the break-up. The weak zone would facilitate reactiva-
tion of the faults if tensional stresses were produced by
possible reorientation of the spreading direction of the
North Atlantic Ocean in the future. The reactivation
of the faults would create a free boundary condition at
the hinge zone, allowing further bending of the litho-
sphere beneath the basin and juxtaposition of that to
the mantle beneath the continent. This may provide
a favorable situation for initiation of slow subduction
due to subsequent compressional forces.
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We have employed high-resolution finite-element
(100k) models based on new rheological data of the
lithosphere to investigate the role played by water
on initiating subduction. Models of subduction re-
quire the formation of a weak zone to initiate sub-
duction. This first instability ruptures the mechanical
coherence of the lithosphere by localized plastic yield-
ing. With plastic failure, fluid-dynamical approaches
have succeeded in producing near vertical slab like fea-
tures of negatively buoyant viscous lithosphere. How-
ever, the yield strength of the lithosphere has been as-
signed arbitrarily and the significance of elastic bend-
ing stresses has been neglected. Elasticity counteracts
near vertical dripping slabs and creates distinct asym-
metry. Hence, an elastic-fluid-thermo-mechanical in-
stability is needed to drive a cold, stiff, and negatively
buoyant lithosphere into the mantle. This instability
can be triggered slowly by sedimentary loading over
a time span of 100 Myrs. Our results indicate that
subduction can proceed by a double feedback mecha-
nism (thermo-elastic-rheological) promoted by lubrica-
tion due to water. An Atlantic-type continental margin
would thus reach criticality upon the steady addition of
sediments, if an average sediment load of 10 km thick-
ness is reached. Plummeting of such a gravitationally
and mechanically unstable lithosphere into the mantle
is possible through many subsequent mechanisms.

T42G-08 1535h

Can Convective Instability of a
Thickened Passive Margin Help
Initiate Subduction?

M. Julll (508 289-3248; jull@whoi.edu)

P. B. Kelemen! (508 289-2956; pkelemen@whoi.edu)

1Woods Hole Oceanographic Institution, Woods Hole
Rd., Woods Hole, MA 02543, United States

A fundamental part of plate tectonic theory is that
plates are generated at spreading ridges and consumed
at subduction zones. High density phase changes in
the subducting slab help to pull the plate into the con-
vecting mantle. McKenzie (1977) formulated expres-
sions for the driving and resisting forces at a subduc-
tion zone and showed that at least 130 km of slab, mov-
ing at a rate of at least 1.3 cm/yr, would be required
to subduct before the process would be self-sustaining.
It was unclear from this work, or in more recent stud-
ies, how subduction is initiated in the first place. We
propose that initiation of subduction at a passive mar-
gin may be aided by convective instability of a thick-
ened igneous crustal section that was emplaced dur-
ing initial rifting of the margin, such as is observed
along much of the eastern boundary of the North At-
lantic. We performed calculations of subsolidus phase
equilibria of mafic and ultramafic lower crustal com-
positions that show that at the base of the crust at
a thickened passive margin, high density phase transi-
tions cause the density of the crust to exceed that of
the underlying mantle at sub-Moho pressures by 50-100
kgS. Following recent work on convective instability of
dense lower crust (Jull and Kelemen, JGR, 2001), we
propose that colder temperatures at passive margins in-
hibit rapid convective removal of dense lower crust, and
that initially only the deeper, ductile portions of the
crust flow downwards via diffusion creep, allowing the
density instability to continue. This results in subsi-
dence and related sedimentation, which cause more and
more of the lower crust to reach pressures where high
density mineral phases form. Using a two-dimensional
finite element model for the development of a convec-
tive instability, we evaluate this idea and determine the
timescales and range of temperatures and pressures at

which a thickened passive margin can produce a signif-
icant negative buoyancy force on the plate margin. A
key component of this idea is that the phase transfor-
mations occur faster than the viscous root can “drip”
off the bottom. This requires that the kinetics of re-
actions forming dense phases such as garnet are rapid
compared to the time scale for convective instability,
and that the reactions occur within geologically rele-
vant times. Alternatively, if the lower crustal load can-
not overcome the elastic strength of the plate (along
with ridge push + sediment load), then the lower crust
could eventually fall off and allow asthenospheric up-
welling/heating/weakening, thus decreasing the elastic
thickness of the plate so that ridge push and sediment
load can overcome shear resistance at the plate margin
and initiate subduction.
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A fully coupled numerical thermomechanical model
that accounts for strain localization, surface processes,
phase changes and high viscosity contrasts is used to
test different mechanisms of subduction in continen-
tal collision zones. The model considers various end
member cases including low and high buoyancy of the
subducted crustal material after metamorphic reac-
tions. The low buoyancy model predicts steep subduc-
tion with early break-off and 3 levels of metamorphic
rock exhumation for the same collision context: the
classical corner flow LP-LT exhumation in the accre-
tionary prism; deeper (70 km) HP-HT exhumation for
the thickened subducting crustal-sedimentary wedge,
and ultra HP-HT exhumation from the lower crustal
chamber, forming at the depth of 100-120 km and sep-
arated from the upper one by a narrow crustal chan-
nel, which width can oscillate in the process of short-
ening, thus controlling the quantity of the crustal mate-
rial exchanged between the crustal wedge and the lower
crustal chamber. Although both zones of crustal accu-
mulation and the narrow channel between them resem-
ble a vortex-shaped nozzle, this nozzle appears to be
too soft to produce any significant overpressures. From
the upper crustal wedge, the material is exhumed fol-
lowing the ascending shear flow created by the overrid-
ing plate assisted by positive buoyancy of the heated
crustal material. From the lower crustal chamber, the
material is transported upwards to the upper crustal
wedge by a flow induced by the asthenospheric traction
and a small scale convective instability forming in the
lower crustal chamber due to its heating by the overrid-
ing asthenosphere. In the case of high buoyancy, under-
plating may occur and the latter mechanisms become
dominant resulting in fast exhumation of the crust to
the surface, accelerated or slowed subduction in case of
full or partial crustal decoupling, respectively, and up-
per plate extension. For all scenarios, the experiments
demonstrate the primary importance of the pre- and
post-metamorphic density contrasts as well as the im-
portance of the lateral shear flow zones systematically
created at the boundaries between the upper and lower
crust and lower crust and mantle lithosphere (Moho
zone). Shear strain localization is also predicted at the
lithosphere asthenosphere boundary.
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While the steady state tectonics of subduction are
reasonably well understood, the initiation of subduc-
tion is not. Theoretical and modeling studies of
subduction initiation require large, sustained in-plane
stresses to break the continuous oceanic plate and drive
the slab into the mantle before a new subduction zone
can be self-sustaining. These studies have identified
sediment loading and old, dense oceanic lithosphere as-
sociated with passive margins as factors favoring the
localization of subduction. Old oceanic lithosphere is
also quite strong, increasing the stress necessary to
break the plate, making passive margins less appealing
as a locale for initiation.

In contrast to breaking the plate in-plane, a sub-
duction zone could grow laterally, by crack propaga-
tion, extending to join a passive margin. ”Primed” by
the bouyancy flux of the pre-existing subduction zone,
progressive failure along a passive continental margin
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would disrupt the oceanic lithosphere and become self-
sustaining as the dense plate sank into the mantle, ac-
celerating the tear.

