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ABSTRACT

INTRODUCTION

A series of 2D petrological-thermomechanical numerical experiments was conducted to: (i) characterize
the variability of exhumation mechanisms of ultrahigh pressure metamorphic (UHPM) rocks during
collision of spontaneously moving plates and (ii) study the possible geodynamic effects of melting at
ultrahigh pressure conditions for the exhumation of high-temperature—ultrahigh pressure metamorphic
(HT-UHPM) rocks. To this end, the models include fluid- and melt-induced weakening of rocks. Five
distinct modes of exhumation of (UYHPM rocks associated with changes in several parameters in the
models of plate collision and continent subduction are identified as follows: vertical crustal extrusion,
large-scale crustal stacking, shallow crustal delamination, trans-lithospheric diapirism, and channel flow.
The variation in exhumation mechanisms for (UYHPM rocks in numerical models of collision driven by
spontaneously moving plates contrasts with the domination of the channel flow mode of exhumation in
a majority of the published results from numerical models of collision that used a prescribed plate
convergence velocity and/or did not include fluid- and melt-induced weakening of rocks. This difference
in the range of exhumation mechanisms suggests that the prescribed convergence velocity condition and
the neglect of fluid- and melt-related weakening effects in the earlier models may inhibit development of
several important collisional processes found in our experiments, such as slab breakoff, vertical crustal
extrusion, large-scale stacking, shallow crustal delamination and relamination, and eduction of the
continental plate. Consequently, the significance of channel flow for the exhumation of UHPM rocks
may have been overstated based on the results of the earlier numerical experiments. In addition, the
results from this study extend over a larger proportion of the high-temperature range of P—T conditions
documented from UHPM rocks, including those retrieved from HT-UHPM rocks, than the results of
experiments from previous numerical models. In particular, the highest peak metamorphic temperatures
(up to 1000 °C) are recorded in the case of the vertical crustal extrusion model in which subducted
continental crust is subjected to a period of prolonged heating by asthenospheric mantle abutting the
continental side of the vertically hanging slab. Nonetheless, some extreme temperature conditions which
have been suggested for the Kokchetav and Bohemian massifs, perhaps up to 1100-1200 °C, are still to
be achieved in experiments using numerical models.

Key words: continental subduction; diapirism; exhumation of UHPM rocks; extrusion of HT-UHPM
rocks; melting at (U)HPM.

rock unit with the overlying and underlying rock units
and the tectonic settings in which the UHPM rocks

Since the discovery of coesite in rocks from the Wes-
tern Alps (Chopin, 1984) an increasing number of
ultrahigh pressure metamorphic (UHPM) occurrences
have been documented from all over the world. In
multiple studies it has been shown that buoyant crustal
rocks can be subducted to mantle depths of more than
100 km, experience UHP metamorphism, and then be
exhumed back to lower-to-middle crustal depths where
erosion or younger tectonic events are responsible for
final exhumation to the surface.

To understand the mechanisms of formation and
subsequent exhumation of UHPM rocks it is impor-
tant to determine the structural relations of the UHPM
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were generated. Higher-temperature UHPM rocks
mostly have continental protoliths, including the con-
tinental crust and its overlying sedimentary succession
(Maruyama et al., 1996; Chopin, 2003), in contrast to
colder, lawsonite-bearing oceanic UHPM rocks (Tsu-
jimori et al., 2006). The higher-temperature UHPM
rocks are found within major continental collision
belts and extend laterally for several hundred kilome-
tres; most are in Eurasia, with rare examples in Africa,
Central America and Antarctica. Many of the ex-
humed UHPM rocks exposed at the surface occur as
subhorizontal sheets 1-5 km in thickness, bounded by
normal faults on the top and reverse faults on the
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bottom, sandwiched between HPM rocks or even
lower grade metamorphic units (Kaneko et al., 2000;
Ernst, 2001; Liou et al., 2004). Typically, these UHPM
rocks now form the cores of antiformal nappe stacks
that define structural domes 5-50 km across (Faure
et al., 2003; Xu et al., 2006; Epard & Steck, 2008). The
upper levels of many HPM-UHPM terranes are
dominated by extensional structures formed during
and/or after initial exhumation from UHPM condi-
tions (Andersen & Jamtveit, 1990; Ratschbacher et al.,
2000; Avigad et al., 2003).

