separates the 4 km-thick Plio-Pleistocene South Wan-
ganui Basin from the recently uplifted North Island
axial ranges, to the west and east, respectively. The
KMFS represents the westernmost expression of upper
plate deformation associated with Hikurangi subduc-
tion over the last 2 million years. A seismic reflection
network of lines acquired 1.5 km apart across the KMFS
provides a way of constraining the Plio-Pleistocene tec-
tonic activity in the region. Strike-projected, vertical
separation profiles (D/L) demonstrate the interplay be-
tween faults, and indicate a regional southeast migra-
tion of the compressive system with time. Basement
fault geometry suggests reactivation of a normal fault
system and a minor amount of strike-slip motion. Fault
terminations suggest that these faults have remained
fixed with no lateral propagation since at least 1350
kyr. Cumulative D/L profiles have clear bell shapes,
which contrast with the asymmetric shapes of individ-
ual D/L profiles. This suggests that the KMFS is a
mature fault system with fault lengths initiated early
in the evolution of the fault zone due to the pre-existing
crustal heterogeneities under a constant regional strain
regime. Long-term slip rates were derived from vertical
separations across horizons dated 120, 620, 1000, 1350,
2400 and 3000+ kyr, for 21 fault segments. The max-
imum vertical slip rate on any one fault is less than 1
mm /yr, but the maximum long-term (1350 kyr) cumu-
lative slip rate across the whole KMFS reaches 2.1+ /-
0.6 mm/yr. Late Quaternary deformation suggests slip
rate magnitudes ranging from 0.1-1.4 mm.yr-1 over the
last 10,000 years. Slip rates for the 0-120 kyr period
increased, and the cumulative maximum slip rate for
the KMFS reaches 5.0 +/- 1.5 mm/yr.
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Deformation within continents involves multi-scale
responses such as localized brittle faulting (mainly
in the upper crust) and more distributed deforma-
tion commonly modeled as elastic, viscous, or visco-
elastic behavior (within the lower crust and upper man-
tle). This study investigates the interaction between
localized faulting and distributed elastic flexure within
intra-plate extensional settings. The geodynamic mod-
els presented are inspired by deformation observed at
the Rio Grande rift, where Neogene extension appears
to have been controlled by pre-existing lithospheric-
scale heterogeneities and where pre-existing (Laramide)
structures show evidence of rift-related extensional re-
activation. The idealized models explore the evolu-
tion of new and pre-existing brittle faults in an upper
crustal layer during flexural bending of the lithosphere.
Particular attention is devoted to understanding how
flexure interacts with faulting within both the hang-
ing wall and footwall blocks of asymmetric half-graben
(such as the Espanola or Albuquerque basins of the cen-
tral Rio Grande rift). The model results suggest that
the combination of flexure and faulting within a bend-
ing plate can explain certain enigmatic features of the
central Rio Grande rift, including topographically high
rift-flanks on both the hanging wall and footwall blocks
of asymmetric basins.
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Detail Structure of San Andreas Fault
Jog in Cholame Valley From
Small-Scale Topography and Sesmic
Data
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Lawrence Berkeley National Laboratory, 90-1116, 1
Cyclotron Rd.,, Berkeley, CA 94720, United States

The significance of the Parkfield area is in it being
a transition zone between creeping NW and locked SE
sections of San Andreas Fault (SAF), which makes it a
most likely spot defining future seismic activity of the
region. The detailed studies of seismicity generated by
Parkfield 1996 M6 event revealed very high seismic ac-
tivity in Cholame valley region SE of the Parkfield and
ruptures along Cholame valley tracing the fault along
the surface. In the middle of the valley SAF has about
1.5 km jog to SW after which it continues to go in SE
staying parallel to the original direction. The jog ge-
ometry had no surface evidence and was determined
on the basis of epicenter locations of multiple events
in this area. Seismic and theoretical studies (Hanna,
et. Al. 1972; Eaton et. Al. 1970; Harris and Segall,
1986) suggested a complex structure of the jog area,
being and interacting segment of two parts of SAF.