The Caribbean plate provides an example of how a
micro-plate might nucleate a subduction zone through
stress concentration. As the Caribbean plate advanced,
the subduction zone at its leading, eastern edge was
progressively channeled to the south as first Cuba and
then Hispanola were jammed against the Bahamas plat-
form. The Antilles arc is the current site of active sub-
duction. The Caribbean plate is being over-ridden at
the Muertos trough, south of Puerto Rico, and at the
northern limit of South America and is over-riding the
Pacific plate on the west and the North American plate
on the east. The Caribbean plate is pinned between
the three surrounding plates, which may provide the
necessary stress concentration which could lead to the
development of a new active margin on the Bast coast
of North America.

Wilson cycle tectonics, as seen in the Phanerozoic
history of North Atlantic passive margins, require that
passive margins periodically become active. Since slab
pull dominates all other plate boundary forces, chang-
ing the geometry of subduction alters the absolute mo-
tion of the plate, affecting adjacent plates. Rapid initi-
ation of subduction may offer an explanation of rapid,
large-scale re-orientation of plate motions.
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When subjected to non-hydrostatic, compressive
stresses, in the brittle-ductile transition regime, suf-
ficiently porous rocks exhibit non-uniform compaction.
The compaction occurs as a localization process, anal-
ogous to shear localization, but results in a thicken-
ing, tabular zone of compaction as opposed to culmi-
nating in a shear fracture. Acoustic emission locations
were used to track the evolution and propagation of
the compaction front while continuous flow permeabil-
ity measurements were carried out. These experiments
showed that compaction localization produced a two-
order-of-magnitude decrease in permeability. Because
of the inhomogeneous nature of compaction produced
by compaction localization, and its temporal evolution,
a number of phenomena related to fluid flow are pre-
dicted to occur: compaction-induced fluid injection, lo-
cally increased pore pressures, and spatial changes in
the effective permeability. Understanding these phe-
nomena requires a knowledge of the time-dependent
position(s) of the compaction front(s), obtained from
acoustic emission locations and upstream and down-
stream fluid pressures and volumes, obtained from the
continuous flow permeability measurements. These ef-
fects are analyzed and related experimental results are
reported that show the evolution of effective perme-
ability to be linear with respect to the distance the
compaction fronts propagated. The presence of mul-
tiple compaction bands leads to locally increased pore
pressures which will influence compaction localization
in a manner similar to dilatancy hardening for shear
banding.
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Investigations related to the exploitation of oil re-
serves provide examples of brittle shear failure in rocks
with well known burial, stress, temperature, com-
pactional and diagenetic history. In addition, particu-
lar emphasis is placed on the dilational or compactional
nature of the failure mode because of the influence this
has on the permeability of the fault rocks.

Microstructural investigations show that at shallow
depths of less than 2.5 km failure during continued
subsidence is by particulate flow and is usually com-
pactional. At greater depths mechanical compaction
may occur by particulate flow/ grain crushing or the
rock may fail by dilational brittle failure. The main
control on failure mode is the degree of cementation.
At low cementation the rock fails by particulate flow
(with or without fracture). Dilational shear failure oc-
curs when the cementation has considerably reduced
the porosity.

We developed a model of cementation rate based on
temperature controlled precipitation rate and used this
to plot product of porosity and grain radius (a measure
of susceptibility of the rock to crushing) against effec-
tive stress for some North Sea Reservoir rocks during
their burial history. We found that the initially the
low cementation rate held the crushing strength con-
stant, causing the rocks to approach the empirical fail-
ure curve, but that at greater depths the increased ce-
mentation rate rapidly increased the strength, taking
the rock mechanical state away from the failure line.
Some deeply buried rocks were observed to have lower
than expected amounts of cement and we ascribe this
to the inhibition of precipitation by clay films.

Deep, well cemented rocks, that failed by shear lo-
calised dilatant brittle shear were found to have higher
permeabilities than expected on the basis of laboratory
results. The natural specimens came from dilational
jogs in a network of fault segments and we infer that
the increased permeability is the result of deformation
under conditions of lower effective confining pressure in
the dilational jogs. Thus the application of laboratory
results to nature requires a consideration of the possi-
ble heterogeneities in the natural deformation resulting
from its inherently larger scale.
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Recent fieldwork has shown that many of the ge-
ometric relationships previously observed in cataclas-
tic deformation bands are based on a two dimensional
view of a three dimensional structure. When the bands
are viewed in the shear direction lenses and inoscu-
lating bands are seen, as first noted by Aydin [1978]
and later by many others. When viewed normal to
the shear direction ”ladder structures” (linked mode
1T echelon stepovers or duplexes) and conjugate struc-
tures are seen [Davis, 1999]. Davis [1999] grouped these
two geometries as different classes of deformation bands
and many have interpreted the duplexes as strain local-
ization in Riedel shear zones. Here we demonstrate an
alternative explanation.

When viewed normal to the shear direction, de-
formation bands display either mutually crosscutting
("conjugate”) sets or contractional stepovers (”du-
plexes”) between interacting mode-II bands. Our field
observations reveal that the principal difference be-
tween the two is the relative distance separating the
parallel echelon bands. Bands that are sufficiently close
interact mechanically to promote linking bands within
the stepovers. These linking bands are younger than
the bounding echelon bands. Because the orientations
of bands within the stepovers are the same as that of
”conjugate” bands that are more widely spaced, we in-
fer that the magnitude of stress within the stepovers
was increased somewhat over background values, but
that stress rotations within the stepovers were negligi-
ble. To accomplish this, the echelon deformation bands
must be strong relative to the host rock and accommo-
date only small offsets, leading to only minor pertur-
bations of the local stress state in their vicinity.

Ladder structure, “radiator rock” [Davis, 1999], and
linked echelon stepovers demonstrate a progression
from distributed to more localized strain of the sand-
stone, with the scale dependent on the size and offset
magnitude of individual bands. Occurrence of linked
echelon stepovers along both conjugate directions in
spaced arrays argues against Riedel shearing as a mech-
anism for localizing this class of deformation bands.

Aydin, A., Small Faults Formed as Deformation
Bands in Sandstone, Pure and Applied Geophysics, 116,
913-930, 1978

