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almost coeval with the emplacement of the Semail ophi-
olite. We conclude that the lower plate blueschists and
eclogites formed by intracontinental thrusting and sub-
duction of the thinned leading edge of the Oman conti-
nental margin in an east dipping subduction zone. The
upper plate rocks which were part of the hanging wall
of this subduction zone, were metamorphosed by tec-
tonic loading by the ophiolite. Entrance of thicker por-
tions of the positively buoyant continental crust into
this subduction zone choked it, and caused the duc-
tile thinning of mantle lithosphere in its hanging wall.
This initiated the rapid exhumation of the blueschists
and eclogites from > 40 km to 14 km ∼ 78 Ma, and led
to their juxtaposition by the lower grade upper plate
rocks. Erosion and crustal extension led to the final
exhumation of all high P/T rocks in Saih Hatat.
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It is difficult to quantify the distribution of trace
elements during crustal melting because equilibrium
partitioning of these elements is often not attained.
But modeling the distribution is crucial for understand-
ing intracrustal differentiation (into upper, middle, and
lower crust) as well as the nature and timescale of melt
formation and segregation in the crust. To address
this problem, we have developed a numerical model to
simulate the evolution of trace elements in a system
undergoing melting. The model accounts for equilib-
rium partitioning as well as kinetic processes such as
dissolution, crystal growth, and diffusion along arbi-
trary temperature - time paths. In this project we
have field tested the model on rocks from the classic in-
verted metamorphic sequence in the Sikkim Himalaya.
The geological and petrological history of the area has
been well constrained in a parallel project. Our study
material consists of a sequence of prograde metamor-
phic rocks with rather similar bulk compositions that
have been subjected to progressively increasing pres-
sures and temperatures to ultimately undergo melt-
ing by well defined mica dehydration reactions. Using
measured protolith and reactant mineral compositions,
inferred balanced reactions, petrologically constrained
peak temperatures, and known partition and diffusion
coefficients in our model we reproduce observed min-
eral and melt compositions for any one element (e.g.
Sr) by varying the thermal history. Once a good fit
was observed, the same thermal history was then used
to predict other trace element distributions (e.g. Rb,
Ba) with a high degree of success. In our simulations
so far we have ignored minor phases (e.g. apatite) and
back reactions during cooling. Consequently, fits for
elements that are known to reside primarily in minor
phases (e.g. La) are poor, indicating that our model
does indeed capture the essence of processes taking
place in nature. Protolith bulk composition, stoichiom-
etry of melting reaction, and partition and diffusion co-
efficients are found to be the key parameters controlling
the distribution of trace elements. Our results so far
indicate that the time scales of melting and melt seg-
regation in such a continental collisional setting where
dehydration melting reactions are taking place are on
the order of 100,000 years.
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The integration of high-resolution cooling histo-
ries with exhumation constraints and thermobaromet-
ric, heat production and heat flow data can be used

to understand long-term lithospheric thermal and iso-
static evolution. Cratonic lithosphere retains a record
of the net temperature dependent lithospheric den-
sity change, as net lithospheric heating causes den-
sity decrease, uplift and erosion, while net cooling
causes density increase, subsidence and sedimentation.
We use this to construct isostatically consistent pri-
mary lithospheric geotherms, and use a finite-difference
model to compute the time-dependent change of the
geotherms following assembly to steady-state. The Pro-
terozoic orogen of the southwestern U.S., character-
ized by disparate crustal domains with distinct cooling
records, levels of exposure, and peak metamorphic con-
ditions, is an ideal location to evaluate the controls on
lithospheric thermal and isostatic evolution. In West-
central AZ, apparent protracted cooling (1◦C/m.y.) in
3-4 kbar exposed rocks of the Hualapai block contrasts
with rapid cooling (25-100◦C/m.y.) in 1-2 kbar ex-
posed rocks of the Ash Creek block. Our thermal
analysis indicates that observed differences in radio-
genic heat production (3.1-5.2 microW/m3 for Huala-
pai vs. 0.7-1.4 microW/m3 for Ash Creek), but similar
initial lithospheric mantle temperatures (900-1000◦C),
can explain the distinct thermal and isostatic records
of the two blocks. Thus, heat production variation not
only significantly influences crustal cooling histories, as
has been previously documented, but also can induce
diverse isostatic responses during geotherm evolution.