Such segments usually represent wide zones with mul-
tiple fractures oriented at 45 degrees with respect to
main fault orientation and which connect isolated seg-
ments of a fault. The corresponding micro-fracturing
was observed in multiple locations of Cholame valley.
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Extent and mechanical properties of interacting seg-
ments have strong impact on accumulated strain re-
lease. The fault structure studies in Cholame valley are
mostly based on seismic information since valley sedi-
ments cover bedrock and do not allow accurate fault
mapping. Nevertheless we have found that low ampli-
tude topography features of the valley apparently af-
fected by bedrock surface geometry. The fault can be
traced along both sides through an existing point of
connection of jog with SW strand of SAF. Also there
is a wide shear zone of interaction between upper and
lower parts of SAF. Multiple NS oriented faults which
make 45-degree angles with traces of SAF are quite visi-
ble. Image features also suggest a straight continuation
of NW part of the SAF in SE direction after passing
the jog. In the same time the NW straight extension
of SE part of the SAF connects it with mapped part of
the South-West Fracture Zone (SWFZ). This result sug-
gests the Cholame valley fault structure represent two
faults SAF and SWFZ, which were separate at some
point in history but began interacting through devel-
opment of zone of shear faulting in the middle of the
valley leaving some of their old parts temporarily inac-
tive.
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New Views of the Structure and
Composition of the Deep Earth III
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Badro, University Paris VI - Institut de
Physique du Globe
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The questions of lower mantle composition and ther-
mal structure pose a considerable challenge for mineral
physics. The pressures and temperatures of this re-
gion are difficult to simulate and measure accurately in
the laboratory, and the phases likely present in this re-
gion are difficult to synthesize as high quality samples
for accurate physical properties measurements. Nev-
ertheless, over the last decade there has been enor-
mous progress on characterizing the elastic and ther-
mal properties of lower mantle phases. We review some
of the recent experimental breakthroughs. These re-
sults have been used to infer the average composition
of the lower mantle by extrapolation of mineral prop-
erties to lower mantle conditions and comparing them
to global 1D Earth models, and also via formal inver-
sion of seismic velocity and density profiles for com-
position. Inversions of density and bulk sound veloc-
ity are able to place constraints on the Mg/Si and the
Mg/Fe ratios, but are less sensitive to Al and insensi-
tive to Ca contents. This is in part due to recent exper-
imental results which indicate that the bulk modulus of
(Mg, Fe,Al)(Si,A1)O3 perovskite does not change much
with Al content (contrary to previous experiments).
However, the shear properties of aluminous perovskite
differ substantially from those of Al-free perovskite,
making the shear properties of the lower mantle a sen-
sitive indicator of Al content. We discuss the range of
compositional models consistent with the present lab-
oratory results, and the most critical mineral physics
results needed to further refine compositional and ther-
mal models for the lower mantle.
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Most constraints on lower mantle composition come
from comparison of seismic profiles with their equiva-
lents deduced from mineral physics. For seismologists,
the parameters of primary interest are the velocities
Vp and Vg and their lateral variations, whereas the
most readily determined properties experimentally are
Kg and p. Therefore, the two sets of results cannot
be directly compared. Additional data analysis and
thermodynamic modeling are then necessary. In this
study, we apply a generalized inverse method and re-
cent and highest quality experimental and seismological
observations to compute the lower mantle composition
and corresponding temperature profile. This method
calculates the parameters (composition and tempera-
ture) which minimize a misfit function (density and
bulk sound velocity) to best match global 1-D seismo-
logical profiles. We demonstrate that the Fe/Si and
Mg/Si (molar) ratios are well constrained, and that
there is a degree of covariance between the Ca/Si ratio
and the Mg/Si ratio. The Al/Si ratio is only poorly
constrained. The physical properties we have chosen
yield a lower mantle model which is chemically homo-
geneous from 800 to 2700 km. Our method also gives
the a posteriori uncertainties on the inverted parame-
ters and, therefore, allows us to precisely evaluate how
the experimental uncertainties on elastic parameters af-
fect the composition and temperature. We show that if
the bulk modulus of Mg-perovskite is 246 GPa instead
of 261 GPa (5% difference), the resulting perovskite
fraction is increased by 30%. Finally, if the tempera-
ture profile and composition are not simultaneously in-
verted, then the resulting lower mantle composition is
highly dependent of the choice of the thermal regime.