Davis, G., Structural Geology of the Colorado Plateau Re-
gion of Southern Utah: With Special Emphasis on Deformation
Bands, GSA Special Paper 342, 157 pp., 1999
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In order to investigate separately the effect of grain
size, cementation, and bimodal grain size distribu-
tion on the mechanical behaviour of poorly consoli-
dated granular rocks, we prepared synthetic materials
in which these structural parameters could be varied.
‘We mixed various proportions of two well-sorted sands
with different grain sizes, Portland cement, and water.
The mixture was left pressure-free during curing, thus
insuring that the final material was poorly consolidated
even when the cement content was large. The sam-
ples were mechanically tested in an uniaxial press. As
expected, the uniaxial compression strength increased
significantly with increasing cement content. In addi-
tion, static Young’s modulus was measured during the
tests by performing small stress excursions at discrete
intervals along the stress-strain curve. We observed a
strongly non-linear elastic behaviour in all the samples.
Furthermore, we observed a transition from a grain-size
sensitive behaviour (i.e., strength and elastic moduli
depended on grain-size) at low cement content (i.e.,
<20%) to grain size independence above this value.
The mechanics of rigid inclusions embedded in a soft
matrix is consistent with the observed grain-size inde-
pendence at high cement content. At low cement con-
tent, the observed grain-size sensitivity is maybe due
to microstructural differences between fine and coarse
grained materials. Finally, we also investigated the be-
haviour of samples, in which, fine and coarse sands were
mixed in different proportions at varied cement con-
tent. The experimental data shows that for the cement
content the behaviour is quite similar to that depicted
above (i.e., strength and elastic moduli increased with
cementation). At low cement content (i.e., 20%), the
strength of samples increased as the proportion of fine
grains was increased to 40%, and it remained nearly
constant between this point and 100% fine sands. This
result suggested that when the proportion of fine-grain
phase is lower then 40% it acts as a cementing phase.
Above this value, the behaviour becomes independent
on the proportion of fine grains, and depended only on
cementation.
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Failure of the upper continental crust in major
earthquakes is suspected to cause short-term deforma-
tion at very high differential stress and high strain rates
in the uppermost plastosphere, at temperatures of 300
to 350°C, and with marked fluctuations of pore fluid
pressure. The microstructural record of such events
has been identified in exhumed metamorphic rocks of
the Sesia Zone, Western Alps [1, 2], and provides in-
sight into the deformation processes related to syn-
seismic loading and postseismic creep. Garnet crys-
tals embedded in a quartz matrix are intensely frag-
mented, with the fragments displaced by sliding along
the fractures, and finally slightly pulled apart with
quartz and feldspar precipitated from the fluid phase
in the open cracks. Jadeite crystals reveal mechani-
cal twinning. The quartz microstructures indicate a
transient stage of deformation in the low-temperature
plasticity field, followed by deformation in the disloca-
tion creep regime during stress relaxation with a very
small recrystallized grain size, and finally minor static
grain growth in some samples. The peak magnitudes
of differential stress achieved during synseismic loading
exceed 0.5 GPa, as indicated by the orientation distri-
bution of mechanically twinned jadeite [2]. Apparent
flow stresses of 0.2 to 0.4 GPa are suggested by the dy-
namically recrystallized grain size of quartz, related to
the subsequent stage of non-steady state deformation
by dislocation creep, with rapidly decaying strain rates
during stress relaxation. The mesoscopic structures re-
flect a highly inhomogeneous strain field. Strain is con-
centrated in cm- to m-scale zones (mylonites, ultramy-
lonites, pseudotachylytes) and remarkably low in the
intervening rocks. Branching quartz veins developed
from open fissures reflect brittle failure, with subse-
quent plastic deformation and recrystallization of the
precipitated quartz. These fractures propagating into
a temperature range of 300 to 350°C during synseismic
loading are suggested to cause a drop of pore fluid pres-
sure to markedly sublithostatic values, which is pre-
requisite for plastic deformation at extreme differential

FEos.

stress. Restoration of a near-lithostatic pore fluid pres-
sure in the final stage of postseismic creep is reflected
by slight opening and sealing of the cracks in garnet.
In summary, the peculiar microstructural record of the
exhumed rocks indicates episodic plastic deformation in
the uppermost plastosphere at temperatures of 300 to
350°C, with (1) very high peak stresses exceeding 0.5
GPa at the stage of synseismic loading, (2) concomitant
drop of pore fluid pressure due to fractures propagating
downward, followed by (3) stress relaxation primarily
controlled by power law creep of quartz, and (4) even-
tual restoration of a near-lithostatic pore fluid pres-
sure, reconciled with a major earthquake in the overly-
ing schizosphere.

References:
Kiister, M. and Stockhert, B. (1999):
303:263-277.
Trepmann, C. and Stéckhert, B. (2001): Int J Earth Sc
90:4-13.
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The perspectives of microindentation techniques for
the investigation of the mechanical behaviour of min-
erals at high temperatures are explored. The tech-
nique offers the following advantages: (1) natural spec-
imens with small grain size can be used, (2) prepara-
tion is simple, (3) a reasonable number of experiments
can be performed within a short period of time. The
strength of single crystals as a function of orientation
and the activated glide systems are studied using scan-
ning electron microscopy (SEM) combined with elec-
tron backscatter diffraction (EBSD) facilities. Further-
more, the effects of compositional variations on the flow
strength of solid solutions are explored.

The indentation hardness tests are performed on se-
lected grains within natural polycrystalline aggregates.
The surface of the specimen is polished mechanically
and chemically. The orientation of the crystals is de-
termined using EBSD. The indentation tests are per-
formed with a diamond pyramid (Vickers indenter) at
temperatures of 25 °©C to 900 °C. Loading is done with
a constant displacement rate up to a force of 0.5 N, fol-
lowed by a creep period of 10 s at constant load. SEM is
used to measure the size of the indents and to examine
their morphology in detail.

The microhardness obtained for olivine depends on
crystal and indenter orientation and decreases slightly
with temperature. Slip steps are observed on the sur-
face around the indents. Their orientation with respect
to the crystal orientation indicates that the predomi-
nant glide system activated in the indentation process
is {110}[001]. The Schmid factors for this glide system
correlate with the observed orientation dependence of
the hardness.

Indentation hardness of clinopyroxene solid so-
lutions depends on composition with jadeite being
stronger than diopside. This is inverse to what is ex-
pected for dislocation creep. The high yield stresses
inferred from the hardness data and the weak depen-
dence of hardness on temperature are consistent with
plasticity being the deformation regime explored in in-
dentation hardness tests.
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Experimental rock mechanics studies have shown
that the brittle failure of porous granular rocks is gov-
erned by the subcritical growth of microcracks. Un-
der triaxial compression, at low confining pressures,
the mechanical behaviour of rocks is usually compactive
up to the onset of dilation, beyond which cracks start
to nucleate and propagate. Macroscopic failure occurs
when these cracks coalesce by mutual interaction.
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This process is analysed by using a fracture me-
chanics approach applied on a 2-D pore crack model.
Our approach is based on some microstructural char-
acteristics of porous granular rocks since it considers
the growth of axial cracks emanating from cylindrical
pores. These cracks grow when their stress intensity
factors reach the subcritical crack growth limit. As
cracks get longer their mutual interaction no longer re-
mains negligible. We focus on the interaction between
a pair of neighbouring cracks by calculating their stress
intensity factor as the sum of two terms: a component
for an isolated crack and an interaction term computed
using the method of successive approximations. The
model depends on crack length, pore radius, pore den-
sity and stress. The simulation of crack growth from
cylindrical pores, associated with a failure criterion
based on the coalescence of interacting cracks, allows
us to compare the theoretical critical stress to the ex-
perimental peak stress. The comparison is done using
experimental data on various porous sandstone samples
deformed in the brittle regime. The results show that
the model is able to capture the general experimental
trend: it gives quite a good agreement between the-
oretical and experimental failure stress when material
parameters deduced from microstructural observations
are introduced.