Although the process of exhumation of HPM and
UHPM rocks from mantle depths to lower-to-middle
crustal depths is a hotly debated issue in the geoscience
community, in general terms initial exhumation to
crustal depths must be driven by either internal forces,
such as the buoyancy of the subducted material, or
external forces, such as the flow of the surrounding
material, or some combination of these two driving
forces. Examples of predominantly buoyancy-driven
mechanisms include channel flow during ongoing
continental subduction (e.g. Mancktelow, 1995; Do-
bretsov, 2000; Epard & Steck, 2008; Gerya et al., 2008;
Warren et al., 2008a,b; Beaumont ez al., 2009), wedge
extrusion induced by detachment of the deeply sub-
ducted crustal materials from the downgoing plate and
subsequent upward motion (e.g. van den Beukel, 1992;
Okay et al., 1993; Ernst & Liou, 1995; Kaneko et al.,
2000; Smye et al., 2010), and diapiric ascent of sub-
ducted continental materials (e.g. Cloos, 1993; Wang &
Cong, 1999; Hacker et al., 2005; Root et al., 2005;
Wallis et al., 2005; Yin et al., 2007; Behn et al., 2011,
Little et al., 2011), and examples of mechanisms driven
predominantly by external forces include large-scale
intracontinental thrusting (e.g. Okay & Sengér, 1992;
Okay et al., 1993; Yin & Nie, 1993; Brueckner et al.,
2010; Hacker ef al., 2010; ) with coeval erosional
exhumation (e.g. Nie et al., 1994; Chemenda et al.,
1995), pure-shear crustal thickening and coeval ero-
sional exhumation during continent—continent colli-
sion (e.g. Dewey et al., 1993; Ryan, 2001), decoupling
and eduction of the continental plate (e.g. Andersen
et al., 1991; Duretz et al., 2011) and changes in plate
kinematics at the trench (e.g. Brun & Faccenna, 2008;
Husson et al., 2009; Li et al., 2011).

Understanding the process of exhumation of HPM
and UHPM rocks has been advanced by geodynamic
numerical and analogue modelling (e.g. Chemenda
et al., 1995, 2000; Burov et al., 2001; Boutelier et al.,
2004; Gerya et al., 2008; Warren et al., 2008a,b;
Yamato et al., 2008; Beaumont ef al., 2009; Li &
Gerya, 2009; Butler et al., 2011), but nonetheless some
details in the these models cannot be fully reconciled
with observations from the geological record. The
models predict subduction of crustal rocks to extreme
depths of 150-200 km (pressure up to 5-6 GPa at
maximum temperature of 600-900 °C) and exhuma-
tion back to the surface in a subduction channel
associated with strong deformation and tectonic

mixing of rock units derived from different protoliths
and depths — a process generally referred to channel
flow (e.g. Burov et al., 2001; Gerya et al., 2008; War-
ren et al., 2008a; Li & Gerya, 2009; ), which can be
reconciled with some (U)HPM complexes (e.g. Beau-
mont et al., 2009). A majority of the numerical models
use a prescribed plate convergence velocity. However,
a prescribed plate convergence velocity does not de-
pend on slab pull, which is the principal driving force
for subduction, and as such these models cannot ac-
count for natural changes in the driving force, whether
gradual (e.g. due to progressive subduction) or abrupt
(e.g. due to slab breakoff). However, studies using
alternative numerical models with spontaneous plate
motion driven by evolving slab pull and ridge push
forces, which better mimic nature (e.g. Faccenda et al.,
2008; Duretz et al., 2011), are insufficient in number to
characterize fully the range of parameters that poten-
tially may demonstrate the feasibility of other popular
mechanisms of exhumation of UHPM rocks.

Another issue is that peak temperatures in experi-
ments to date using numerical models have consis-
tently failed to achieve those recorded in nature (e.g.
Stoeckhert & Gerya, 2005; Warren et al., 2008a,b;
Yamato et al., 2008). Whereas high to ultrahigh pres-
sures are achieved in a majority of these experiments,
maximal temperatures are generally >100 °C lower
than those retrieved from high temperature—ultrahigh
pressure metamorphic (HT-UHPM) rocks in the
geological record (e.g. Yamato et al., 2008; Li &
Gerya, 2009 and references therein). An exception is
the model developed by Li & Gerya (2009), in which
the formation and exhumation of HT-UHPM rocks is
achieved. This model predicts the development of a
sub-lithospheric plume of crustal material that under-
goes strong conductive heating from the surrounding
hot asthenosphere of the mantle wedge during a pro-
longed residence of 1020 Ma at HT-UHPM condi-
tions before upward extrusion of the melt-bearing
materials transports them toward the surface (Li &
Gerya, 2009, Fig. 8).

The elevated peak temperatures of some UHPM
rocks suggest the possibility of their melting at UHPM
conditions, although at these pressures a distinction
between K-, Na- and Si-rich fluids and hydrous silicate
melts is impossible, because the system is in the
supercritical state (Stoeckhert et al., 2001). Based on
examples of exposed UHPM rocks, which commonly
exhibit leucosome at outcrop and may contain
polymineralic inclusions after melt or supercritical
fluid in refractory minerals such as garnet (e.g.
Andersen & Osmundsen, 1994; Zhong et al., 2001;
Labrousse et al., 2002; Wallis et al., 2005; Lang &
Gilotti, 2007; Ragozin et al., 2009; Zeng et al., 2009;
Gao et al., 2012), melting generally has occurred
around the metamorphic peak or during exhumation
in many UHPM terranes. This could be extremely
important in the evolution and exhumation of these
UHPM rocks, for example by increasing buoyancy and
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decreasing strength. Some of the numerical models
discussed above show that partial melting of deeply
subducted continental crust and associated sedimen-
tary rocks could occur, consistent with both field
geology (references above) and petrological phase
relations (Hermann & Green, 2001; Skjerlie & Patino
Douce, 2002; Auzanneau et al., 2006; Massonne,
2009), leading to the suggestion that the presence of
melt could be a contributing factor in the exhumation
of these UHPM rocks (e.g. Gerya et al., 2008; Li &
Gerya, 2009; Vrijmoed et al., 2009).