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Properties Of Iron To 115 GPa
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The velocity of an acoustic wave propagating at the
interface between diamond and polycrystalline iron has
been measured using impulsive stimulated light scat-
tering (ISLS) to 115 GPa in a diamond anvil cell. Our
data provide the first direct measurements of the elas-
tic properties of hexagonal close-packed iron at pres-
sures comparable to that at the boundary between the
Earth’s core and mantle. The corresponding compres-
sional and shear velocities are found to be linearly de-
pendent on density, and consequently suggest a reliable
extrapolation to inner-core conditions. Velocities thus
obtained are compared with those of the Preliminary
Reference Earth, and implications for core composition
and structure are discussed.
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sité Paris VI, Institut de Physique du Globe de
Paris, 4 place Jussieu, Paris 75252, France
Seismological studies show that the Earth’s inner

core is elastically anisotropic. The anisotropy has an
axial symmetry and an amplitude of about 3-4%, with
the fast direction oriented parallel to the Earth’s ro-
tation axis. Several hypotheses have been proposed to
explain this feature, but the lack of evidence from min-
eral physics does not allow to address them.

Indeed, the experimental determination of sound ve-
locity anisotropy in hcp-iron, the main constituent of
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the inner core, is of primary importance. Studies in-
clude first-principle calculations [1-5] and x-ray radial
diffraction measurements [6], but the results show gen-
eral disagreement, not only in magnitude, but in direc-
tion as well.

We will report new inelastic x-ray scattering (IXS) data
on polycrystalline hep-iron as a function of pressure,
complementing and extending previous IXS data [7].
The derived longitudinal and transverse sound veloc-
ities will be compared with the calculations and the
experimental results present in literature.
Furthermore, the issue of elastic anisotropy will be ad-
dressed. Taking advantage of the texturing developed
by uniaxially compressed hcp-metals [8], and making
use of a properly designed diamond anvil cell character-
ized by an angular aperture of more than 902, we mea-
sured the sound velocity at 22 and 112 GPa in two dif-
ferent geometries with respect to the compression axis,
probing the longitudinal sound propagation at 50° and
90° with respect to it. A difference in acoustic sound
velocity of about 5% has been detected at the high-
est pressure. This effective anisotropy on a textured
polycrystalline sample is comparable with the one ob-
served in the Earth, further relaxing the requirement
of a nearly perfect alignment of iron crystal grains sus-
tained by previous theoretical investigations [1,4]. [1]
L. Stixrude, R.E. Cohen, Science 267, 1972 (1995). [2]
P. Soderlind et al., Phys. Rev. B 53, 14063 (1996).
[3] R. E. Cohen et al., Phys. Rev. B 56, 8575 (1997).
[4] G. Steinle-Neumann et al., Phys. Rev. B 60, 791
(1999). [5] G. Steinle-Neumann et al., Nature 413, 57
(2001). [6] H.K. Mao et al., Nature 396, 741 (1998);
correction Nature 399, 280 (1999). [7] G. Fiquet et al.,
Science 291, 468 (2001). [8] H. R. Wenk et al., Nature
405, 1044, (2000).
