shapes and orientations of fabric elements
(e.g. quartz grains in a sandstone) used to quantify
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the intensity of finite strain experienced by a rock
is the product of distortions,
rotations on a pretectonic primary fabric.

volume changes, and
Unfortu-
nately, most studies reporting quantitative assessments
of finite strain assume initially spherical shapes, non-
spherical but randomly or uniformly oriented fabric el-
ements, or that the effect of primary fabrics are iden-
tifiable even after straining.

In this study we have compiled the results of >150
fabric ellipsoid determinations from a variety of unde-
formed sedimentary and volcanic rock types including
multiple fabric elements (e.g. crystals, pumice) from
within the volcanics. While depending greatly upon the
rock type and the particular fabric element in question,
the primary fabric ellipsoids determined here range
from those that only slightly departed from a sphere
(e.g. sandstones: 1.3: 1.1: 1; pebbly mudstonel.25:
1.15: 1: HBL in volcanics: 1.2: 1.1: 1) to those which
are extremely oblate (e.g. pumice: 3.2:2.4:1; shale:
1.5: 1.4:1). These results highlight the need for cau-
tion when selecting the type of fabric element used in
strain analyses. This arises from the observation that
some populations of fabric elements, such as pumice,
not only yield relatively high initial mean axial ratios
but also exhibit a broad range of initial axial ratios.
Additionally, since the final fabric ellipsoid is the mul-
tiplicative product of the primary ellipsoid and the su-
perimposed strain ellipsoid, the data generated in this
study indicate that even for the fabric elements that
yield relatively small primary fabric intensities the ef-
fect on the final ellipsoid may be dramatic. For ex-
ample, the 2D combination of a primary fabric ellipse
with a ratio of 1.3:1 with a strain ellipse of 2:1 would
result in a final ellipse of 2.6:1, an apparent 30% more
extension if the preexisting fabric is not accounted for.

Because the orientations of the primary fabric ellip-
soids reported here rarely exhibit consistent relation-
ships to bedding directed removal of the primary fab-
ric contribution is not generally possible. We suggest,
however, that the most appropriate means of correcting
for the affect of a primary fabric is to multiply the finite
fabric ellipsoid by the reciprocal of the mean primary
fabric ellipsoid axis by axis for every axis combination.
This process, therefore, brackets the range of possible
final strain intensities.

MR62B MCC: Hall C Saturday
1330h

Elasticity and Constitution of the
Earth’s Interior I Posters (joint with S,
T, V, DI)

Presiding: S V Sinogeikin, University
of Illinois; R M Wentzcovitch,
University of Minnesota

MR62B-1065 1330h POSTER

Equation of state of K+ Fe at high
pressure: K in the Earth’s core?

Kanani K. M. Leel ((510) 643-8325;
leeka@uclink.berkeley.edu)

Raymond Jeanloz! (jeanloz@uclink.berkeley.edu)

IDepartment of Earth Planetary Science University
of California, Berkeley, 307 McCone Hall, Berkeley,
CA 94720-4767, United States

X-ray diffraction to 60 GPa of potassium heated
with iron reveals a 2-3% inflation of the hexagonal
close-packed unit-cell volume of Fe, suggesting that
K dissolves into the e-Fe phase at pressures above
~25 GPa. The equation of state of this K-Fe phase
is well described by the Birch-Murnaghan formalism
[Birch, 1978], with a zero-pressure isothermal bulk
modulus slightly higher than that of e-Fe: Kgp = 240
(£10) GPa, assuming a pressure derivative Kgp’ = 4.
Our results are compatible with both theoretical [e.g.,
Bukowinski, 1979] and experimental work [Parker et
al., 1996] indicating that K transforms from alkali- to
transition-metal character under pressure. The impli-
cation is that potassium can indeed be incorporated
into the core early during Earth history, and thus pro-
vide an additional source of heat for the geodynamo
and mantle dynamics.
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