The approach applied in this study can place important
constraints on feasible, isostatically consistent models
for cratonic lithosphere, and provides a framework with
which better understand its assembly, stabilization and
preservation.
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The Tibetan Plateau is characterized by both its
great height (much of it above 5,000 m) and flatness.
It has been proposed that the flat topography is due
to ductile flow of highly mobile lower crustal rocks.
This idea has lead to a radical new idea in continen-
tal tectonics that horizontal outflow of mobile lower-
crustal rock from topographic highs is one of the prin-
cipal mechanisms by which plateaus grow laterally. It
has been proposed that the large-scale topography of
the whole of the SE Asian continent has been strongly
influenced by this process. The best case for such a
mechanism is made in the eastern border of Tibet in the
Longmenshan orogen. The Longmenshan region lies on
the western fringe of the S-China craton and has been
involved in two stages of orogenesis: one event at 200
Ma associated with the collision between the N- and
S-China cratons and a second, the Cenozoic Himalayan
orogeny related to the collision between India and Asia.
However, a number of studies have emphasized that the
upper crustal deformation in the Longmenshan is al-
most entirely Mesozoic and, therefore, unrelated to the
India-Asia collision, which began around 54 Ma. This

discrepancy can be explained if the crustal thickening
in the Longmenshan was caused by solid-state inflow
of mobile lower-crustal metamorphic rocks from a to-
pographic high. New zircon U-Pb and mica 40Ar/39Ar
dating combined with structural studies confirm that
most of the upper crustal deformation in the eastern
margin of Tibet is Mesozoic. The deepest exposed
parts of the orogen have undergone Barrovian facies
metamorphism with estimated peak conditions around
8 kbar and 725◦C (Huang et al, 2003) and associated
deformation generally thought to have occurred around
200 Ma. However, new apatite U-Pb and monazite elec-
tron microprobe dating in the sillimanite zone give ages
around 65 Ma. Metamorphic minerals occur both sur-
rounding and as inclusions of the dated monazite sug-
gesting 65 Ma is the age of metamorphism. The main
phase of syn-metamorphic deformation is overprinted
by a phase of folding associated with N-S fold axes
and steep axial planes with geometries that indicate
an E-W shortening of 10 - 50%. The evidence for origi-
nally thick crust existing around the time of the India-
Asia collision and the presence of moderate amounts of
Cenozoic E-W shortening can account for most if not
all of the present thickness of the continental crust in
the Longmenshan area. These results do not, there-
fore, support models of crustal thickening in the re-
gion caused by solid-state lateral flow of mid-crustal
metamorphic rocks. Reference: Huang, M.-H., Buick,
I. S. & Hou, W. 2003. Tectonometamorphic evolution
of the Eastern Tibet plateau: evidence from the central
Sogpan-Garze orogenic belt, western China. Journal of
Petrology, 44 255-278
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The present structure of the Sulu HP-UHP belt in
east China is a product of subduction and exhuma-
tion, resulting in a foliation parallel to the trend of
the HP-UHP metamorphic belt, SE-ESE dips of 20-30æ,
with NW-SE stretching lineation. The Sulu HP-UHP
belt has two parts: a southern stacked set of HP tec-
tonic slices overlain by a northern stacked set of UHP
slices. Previous studies indicate that the northern UHP
slices is the product of Indosinian continental deep
subduction and exhumation. SHRIMP ages indicate
UHP metamorphism at 220-245 Ma and exhumation at
202-220 Ma. The HP belt is further subdivided into
high-pressure (HP) and low-temperature (LT) slices in
the southeast and the HP and medium-temperature
(MT) slices in the northwest. The HP/LT slices
have P-T estimates of 0.70-0.85 GPa and 300-360◦,
and contain characteristic minerals such as winchite,
barroisite, phengite and aragonite. These rocks are
strongly sheared and individual tectonic slabs are sep-
arated by mylonitize zones. During exhumation, HP-
LT rocks underwent continuous retrograde metamor-
phism from blueschist through laucophane-greenschist
to greenschist facies. Retrographic metamorphic miner-
als are developed on regional strong penetrative shear-
ing foliations and have inferred P-T conditions at 350-
410 ◦ and 0.2-0.4 GPa. The HP-MT belt is com-
posed of kyanite-topaz quartzite (500 to 600 ◦) kyanite-
bearing albite-quartz schist, marble, phosphatic mar-
ble and phosphorite. The HP-MT rocks experienced
retrograde metamorphism from epidote-amphibolite to
greenschist facies (350 to 410◦ and 0.2 to 0.4 GPa).