Nevertheless, in its present form, our approach
only allows failure by the development of vertical frac-
tures and thus it does not explain the appearance of
experimentally-observed shear bands. Future improve-
ments will account for cracks initially oriented at an
angle to the direction of maximum principal stress, in
which crack sliding is controlled by a coefficient of fric-
tion. A constitutive law will then be derived to describe
the deformation of a porous granular rock by using mi-
crostructural and key mechanical parameters deduced
from sample observations.
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‘We present a visco-elastic damage rheology model to
describe evolving elastic properties and accumulation
of irreversible deformation under large strain. Follow-
ing the damage rheology model of Lyakhovsky et al.
[JGR, 1997], we add a third parameter v to the param-
eters of linear Hookean elasticity A and p to account for
the asymmetry of the response of rocks for loading un-
der tension and compression conditions. These three
parameters define the effective instantaneous elastic
properties of rock and they are functions of an evolving
damage state variable a. We also introduce an effec-
tive viscosity proportional to the time derivative of «
(i.e., the rate of damage change) to account for gradual
accumulation of irreversible deformation due to slip of
evolving micro-cracks. We use six deformation exper-
iments carried out at the USGS Rock Mechanics lab-
oratory, Menlo Park, with different rock samples and
confining pressures to provide experimental verification
for the above visco-elastic damage rheology model. The
analysis of data from the experiments employs the ob-
served stresses and acoustic emissions as inputs, while
the observed strains are compared with model predica-
tions. The latter are calculated with a procedure de-
signed to invert the relations between the model stress
and strain tensors. We find that the observed axial
and transverse strain-stress curves start to deviate sig-
nificantly from those predicated by Hookean elasticity
when the rate of observed acoustic emission events has
a sharp increase. The predications of the elastic dam-
age model of Lyakhovsky et al. [1997] can fit the obser-
vations well beyond the range of linear elasticity, but
not over the entire deforming range associated with dis-
tributed damage. The new model, with the additional
effective viscosity, significantly improves the quality of
the fitting results for all tests consistently. Both predi-
cated axial and transverse stress-strain relations of the
visco-elastic damage model fit the observations very
well up to the final brittle failure.
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Differential effective medium (DEM) theory is ap-
plied to the problem of estimating physical properties
of elastic media with penny-shaped cracks, filled either
with gas or liquid. These cracks are assumed to be
randomly oriented. It is known that such a model cap-
tures many of the essential physical features of fluid-
saturated or partially saturated rocks. Using an as-
sumption that the changes in certain factors depend-
ing only on Poisson’s ratio do not strongly affect the
results, the equations for bulk (K) and shear (G) mod-
uli decouple, so that analytic integration is possible.
Validity of this assumption is then tested by integrat-
ing the full DEM equations numerically. The analyti-
cal and numerical curves for both K and G are in very
good agreement over the whole porosity range. Jus-
tification of the Poisson’s ratio approximation is also
provided directly by the theory, which shows that, as
porosity tends to unity, Poisson’s ratio tends towards
small positive values saturated samples. A rigorous sta-
ble fixed-point is obtained for Poisson’s ratio of dry
porous media, where the location of this fixed-point
depends only on the shape of the voids being added.
These theoretical results for the elastic constants are
then compared and contrasted with results predicted by
Gassmann’s equations and with results of Mavko and
Jizba, for both granite-like and sandstone-like exam-
ples. Analytical approximations derived here give very
satisfactory agreement in all cases for both K and G.
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A computationally efficient numerical model based
on the discrete-element method (DEM) is described and
applied to simulate well-known borehole failure phe-
nomena: hydraulic fracturing and borehole breakouts.
Radially graded, two-dimensional DEM models of the
near-wellbore region were created of bonded disk el-
ements. Inspired by the molecular model of a fluid,
source elements were used to simulate fluid pressur-
ization of the model borehole subjected to far-field
stresses.

The calibration and validation of these numerical
tools will require extensive comparison against exper-
imental and field data (Wawersik, 2000). To address
this challenge, a joint experimental-numerical research
effort has been undertaken to develop a robust sim-
ulation capability for the exploration and prediction
of near-wellbore mechanics. A true-triaxial vessel has
been designed and constructed to enable the realistic
laboratory simulation of the three-dimensional stress
conditions present in the field (Wawersik et. al, 1997).

The structural damage in the DEM models was an-
alyzed using histograms of the angular distribution of
bond damage; results obtained for various stress states
showed qualitative reproduction of the gross failure
mechanisms associated with both hydraulic fracturing
and borehole breakouts. The results from the labora-
tory simulation of near-wellbore failures demonstrate
the ability of DEM to capture the discontinuous failure
processes under different stress conditions.
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Cylindrical samples of Aue granite with 50 mm di-
ameter and 100 mm length were loaded to failure in
triaxial compression tests. A localized shear fracture
initiated at the sharp edge of a steel plate covering
2/3 of the top sample surface. Fault nucleation, prop-
agation and post-failure frictional sliding were studied
by monitoring the acoustic emission (AE) activity re-
lated to microcracking. Ten piezoceramic transducers
were attached to the samples and used to locate events
and determine focal mechanisms. The velocity of fault
propagation and sliding was controlled by the AE rate.
Crack microstructures of deformed samples were inves-
tigated using optical microscopy. Fault nucleation in-
volves 10-30% of the total AE events observed up to
stress drop. A localized process zone of AE surrounds
the tip of the propagating fault. Spatial correlation
of the AE is low during fault nucleation, but increases
during failure propagation up to stress drop. In the
sliding stage, spatial correlation remains relatively con-
stant corresponding to D-values of 1.8-2.0. Initial P-
axes orientation distribution of focal mechanisms from
shear events is broad with two maxima during fault nu-
cleation, but it narrows during fault propagation. For
given time intervals, AE P-axes show a preferred ori-
entation near the tip of the process zone, but are more
irregular at the trailing edge. During experiments B-
values range between 1.2-1.8, but are similar for differ-
ent fault segments. After stress drop a single P-axis
orientation dominates along the fault. The P-axis dis-
tribution corresponds to a preferred orientation of sec-
ondary shears at a small angle to the macroscopic fault.
The shears develop during propagation at the fault tip
and remain similar in orientation during sliding.
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In-situ downhole measurements and coring within
and around an active fault zone are needed to bet-
ter understand the structure and material properties
of fault rocks as well as the physical state of active
faults and intra-plate crust. Particularly, the relation-
ship between the stress concentration state and the het-
erogeneous strength of an earthquake fault zone is im-
portant to estimate earthquake occurrence mechanisms
which correspond to the prediction of an earthquake.
It is necessary to compare some active faults in dif-
ferent conditions of the chrysalis stage and their re-
lation to subsequent earthquake occurrence. To bet-
ter understand such conditions, ”Active Fault Zone
Drilling Project” has been conducted in the central
part of Japan by the National Research Institute for
Earth Science and Disaster Prevention. The Nojima
fault which appeared on the surface by the 1995 Great
Kobe earthquake (M=7.2) and the Neodani fault cre-
ated by the 1981 Nobi earthquake, the greatest in-
land earthquake M=8.0 in Japan, have been drilled
through the fault fracture zones. During these past
four years, a similar experiment and research at the
Atera fault, of which some parts seem to have been dis-
located by the 1586 Tensyo earthquake, has been un-
dertaken. The features of the Atera fault are as fol-
lows: (1) total length is about 70 km, (2) general trend
is NW45Kwith a left-lateral strike slip, (3) slip rate is
estimated as 3-5 m/1000 yrs. and the average recur-
rence time as 1700 yrs., (4) seismicity is very low at
present, and (5) lithologies around the fault are basi-
cally granitic rocks and rhyolite. We have conducted
integrated investigations by surface geophysical survey
and drilling around the Atera fault. Six boreholes have
been drilled from the depth of 400 m to 630 m. Four
of these boreholes are located on a line crossing the
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fracture zone of the Atera fault. Resistivity and grav-
ity structures inferred from surface geophysical surveys
were compared with the physical properties determined
from the borehole logging data and core samples. These
results were also compared with in situ stress data
by the hydraulic fracturing stress measurements in the
boreholes. We obtained characteristic states on crustal
stress and strength of the fault from these investiga-
tions. Our findings are as follows: (1) The fracture
zone around the Atera fault shows a very wide and com-
plex fracture structure, from approximately 1 km to 4
km wide. The average slip rate was estimated to be
5.3 m /1000 yrs. by the distribution of basalt in age of
1.5 Ma by radioactive dating. We inferred that the At-
era fault has been repeatedly active in recent geologic
time; however, it is in a very weak state at present. (2)
The stress magnitude decreases in the area closer to the
center of the fracture zone. Furthermore the orienta-