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Values of mantle thermodynamic properties are of-
ten deduced indirectly through seismological and geo-
dynamical experiments that cover a large range of char-
acteristic times. We show that due to phase transi-
tions, the incompressibilities obtained by these exper-
iments could be very different. Experimental probes
faster than phase transformation kinetics sample unre-
laxed properties at constant compositions. On the con-
trary, slow experiments sample relaxed properties at
compositions maintaining thermodynamic equilibrium.
We illustrate these concepts by using the example of
the olivine-wadsleyite phase change that takes place
around 410 km depth. We compute the incompress-
ibility, attenuation and Bullen parameter as a function
of kinetic rate of the transformation. We show that
the compressional quality factor Q ¢ of mantle material
undergoing a phase change can be as low as 0.6 when
characteritic times of the phase kinetics and geophys-
ical probes are comparable. Assuming that the char-
acteristic time of olivine to wadsleyite transformation
under average mantle temperatures is between 3 hours
and 3 months, we show that the chemical relaxation
can be a significant source of dissipation and of energy
sink for slow processes (normal modes, tides or Chan-
dler wobble). Using the example of normal modes we
show that the compressional quality factor can be sig-
nificantly low (Q g ~100) even if the sampled values of
K g are close to the unrelaxed ones. If the phase change
kinetics is faster than 3 hours, the chemical dissipation
can significantly affect probes even on seismic periods.
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Results of travel time tomography suggest that

some slabs of subducted lithosphere are severely de-
formed between 400-1000 km depth - which is loosely
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referred to as the transition zone (Layer “C” accord-
ing to Bullen’s classification) - and that beneath some
convergent margins subducted slab material has sunk
to larger depths in the mantle, some perhaps to near
the CMB. The transition zone may be marked by en-
hanced levels of anisotropy. These inferences all sug-
gest that mantle convection is more complex than sug-
gested by the canonical end-member models of either
convective stratification at 660 km or unhindered whole
mantle overturn. Over the past 5 years the emphasis
has shifted from mapping wavespeed patterns to con-
straining spatial variations in temperature and com-
position, and there is now mounting seismological evi-
dence for the existence of compositional heterogeneity
in the deep mantle. P and S wave travel times suggest
that the ratio of relative variations in shear- and com-
pressional wavespeed (R=dInVs/dInVp) increases more
rapidly with depth than can be explained by tempera-
ture effects alone, in particular away from major con-
vergent margins (i.e., in the regions with the lowest
wavespeeds). Furthermore, combined with constraints
from mineralogy, normal mode studies based on full
model space searches indicate that in the deep man-
tle the most likely ratios between variations in elas-
tic parameters and density require variable composi-
tion. Both lines of study suggest that variations in
perovskite and iron are needed to explain the seismo-
logical data. These inferences are qualitatively consis-
tent with main aspects of the thermo-chemical mantle
model proposed by Kellogg et al. (Science, 1999), but
lack of observations of scattering off the implied in-
terface (e.g., Castle & Van der Hilst, JGR, 2003) ren-
ders existence of a distinct layer in the deep mantle
unlikely. Diffuse boundaries due to hitherto unknown
phase transitions or gradual, pressure induced changes
in composition cannot yet be ruled out, however, and in
thermo-chemical convection vertical mixing gradients
may exist over long periods of geological time, with
rapid recycling in the shallow mantle and a lowermost
mantle that is much less often involved in convective
overturn. We will speculate on the possible origin of
the compositional heterogeneity in the mantle beneath
1000 km depth.