The LPO of quartz from mylonitized gneiss and schist
constrains LPO models of the prism {1010} <a> and
base {0001}<a>, which reflects the MT (450-650 ◦)
and LT (< 400 ◦)shear strain conditions. Shear strain
and LPO of quartz indicate that shearing vector was
from ESE to WNW. Three biotite samples yielded a
weighted mean (WM) age of 232.5 ± 2.4 Ma and an
isochron age of 232.9 ± 2.5 Ma, a plateau age of 253.9
± 2.6 Ma and an isochron age of 254.0 ± 2.7 Ma and
a plateau age of 243.9 ± 2.6 Ma and an isochron age
244.2±2.6 Ma. Two muscovite samples have a WM age
of 214.2 ± 2.3 Ma and an isochron age of 213.8 ± 2.7
Ma and a WM age of 218.7 ± 2.3 Ma and an isochron
age of 218.8 ± 2.4 Ma. Two K-feldspar samples yield
WM ages of 173.1 ± 2.0 and 180.5 ± 2.0 Ma and an
isochron age of 180.5 ± 2.2 Ma, and one hornblende
has a WM age of 208.5 ± 2.2 Ma and an isochron age
of 207.5 ± 2.6 Ma. All are the products of ductile
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shear and retrograde metamorphism. These ages rep-
resent deformation-retrograde events during exhuma-
tion. In contrast with the UHP ages of 242-220 Ma
and the exhumation ages of 200-220 Ma, the HP meta-
morphic rocks apparently were exhumed since 250 Ma.
Protolith for the HP rocks was Neoproterozoic metavol-
canic basement of the Yangtze plate, whereas the UHP
protolith was Meso- to Neoproterozoic paragneiss and
granitic gneiss of the Yangtze plate. We infer that
prior to 250 Ma, both continental basement slabs had
been subducted northwards beneath the north China
plate simultaneously. After reaching 20-30 km depth,
HP metamorphic rocks were formed and soon after ex-
humed, while the incipient UHP rocks continued to be
subducted to about 100 km depth and were later ex-
humed and appear at the surface with HP slabs.
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Evidence suggesting that metamorphic reactions
can be driven by deformation is ubiquitous. The ex-
ample we discuss here is the spatial and temporal cor-
relation between deformation and porphyroblastic min-
eral growth. Many porphyroblasts show synkinematic
microstructures, and in general the evidence favors
growth relative early during the deformation. These
microstructural observations have been with us for
decades, but mechanical descriptions of the coupling
are lacking. We explore the relations between defor-
mation and porphyroblast growth by employing three-
dimensional coupling among diffusion, reaction and de-
formation. Both linear and non-linear coupling can
significantly reduce the characteristic times of these
processes, leading to enhanced strain-rate partition-
ing and porphyroblast growth rates. Porphyroblast
growth is inherently a non-equilibrium process, con-
trolled by the rate and distribution of strain. Correl-
atively, strain and strain-rate distribution are inher-
ently controlled by porphyroblast growth and other mi-
crostructural changes associated with metamorphism.
Results of linked mechanical and microstructural mod-
eling show coupling between deformation and porphy-
roblast growth, as well as associated microstructural
changes that occur in the surrounding matrix. Feed-
backs among the various processes involved can follow
many paths leading to the finite state preserved in the
field.