2001 Fall Meeting

tion of the maximum horizontal compressive stress was
almost in a North-South direction, just reverse of the
fault moving direction. These are important results to
evaluate fault activity. We argue that the stress state
observed in these sites exists only when the faults are
quite "weak,” and thus does not reach to a critical level
of fault activation in the present situation.
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We define the mechanisms that control growth of
active fault-propagation folds in the Kansai region of
Japan. Long-term growth over a 10% yr time scale
of the 44 km-long Uemachi and 3.5 km-long Sumi-
noe flexures is assessed by numerical trishear mod-
eling of depth-corrected seismic profiles. Modeling
suggests that the fault tip of the 30-70 degree east-
dipping Uemachi blind thrust is located in basement
beneath Osaka Basin Quaternary sediments (0.6 to 1.6
km thick). Trishear models of the Suminoe flexure sug-
gest growth above a blind thrust whose tip is located
at 1-2 km depth. Fault displacement to length ratios
(D/L) for the Uemachi fault span 1072 to 1073 - the
lower value suggests reactivation of a preexisting fault.
Short-term growth of the Uemachi flexure is assessed
with shear-wave seismic profiles that image 50 cm thick
beds. Using the base of the flat-lying Holocene se-
quence deposited across the forelimb as a strain marker,
we argue that growth of the fold at 104 time scales oc-
curs by heterogeneous shear, apparently by growth of
two narrow kink-bands. One kink-band is associated
with bed-parallel slip faults that displace tilted strata
beneath the Holocene unconformity in a sense opposite
that of the master fault. Although strata are folded
across the width of the forelimb of Uemachi flexure over
10° yr scales by progressive limb rotation, coseismic
displacement is not evenly distributed within the fore-
limb at a 10% yr time scale. Heterogeneous shear is
also evident on the Suminoe flexure where large shear
strains measured in the core of the forelimb cannot be
modeled with trishear methods that assume homoge-
neous shear.
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Strain localization by brittle faulting is character-
ized by the coalescence and linkage of small, distributed
fractures into throughgoing faults that increase in both
displacement (D) and length (L) with time. Although
fault population scaling characteristics, such as D-L
data and length distributions, are commonly used to
interpret the magnitude of strain and degree of local-
ization, the consequences of forming a graben versus an
isolated normal fault have not been investigated within
this framework. Grabens at Canyonlands, Utah, and
the Tempe Terra Extensional Province, Mars, exhibit
a systematic increase in maximum displacement with
graben length. Three-dimensional elastic boundary-
element models predict that slip along one graben-
bounding fault will induce significant stress changes on
the opposing fault to trigger frictional sliding. These
results are supported by earthquake sequences that ex-
hibit successions of antithetic and synthetic slip along
graben-bounding normal faults within a single sequence
of events. Therefore, graben-bounding faults develop as
mechanically interacting structures and each set should
be recognized as a single structure in fault scaling re-
lationships.

Footwall uplift is directly related to scarp height,
and thus the measured displacement along a fault. Tra-
ditionally, magnitudes of footwall uplift have been at-
tributed to variations in effective elastic thickness and
fault dip. Our elastic modeling of fault slip also sug-
gests footwall uplift is an increasing function of fault
dip and not dependent on fault depth. Importantly,
differences in footwall uplift magnitude also occur in
response to variations in modeled slip distributions.
For a given fault dip, relative footwall uplift is pre-
dicted to increase (2.5-40% of throw) with the ratio
of graben width to depth of faulting (0-5). These
time-independent predictions are in agreement with
structural data compiled from terrestrial rifts in East
Africa, Russia, and the United States, as well as smaller
extensional provinces in the Volcanic Tableland, CA,
Canyonlands, UT, and Tempe Terra, Mars.

URL: http://www.mines.unr.edu/geo-eng/schultz/
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Arrays of thrust faults, with intricate geometries of
synthetic and antithetic thrusts of various inclinations,
underlie the structure and topography of thrust-cored
folds. Coulomb stress changes around a single slipped
thrust fault can induce brittle strain localization within
the surrounding fold and initiate formation of an ar-
ray of secondary slip surfaces around the primary fault.
We relate magnitudes and ratios of causative principal
stresses to the geometry of the resulting thrust fault
array by using numerical models of Coulomb stress
changes around a slipped blind thrust fault.

Our analysis assumes that faults are localized in ar-
eas of enhanced Coulomb stress. Coulomb slip is eval-
uated for a range of friction coefficients from 1 to 0,
which correlates to fault dips ranging from 45 degrees
to 22.5 degrees. The magnitude of the principal stresses
required for Coulomb slip is determined by evaluating
the Coulomb failure criterion in principal stress form
(assuming S1 is horizontal). Fault displacement due
to Coulomb slip is determined by first resolving the
critical principal stresses onto the fault plane. The re-
sulting driving stress is then related to displacement
by assuming elastic behavior for the wall rock, strong
end zones bounding the fault tips, and maximum dis-
placement at the center of the fault, tapering to zero
at the tips with an elliptical slip distribution. A ra-
tio of the maximum fault displacement to the down-dip
fault length (Dmax/L) yields the value of critical shear
strain that is required for thrust faults to form through
Coulomb slip. Representative values of Dmax/L calcu-
lated here for a 30° dipping thrust fault on the Earth
are 0.001, 0.0004 on Mars, and 0.0002 on the moon.

‘We use the COULOMB dislocation software to map
the post-slip Coulomb stress changes that are induced
around active blind thrust faults under these condi-
tions. Our results show systematic, dip-dependent vari-
ations in the extent and magnitude of Coulomb stress
localizations around a thrust fault. A prominent lobe of
positive Coulomb stress change is predicted within the

FEos.

hanging wall of a thrust fault dipping at 22.5 degrees.
The magnitude of this stress change is sufficient to pre-
dict Coulomb slip along additional failure surfaces (sec-
ondary thrust faults). At progressively steeper dips,
this lobe of hanging wall deformation migrates toward
the upper tip of the fault and significantly reduces in
extent and magnitude. At a fault dip of 45 degrees,
the hanging wall is dominated by negative Coulomb
stress change (faulting in the hanging wall is inhibited).
Thus, the locations of secondary synthetic and anti-
thetic thrust faults within a thrust-cored fold correlate
with the dip of the primary fault.