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High-pressure experiments were performed in a
multi-anvil press at 1700 ©C and pressures between 10
and 25 GPa on assemblages of iron carbonate (siderite)
and silicon. The relative proportions of the two phases
were varied in order to investigate different conditions
of oxygen fugacities in the run products. The relevance
of the investigated experimental conditions to core for-
mation models is discussed. Samples were studied by
Raman spectroscopy, electron microscopy, ion and nu-
clear microprobes. In all samples, siderite was reduced
to (Fe,Si) metallic alloy and to diamond whereas sili-
con was partially oxidized to stishovite. The diamonds
formed are euhedral crystals with characterisitc sizes
of 20 micrometers. The carbon content in the metal
phase equilibrated with those diamonds (diamond sat-
uration) has been measured by ion microprobe to be
of 1.5 wt %. This number would be an upper bound
for the carbon content of planetary cores formed under
such conditions. This suggests that the carbon content
in the Earth’s core is low when compared to the cosmic
abundance of this element, but large enough for the in-
ner core to be constituted of iron carbide (see Wood et
al 1993, Barth and Planetary Science Letters, 117, 593-
607). Moreover, this study brings new constraints on
the relative position of silicon-stishovite and carbon-
carbonate buffers at high pressure and provides exper-
imental evidence of diamond formation from reduction
of carbonates by reaction with Fe-Si alloys.
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Geochemical observations are usually interpreted in
terms of the Earth’s initial composition and subsequent
differentiation, including (1) core-mantle separation,
(2) continental crust formation and (3) partial melt-
ing at mid-ocean ridges and/or subduction-zone upper
mantle. In this traditional picture, significant chemical
differentiation occurs only in the shallow upper man-
tle [process (3)], in which case it is difficult to recon-
cile geochemical evidence for isolated mantle reservoirs
with geophysical evidence for mantle-wide convective
circulation. However, we recently proposed [Bercovici
and Karato, Nature, Sept 4, 2003] that dehydration-
induced partial melting at 410km will act as a filter
for incompatible elements which are extracted into a
dense melt that is then returned to the deep mantle;
the trace-element circulation is thus partially decou-
pled from the convective circulation of the bulk of the
mantle which occurs at the whole-mantle scale. In this
model, the OIB source materials are drawn directly
from the undepleted and heterogenecous deep mantle
(deeper than 410km), while the MORB source materials
are processed through the putative 410km dehydration-
melting ”filter”. The separation of MORB and OIB
source materials is thus assumed to occur at 410km and
therefore it is important to examine if our hypothesis is
consistent with observations of isotopes with very slow
radioactive decays (i.e., 8757‘/8657‘, 14'3Nd/144Nd).
The 8757‘/8657‘ and 14'3Nd/144Nd ratios are distinct
between OIBs and MORBs ( i.e., OIBs have a wider
distribution than MORBs, and MORB isotopic ratios
correspond to “depleted” chemistry). These isotopic
ratios are controlled by (i) the chemical composition
(Rb/Sr and Sm/Nd, respectively) and (ii) the long-
term radioactive decay (half-life of 48 and 106 Gyrs,
respectively). A simple analysis was made to calculate
the contrast in the 87 Sr/86 57 and 143 Nda/144 N d ra-
tios between OIBs and MORBs corresponding to our
model. Two factors control these isotopic ratios in our
model: (i) chemical differentiation at 410km between
Rb/Sr and Sm/Nd and (ii) the volume fraction of OIB
sources with different isotopic ratios (and the degree
of mixing of these materials in the 410km dense melt
layer). We find that the observed isotopic ratios are
consistent with our model if (i) the source region of
OIBs is volumetrically dominated by materials with iso-
topic ratios similar to Hawaii or FOZO source regions
(but not EM1 or HIMU), (ii) significant chemical frac-
tionation occurs by partial melting at 410km for Rb/Sr
but not for Sm/Nd and (iii) the mixing at 410km is ex-
tensive. Implications for other geochemical signatures
including isotopic ratios of rare gas elements and their
volumetric amounts and the trace element distribution
pattern will also be discussed.
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The western Gulf of Corinth has generated recent
debate in terms of distribution of extensional strain,
interactions between active faults and fault geometry.
Onshore data suggest that faults do not accommodate
extensional strain of the magnitude suggested by geode-
tic measurements. Recently acquired high resolution
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