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Mineral assemblages and textures associated with
regional contact metamorphic events provide a natural
laboratory for analyzing the effects of heat and fluid
transport. Typically these include the maximum tem-
perature, Tmax, (or pressure) attained by the rocks.
Early progression to Tmax is often obscured in the rock
record, as is the retrograde path. Similarly, thermal
modeling of these systems provides a controlled labo-
ratory for deciphering important geologic processes and
their magnitude over the aureole’s entire metamorphic
history. Numerous previous modeling studies focus on
extracting snapshots in time (t) by plotting tempera-
ture (T) at some time (ti), often with velocity vectors
at (ti) if fluid flow is included. However, contained in
these four dimensional calculations is much more in-
formation that provides insights into the spatial and
temporal aspects of a metamorphic event. Advanced
visualization and analyses tools permit extraction and
analyses of that diagnostics data. For example, one
of the fundamental controls on crystal size distribu-
tion and porphyroblast growth in metamorphic rocks
is the heating rate (dT/dt) experienced by the rocks.

The rate at which the rocks traverse a reaction bound-
ary (analogous to an isotherm) dictates the number of
nuclei that form. Textural modeling based on ther-
mal profiles demonstrates that rapid heating produces
many small nuclei whereas lower dT/dt produce fewer,
larger nuclei. Various thermal scenarios display con-
trasting dT/dt. If permeability is sufficient for fluid
circulation to develop, rapid heating is followed by a
continuous T decrease to a local minimum, with reheat-
ing as warm fluids infiltrate; in contrast to single heat-
ing and cooling scenario (conductive regime). Visual-
ization techniques allow 3D spatial mapping of dT/dt
throughout the metamorphic event to permit analyses
of the distribution of fast vs. slow heating rates, and
hence nucleation. By tracking the time spent in spe-
cific T intervals, the resultant porphyroblast size can be
estimated.Our modeling studies suggest that mineral
growth may take place during periods of cooling, within
a specific T intervals that post-date Tmax.In addition,
by examining dT/dt at one spatial location through
time, sequential periods of porphyroblast nucleation
and growth can be observed and crystal size distribu-
tion predicted. Additional and non-traditional diagnos-
tic output allows analyses and visualization of model
behavior and provides new insights into processes con-
trolling the development of metamorphic rocks.
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We present new results from our two-dimensional
kinetic model of contact metamorphism. The model
includes 8 minerals and 15 reactions in the system de-
fined by CaO-SiO2-MgO-H2O-CO2. Initially, a matrix
of dolomite and quartz is present in a vertical 2D cross
section at a depth equivalent of 3 kbar at the top of
the layer. The model pluton is introduced by gradually
heating, then cooling, a portion of the lower bound-
ary. Overall reaction rates are based on experimental
data and depend on the departure of the Gibbs free en-
ergy from equilibrium as calculated from the Berman
thermodynamic database along with data for supercrit-
ical CO2-H2O mixtures from Kerrick and Jacobs. Re-
action rates also depend on the evolving mineral sur-
face areas, and both stable and metastable reactions
are necessarily included in this kinetic model. In addi-
tion to reaction and fluid generation rate calculations,
we model the fluid flow, dispersion, thermal evolution,
compaction, grain-size changes, and dynamic perme-
ability. We primarily consider no fluid expulsion from
the pluton itself, although, within the layer, reaction
induced fluid release due to decarbonation reactions
can be dramatic. Key factors that influence the style
of flow (buoyancy drive verses drive from reaction in-
duced fluid release-devolatilization) are the grain size
and heating rates. The grain size effect is dominated
by permeability dependencies, and to a lesser extent by
the influence of surface areas on reaction rates. As has
also been observed by other field and modeling studies,
several styles of flow around the pluton are realized, in-
cluding up temperature flow toward the pluton (buoy-
ancy drive), and down-temperature flow away from the
pluton (devolatilization drive). Several unexpected T-
X paths (temperature-fluid composition) are generated
by the kinetic model within the 2D domain. In some
cases, dramatic overstepping of univariant curves is ob-
served, even though kinetic rates of metamorphic reac-
tions from the experimental studies are considered fast.