The Coulomb failure criterion shows that the dip of
the primary fault is a function of the principal stress
ratio. Therefore, the orientations of the secondary syn-
thetic and antithetic thrust faults, as well as the pri-
mary fault, strongly depend on the principal stress ra-
tio at the time of faulting. These results are consistent
with field observations of thrust fault geometries within
fault-cored folds. Furthermore, this analysis shows that
the Coulomb failure criteria can be used to ascertain
the horizontal driving stresses, and resulting strains,
for mapped thrust faults that formed under known ver-
tical loading conditions (e.g. lithostatic load).

URL: http://www.mines.unr.edu/geo-eng/geomech
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With and temperature,
undergo a transition in failure mode from localized brit-
tle failure to non-localized plastic flow. Knowledge of
the mechanics of this transition is essential in under-
standing many geological and geophysical problems. In
this study, we deformed Solnhofen limestone with ini-
tial porosity of 4.5% at temperatures of 473, 523, 573
and 673 K, at confining pressures (argon) of 70 to 200
MPa, and a constant pore pressure (distilled water) of
50 MPa. In this pressure and temperature range, most
of the limestone samples failed by dilatancy and local-
ized deformation. The failure process is sensitive to
The stress
required for the inception of dilatancy and localiza-

increasing pressure rocks

both pressure and temperature conditions.

tion increases with increasing pressure and decreasing
temperature. Furthermore, at low pressures and tem-
peratures, significant amount of strain softening and
an abrupt stress drop were observed during localiza-
tion. However, at higher pressure and temperature, the
localization process became rather progressive, with
strain softening and dilatancy accumulating over large
amount of axial strain (up to 6%). Following the lo-
calization model derived by Rudnicki and Rice (1975),
we calculated the internal friction parameter, the di-
latancy factor, and the hardening modulus to charac-
terize the failure behavior of our samples. Our experi-
mental data provide the pressure and temperature de-
pendence of both the internal friction parameter and
the dilatancy factor. To elucidate the mechanisms that
controls the failure modes in Solnhofen limestone, SEM
and TEM observations are being made to measure pore
geometry and dislocation microstructure. Some inter-
rupted strain tests will be conducted to constrain the
evolution of the microstructure.
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‘We conducted true triaxial compression tests in two
metamorphic rocks, hornfels and metapelite, recovered
from the Long Valley Exploratory Well, California, in
order to determine their deformation and failure char-
acteristics. The two rock types constitute the major
lithology of the Long Valley caldera basement in the
2025-2859 m depth range. Both rocks are banded,
extremely fine grained (~1 pm), and have very low
porosity (<0.4%). Uniaxial compression tests at differ-
ent orientations with respect to banding planes reveal
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that while the hornfels compressive strength is nearly
isotropic, the metapelite possesses distinct anisotropy.
Conventional triaxial tests in these rocks revealed that
their respective strengths increase approximately lin-
early with confining pressure within the range of 0 to 60
MPa. True triaxial compression experiments, in which
the magnitudes of the least and the intermediate prin-
cipal stresses (03 and og, respectively) are different
but kept constant during testing while the maximum
principal stress o1 is increased until failure, exhibit a
behavior unlike that previously observed in crystalline
rocks (Haimson and Chang, IJRMMS, 2000; Chang
and Haimson, JGR, 2000). For a given magnitude of
o3, compressive strength remains nearly constant in
both Long Valley rock types, regardless of the applied
o9, suggesting no intermediate principal stress effect.
Strains measured in all three principal directions dur-
ing loading were used to obtain plots of o1 versus vol-
umetric strain. These are consistently linear almost
to the point of rock failure, suggesting no dilatancy.
The phenomenon was corroborated by SEM inspection
of failed specimens that showed no microcrack devel-
opment prior to the emergence of one through-going
shear failure plane steeply dipping in the o3 direction.
The strong dependency of compressive strength on oo
in crystalline rocks originates with the higher dilatancy
onset levels as o9 rises. We infer that strength inde-
pendence of oy in the Long Valley rocks derives directly
from their lack of dilatancy.
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We are conducting tests in St. Peter sandstone
(average grain size 0.25 mm, cementation by sutured
grain contact) of various porosities (ranging from 11
to 19%), in which drilling of vertical holes into 130 x
130 x 180 mm blocks subjected to pre-determined true
triaxial far-field stresses (o p#o0} #0y) induce bore-
hole instability resulting in breakouts. Unlike the typ-
ical dog-eared breakouts found in other rock types,
and regardless of porosity, these are thin and tabu-
lar, i.e. fracture-like, can extend for lengths reach-
ing several borehole diameters in the direction of the
least horizontal stress oj, and retain constant widths
of 10 to 15 grain diameters throughout. Analysis of
the damage zone ahead of the breakout tip reveals
two distinct modes of micromechanical behavior. In
the higher porosity (n=15-19%) sandstone, breakouts
are preceded by the development of a narrow band of
debonded, but mostly intact grains, suggesting that
failure is occurring at grain sutures, and is therefore
non-dilatant. However, in the lower porosity (n=11-
15%) rock, breakouts occur within a long narrow zone
of crushed grains caused by extensive failure of sutured
grain contacts and the grains themselves. The break-
outs in both cases appear to result from the formation
of compaction bands that are emptied by the circulat-
ing fluid. The distinct characters of the failed zones can
be related to the respective grain sutures. The matrix
of the higher-porosity samples contains small areas of
grain-to-grain sutured contact; this contact is severed
at relatively low stress levels, yielding debonded but in-
tact grains. In contrast, the lower porosity samples re-
veal large sutured grain contacts relative to grain size.
The stronger matrix requires a higher stress to initi-
ate debonding, a level that is also sufficient to crush
the grains within the compaction band that develops
ahead of the fracture-like breakout tip.
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Numerous processes influence how porous materi-
als deform within the Earth. These mechanisms are
not only effected by tectonic and diagenetic history,
but depend on the intrinsic properties of granular ag-
gregates (e.g. material, porosity, size, sorting). To
study grain size effects, we ran experiments in a tri-
axial testing apparatus on water-saturated cylindri-
cal samples of loosely packed, granular quartz. We
ran two types of tests: 1) effective pressure (Pe) was
monotonically stepped at timed increments, and 2)
samples were hydrostatically loaded as before except
that Pe was periodically lowered to the initial condi-
tions (Pe=2.5 MPa). All pressures (fluid=12.5 MPa,

confining<300 MPa), pore volume, and acoustic emis-
sions (AE) were continuously monitored. Samples con-
sisted of two types: 1) St. Peter quartz sand of various
size fractions (125-180 pm, 180-250 pm, 250-350 pm,
>350 pm); and 2) Arkansas Novaculite (grain size~35
pm). Similar results were observed for all grain sizes
studied. In terms of applied pressure, large volumet-
ric strains occur at low Pe and gradually decrease to
a quasi-linear trend at intermediate Pe (we denote this
transition as Pp). At intermediate pressures, apparent
compressibility values (8 ~ AV/APe) are similar for
all grain sizes tested. At larger Pe we observe a second
transition to rapid compaction that correlates with a
maximum in AE rates. Microstructural and AE data
indicate grain fracturing and crushing is more perva-
sive at these pressures, consistent with previous obser-
vations of a critical effective pressure (P*) for cata-
clastic flow. We observe that both transition pressures
(Py and P*) decrease via a power-law relationship as
grain size increases, in agreement with previous work.
Our second set of results from Pe load cycling steps
show that volumetric strain decreases as Pe is lowered
but does not fully return to the initial level. Thus,
permanent porosity loss occurs even for low and inter-
mediate pressures. During reloading, we observe lower
compressibility values and less AE activity compared
to data from constant hydrostatic loading tests. Thus,
samples subjected to constant hydrostatic loading ex-
hibit the combined effects of elastic deformation and
irrecoverable porosity loss due to compaction.
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Thayer School of Engineering, Dartmouth College,
Hanover, NH 03755

A re-examination of the literature has revealed two
kinds of compressive shear faulting in ice Th. One kind,
termed Coulombic faulting, occurs under lower degrees
of confinement; the other kind, termed plastic faulting,
occurs under higher confinement. Both processes mark
terminal failure under higher rates of deformation. The
transition from one to the other occurs when frictional
sliding is suppressed and that happens when,to a first
approximation, R=(1-m)/(14m) where R is the ratio of
the smallest(least compressive) to the largest principal
stress and m is the coefficient of sliding friction. The
criterion is limited to m less than unity. It is suggested,
and supported by calculation, that plastic faulting is
caused by adiabatic softening. The role of shear fault-
ing in ice mechanics will be discussed.
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Brittle failure limits the compressive strength of
rock and ice when rapidly loaded under low to moder-
ate confinement. Higher confinement or slower loading
results in ductile failure once the brittle-ductile tran-
sition is crossed. It is well established that the macro-
scopic brittle failure of rock, concrete and other brittle
materials under compression is preceded by the initia-
tion and sliding of microscopic primary cracks, creat-
ing wing cracks at their tips. In laboratory samples,
microcracks begin to nucleate more or less uniformly
throughout the sample at compressions equal to about
1/5 to 1/3 the terminal failure stress. Under little to
no confinement, wing cracks extend and link together,
splitting the material into slender columns which then
fail. Under low to moderate confinement, wing crack
growth is restricted and terminal failure is controlled
by the localization of damage along discrete bands of
intense damage inclined by approximately 30 degrees
to the direction of the most compressive stress. Earlier
investigators proposed that localization results from ei-
ther the linkage of wing cracks or the buckling of mi-
crocolumns created between adjacent wing cracks. Ob-
servations of compressive failure in ice suggest a new
mechanism whereby localization initiates due to the
bending-induced failure of slender microcolumns cre-
ated between sets of secondary cracks emanating from
one side of a primary crack. Analysis of this mech-
anism leads to a closed-form, quantitative model that
only depends on independently measureable mechanical
parameters. We show that model predictions for both
the brittle compressive strength and the brittle-ductile
transition are consistent with data from a variety of
crystalline materials.
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A comparison between a spectral and a factorial
kriging analysis is presented for the calculation of scale
-dependent normal surface curvatures. Knowledge of
scale -dependent curvatures of geological surfaces plays
an important role in quantitative structural geology.
Often, curvature analyses of geological surfaces, such
as horizon tops, are performed to estimate the strain
resulting from deformation. The final shape of the hori-
zon, however, is a superposition of natural structures
of different sizes ranging from the grain scale to the
basin scale. Performing a curvature analysis on the
raw data often leads to patchy, un-interpretable sur-
face curvatures. Separating the surface curvature of
the overall structure from the curvature of minor sur-
face undulations can therefore be crucial in any quan-
titative structural analysis that uses the absolute value
of surface curvature. The two methods are applied to a
seismically mapped and depth-converted horizon of do-
mal structures from the North Sea to investigate their
applicability in a sub-surface context.

For the spectral analysis the surface is transformed
into a discrete frequency spectrum. When the overall
curvature of the horizon is of interest, only the low-
frequency components of the spectrum are used for the
curvature analysis. The frequency bin width is deter-
mined such that only those frequencies that make up
the overall surface structure are used, and that aliasing
is minimized. The remaining high-frequency spectrum
can be added back to address quantitatively the alias
introduced by this filtering.

In geostatistical factorial kriging analyses, the spa-
tial covariance (variogram) is estimated from the data,
and modeled as a sum of independent factors with dif-
ferent ranges. Short range variogram factors corre-
spond to high frequency spectral components of the
surface while long range factors contribute low fre-
quency components. Using the modeled variogram, fac-
torial kriging filters out the desired long range compo-
nent of the surface. Factorial kriging works directly
in the spatial domain and unlike spectral methods can
handle irregularly sampled data with minimal wrap
around. Regardless of the method used, the separation
of the surface into different components must be sup-
ported by the underlying geological and physical model.
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‘We present a two-dimensional numerical model for
the thermal response on lithopsheric shortening. The
model is fully time-dependent, and includes the effects
of alternating fault activation in the upper crust. Fur-
thermore, any denudation-history can be imposed, im-
plying that erosion and uplift can be studied as inde-
pendent factors.

The model is used to investigate possible tectonic
scenarios for the Cenozoic development of the Sierra de
Guadarrama in the Spanish Central System. In earlier
work, based on fission track analysis, it was suggested
that the southernmost part of the present-day Sierra
de Guadarrama was part of the Madrid Basin during
the Paleogene. This would explain coeval Paleogene
heating of samples in the southernmost fault-block, and
cooling of samples more to the north.

‘We use T-t curves obtained from fission-track anal-
ysis as constraints for our modelling, and test whether
this scenario produces enough heating in the southern-
most block to explain these data. Furthermore, we fo-
cus on the Pliocene accelerated cooling observed in all
the samples, aiming to find out whether this reflects a
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Pliocene phase of uplift, or rather a Miocene phase of
uplift followed by Pliocene denudation.

The modelling demonstrates that uplift in the ab-
sence of erosion can cause already more than 50% of
the total cooling of a rock sample after complete de-
nudation.

Our results indicate that the scenario suggested
above cannot explain the amount of Paleogene heating
observed in the rocksamples. Extra strike slip deforma-
tion seems to have been important. The only scenarios
resulting in Pliocene cooling as observed in the SdG are
those incorporating uplift during this timespan.
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The question of the mechanism that is respon-
sible for super-continent break-up has been a long-
standing one. Active mantle plume upwellings, down-
going oceanic plates at continental margins, and pas-
sive upwellings due to continental insulation of the
mantle have all been proposed as mechanisms capable
of creating sufficient extensional stresses within super-
continents to result in fracture and dispersal. Much
work has subsequently been done using numerical mod-
els of the mantle convection process and many of the
above-mentioned mechanisms have been demonstrated
for different Earth-like convective regimes. For the
most part, all previous studies have been performed in
Cartesian geometry and in the absence of many effects
such as compressibility, phase-transitions, and depth-
dependent properties. In this contribution we investi-
gate these effects in a spherical-axisymmetric model of
thermal convection in the Earths mantle in which the
effects of surface plates are also included. We demon-
strate that the extensional stresses needed to fracture
super-continents are significantly reduced in spheri-
cal geometry and that the active plume mechanism of
super-continent fracture may be less viable when effects
due to compressibility are included.
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Rifted continental margins comprise many of the
margins around the world, and all the margins in the
North Atlantic. Their formation is of significant inter-
est to the understanding of plate tectonics and they
are of commercial interest as a potential hydrocarbon
resource, the economic value of which is influenced by
how the margin evolved. The amount of rift-related
magmatism at a rifted margin is intrinsically linked to
how the margin formed and affects the postrift margin
subsidence. Rift-related magmatism is influenced by a
number of parameters that we can numerically model
including the maximum degree of continental extension
and the mantle temperature at the time of rifting.