In other cases, fluid rich in CO2 created in one zone is
driven toward neighboring zones where T-X evolution
paths lie below univariant curves while temperature in-
creases. Needs for future models include better data for
kinetics of mineral dissolution and precipitation, solu-
bilities in CO2-rich fluids, and nucleation kinetics, as
well as models for matrix fracture and improved numer-
ical resolution.
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The pressure of fluids produced in metamorphic re-
actions must necessarily be at least as high as the rock
pressure. If the fluid produced at individual reaction
nuclei is less than the porosity created, the pore space
collapses and brings the fluid to rock pressure. If more
fluid is produced than porosity, then the fluid pressure
exceeds the rock pressure and may promote hydrofrac-
ture. Reaction-induced hydrofracture is then responsi-
ble for the evolving permeability structure of the de-
hydrating horizon and controls the nature of fluid ex-
pulsion if a low pressure boundary is breached. The
introduction of a low-pressure boundary sparks rapid
changes. Recent studies show that earthquakes can
breach seals that separate hydrostatic and lithostatic
fluid pressures. The co-seismic rupturing of the seal
induces the propagation of a high pressure pulse and
large-scale fluid flow. In the hydrostatically pressured
regions, a large influx of fluid can induce melting, while
in the lithostatically pressured region, a rapid reduc-
tion in fluid pressure accelerates dehydration reactions.
To understand how these processes are linked, a model
is developed that couples dehydration kinetics to a non-
linear diffusion model where permeability is a strongly
non-linear function of the effective normal stress acting
on new fractures. Since opening and closing of frac-
tures is strongly influenced by the fluid pressure, the
hydraulic properties of the media change in space and
through time. If a hydrostatic boundary is breached
(i.e. through hydrofracture or an earthquake), fluid
expulsion is controlled by the permeability evolution
of the dehydrating system prior to the event.
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With increasing metamorphic temperature, the or-
ganic matter present in sedimentary rocks is progres-
sively transformed into graphite (graphitization). The
degree of organization of this carbonaceous material
(CM) as characterized by Raman spectroscopy (RSCM)
, can be used as a geothermometer which yields the
maximum temperature reached during the metamor-
phic cycle (Beyssac et al., 2002). We used this RSCM
geothermometer to map the maximum metamorphic
temperatures through the Lesser Himalaya (LH) in
Nepal. This study provides a large dataset (80 sam-
ples) to estimate uncertainty of this method and to as-
certain its reliability by comparison with conventional
petrological investigations. We show that the RSCM
geothermometer might be used to detect inter-samples
temperature variations as small as 10◦C or so, but
absolute temperatures are only loosely determined to
+/- 50◦C due to the uncertainty on the calibration.
This successful application of the RSCM geothermome-
ter confirms that, at the timescale of regional meta-
morphism (several My), the transformation of CM is
mainly controlled by temperature. However, laboratory
investigations suggest that, in addition to temperature,
pressure should also play a role (Beyssac et al. 2003).
As a matter of fact, high degree of organizations en-
countered in natural CM cannot be reproduced in lab-
oratory without pressure, even at temperatures as high
as 3000◦C. In addition to the data acquired on nat-
ural CM, we will discuss laboratory experiments per-
formed up to 8 GPa which show that (1) a few kbar of
hydrostatic pressure are required to initiate microtex-
tural and subsequent structural transformations within
CM and (2) the overall effect of increasing pressure is
to speed up graphitization process. Beyssac, O., Goffe,
B., Chopin, C., and Rouzaud, J.N., 2002, Raman spec-
tra of carbonaceous material in metasediments: a new
geothermometer. Journal of Metamorphic Geology, 20,
859-871. Beyssac, O., Brunet, F., Petitet, J.P., Goffe,
B., and Rouzaud, J.N., 2003, Experimental study of the
microtextural and structural transformations of car-
bonaceous materials under pressure and temperature.
European Journal of Mineralogy, in press.