Current geophysical rifting models predict little or
no synrift decompression melt material has been in-
truded into, or accreted beneath, continental crust at
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'non-volcanic’ margins in the North Atlantic. These
rifting models assume a normal mantle temperature of
1300°C, appropriate to regions away from a hotspot
or mantle plume, and moderate degrees of continental
extension (B<15) by a pure shear mechanism. How-
ever, recent geophysical data and basement sampling
by the Ocean Drilling Program (ODP) has identified
an ocean-continent transition zone (OCT), located be-
tween extended continental crust and earliest oceanic
crust, which is thought to have formed by the exhuma-
tion of mantle material to the basement. To form the
OCT, in current study areas a region up to 170 km
wide, explicitly requires (8>>15, for which at least
3-5 km of rift-related magmatism is predicted by the
current rifting models.

In addition to melt thickness, our model includes
calculations for the major and trace element melt geo-
chemistry. We compare the chemistry of the melt to the
latest geochemical data, obtained from basement sam-
pling, as a new constraint on the degree of rift-related
magmatism. Although we have only applied the model
to non-volcanic margins so far, it is equally applicable
to many volcanic margins, which we will investigate in
the future.
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One way in which theoretical rheological models of
the lithosphere can be constrained by geological data
is through estimations of the lithosphere’s integrated
strength. When an applied force exceeds this, then the
lithosphere should lose its integrity and undergo irre-
versible deformation (WLF - ”whole lithosphere fail-
ure” The geological expression of this kind of defor-
mational regime is the development of rifts (in exten-
sion) and inverted structures (in compression). By con-
sidering intracratonic structures rather than marginal
ones it is possible to exclude additional extraneous in-
fluences and infer the net effect of intraplate stresses.
Here, actual intraplate structures are considered in
terms of a rheological model in which the non-brittle
part of the lithosphere deforms viscously (by creep)
in response to applied forces. This is in contrast to
conventional estimations of total lithosphere strength
based on ”yield stress envelopes” in which ”ductile” de-
formation is taken to be time-invariant (plastic). Tak-
ing into account the implications of adopting a viscous
rheology in place of a plastic one in evaluating the
7strength” of the lithosphere, it is necessary to incorpo-
rate the time-dependence of stresses, strains and strain
rates and also the dependence of the bulk strain rate on
the total applied force. This means that the duration
of loading of tectonic forces prior to eventual rifting
or inversion is also an important model variable. The
mechanism that controls strain rate and stress distribu-
tion in the lithosphere prior to WLF in the model is one
of stress redistribution from ductile deformation zones
into elastic ones, as determined by stress relaxation in
the former and stress amplification in the latter given
an assumed constant applied boundary force. A sta-
ble equilibrium regime of deformation occurs when, at
each point within the lithosphere, the stress reduction
effected by viscous relaxation equals the stress increase
effected by the applied force. Studies of key structures
- including the Tertiary Eurekan ”Orogen” (large-scale
inversion) in northern Canada, the Devonian Dniepr-
Donets Rift in Ukraine and its inverted segment the
Donbas Foldbelt, and the Late Cretaceous inversion of
the Polish Basin - suggest that relatively short-lived
periods (<10 My) of very high plate boundary forces
may be sufficient to cause intraplate WLF. An elevated
lithosphere geotherm (such as might accompany much
rift development) is favourable to WLF though is dif-
ficult to invoke during most inversion events, which
tend to occur synchronously over large continental re-
gions, suggesting a plate-wide (intraplate stress re-
lated) causal mechanism.
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Inversion of extensional sedimentary basins occurs
in regions where an extensional phase is followed by
compression. Mild to moderate basin inversion has
been identified on seismic profiles in the North Sea and
the Alpine foreland, where Late Cretaceous and Permo-
Carboniferous basins were inverted in Cenozoic times.
Examples of strong or complete inversion can be found
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in the Alps and Pyrenees and are associated with com-
plex deformational structures including folding, fault
rotation, fault reactivation, extrusion of basin fill and
the creation of new faults.

‘We examine the effects of compression of a sequence
of half-graben basins. To this purpose, we use a two-
dimensional, visco-plastic model. The choice for a half-
graben geometry is motivated by seismic studies, which
show that rifting often leads to a series of half-grabens,
and reconstructions of pre-inversion geometry of in-
verted regions. The aim of our study is to investigate
the effect of various factors which play a role in the de-
velopment of fold and thrust structures forming during
inversion of half-grabens. We focus on the sensitivity of
evolving structures to inherited extensional geometry,
syn-rift and post-rift competence contrast, the presence
of weak decollement layers, and surface erosion. Re-
sults of our models are compared with examples from
nature (seismic and field studies) and analogue studies.

We find that syn-rift sediments are uplifted in the
initial stages of basin inversion. This uplift is ac-
companied by rotation of the basement blocks beneath
the basins. In the post-rift sequence new shear zones
form which are a continuation of basin-bounding faults.
With continuing shortening, further inversion is diffi-
cult owing to relative strengthening of the half-graben
region. Erosion facilitates inversion. The presence of
a post-rift decollement layer tends to decouple defor-
mation of post- and syn-rift sediments and facilitates
extrusion of the basin fill.
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Three-dimensional numerical models are used to
gain quantitative insights into the spatial and temporal
variations of stress and strain during the formation of
fault-controlled sedimentary basins, i.e. rifts and pull-
apart basins. The study utilizes finite element tech-
niques and a coupled thermomechanical modeling ap-
proach to simulate extension on a lithospheric scale.
Thermal modeling is based on three-dimensional heat
Among oth-
ers, temperature-dependent thermal conductivities and
lithology-dependent radiogenic heat production rates
are used to calculate the lithospheric temperature field
and its variations through time. For the mechanical
calculations deformation in the brittle domain is de-
scribed by an elastic-perfectly plastic material law with
a pressure-dependent yield strength while deformation
in the ductile domain is approximated by temperature-
and strain rate- dependent creep laws. Contact ele-
ments are used to describe pre-existing zones of weak-

transport by conduction and advection.

ness which become reactivated during basin formation.
Either displacement rates or plate boundary forces can
be applied as boundary conditions in order to simu-
late lithospheric extension. Modeling techniques are
applied to the evolution of the Rhine Graben in Central
Europe and the Hanmer Basin of New Zealand. The
results of the numerical simulations illustrate how ex-
tensional deformation is partitioned within the litho-
sphere and document strong variations of the regional
stress field in the vicinity of the basin-bounding faults
and with depth.
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Fault geometry is a primary control on hangingwall
deformation. In this study, a series of inversion ana-
logue experiments was conducted by using rigid fault
surfaces of spoon-like true 3D geometries. The hang-
ingwall geometry on serial sections of the experiments
was then examined with conventional 2D section bal-
ancing techniques.

To investigate the geometric and kinematic evolu-
tion of geologic structures, scaled physical experiments
are excellent technique. In this paper, experimental
results by Yamada (1999) were used. As the master
detachment surface, two types of rigid footwall fault
blocks were employed. One has a sinusoidal shape and
the other has a double-concave shape in plan view,
while both have a vertical profile of a simple concave
listric. In each experiment, the hangingwall is uni-
formly extended by 10 cm, then uniformly contracted
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