In this study a series of 2D petrological-thermo-
mechanical numerical experiments was undertaken to:
(i) characterize the variability of exhumation mecha-
nisms of UHPM rocks during collision of spontane-
ously moving plates and (ii) investigate the possible
geodynamic effects of melting at ultrahigh pressure
conditions for the exhumation of HT-UHPM rocks.
The results of this study demonstrate that the model
UHPM complexes indeed develop high temperature
conditions above the solidus (melt-present) at ultra-
high pressures and that exhumation of these model
UHPM complexes does produce realistic upper-crustal
structures. Sensitivity studies performed during the
series of experiments reported here suggest that some
previously proposed mechanisms for the exhumation
of UHPM rocks are also accessed within the parameter
space investigated.

NUMERICAL MODEL DESIGN

The 2D petrological-thermomechanical numerical
model used in this work simulates the processes of
oceanic plate subduction followed by continental col-
lision in a 4000 km x 1400 km lithosphere/astheno-
sphere section. The model is based on the I2VIS code
(Gerya & Yuen, 2003a) using conservative finite dif-
ferences and a non-diffusive marker-in-cell technique
to simulate multiphase flow. In the first model (model
I), which is used as a reference frame as the main
parameters are varied in models II to V, a 40 Ma old
ocean plate with a width of 400 km is located between
two continental plates, but forming part of the left-
hand composite oceanic/continental plate (Fig. 1).
The right-hand continental plate is 1700 km wide and
fixed whereas the left-hand continental plate is
1860 km wide and is initially pushed to the right with a
constant velocity of 5 cm year™' imposed in a small
domain in the continental lithosphere at the left edge
of the model. The push is maintained for the first 6—
8 Ma of model evolution until the left-hand continent
reaches the right-hand continent after which the push
is discontinued and subduction is driven spontaneously
by slab pull. Thus, the collision stage in the model
evolves self-consistently according to a spontaneous
plate convergence velocity regulated by the slab pull,
asthenospheric viscosity and buoyancy of the sub-
ducting continental crust. The models use a grid res-
olution of 1361 x 351 nodes with variable grid spacing.
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This allows a minimum grid resolution of 1 km in the
area of interest covering 1050 km horizontally (from
x = 1900 to 2950 km) and 250 km vertically (from
z = 0 to 250 km). The number of lagrangian markers
is ~13 million.

In model I, on the left the oceanic lithosphere is
attached abruptly to the continental lithosphere with
sedimentary rocks overlying a narrow passive margin
(50 km wide), whereas on the right a prism of sedi-
mentary rocks is set against the continent above a
weak zone along the left edge of the right-hand
continental plate (Fig. 1). The cooling age of the
oceanic lithosphere is 40 Ma. The oceanic crust is
represented by 2 km of hydrothermally altered basalts
underlain by 5 km of gabbroic rocks. The upper
continental crust is felsic (thickness is 20 km with a
weaker rheology of wet quartzite, Table 1) whereas
the lower continental crust is mafic (thickness is
20 km with a stronger rheology of plagioclase Anys,
Table 1). At the onset of subduction, both the litho-
spheric mantle and the asthenosphere consist of
anhydrous peridotite. During the process of subduc-
tion, the mantle overlying the subducting slab be-
comes hydrated as a result of migration of fluid
liberated by metamorphic reactions in the slab. The
stable fluid content for each lithology was obtained
by using free energy minimization (Connolly, 2005).
The flow law for each lithology and other physical
parameters for the experiments are presented in
Table 1.

Subduction of the oceanic plate is initiated by pre-
scribing a weak zone in the mantle with the rheology of
wet olivine (Ranalli, 1995) and low plastic strength
(internal friction coefficient of 0.1) between the oceanic
lithospheric mantle and the right-hand subcontinental
lithospheric mantle (e.g. Toth & Gurnis, 1998). The
weak zone extends from the bottom of the continental
crust to the bottom of the subcontinental lithospheric
mantle (140 km). The chemical density contrast be-
tween the subcontinental lithospheric mantle and the
underlying asthenospheric mantle is 20 kg m™ (Djo-
mani et al., 2001).

All mechanical boundary conditions are free-slip
(cf. Gorczyk et al., 2007), and the left-hand conti-
nental plate is initially decoupled from the left
boundary of the model by a vertical 20 x 150 km
zone of lowered viscosity (10%° Pa s). The top surface
of the lithosphere is treated as an internal free surface
by using a 20-22 km thick top layer with low vis-
cosity (10" Pa s) and density (1 kg m™ for air and
1000 kg m™ for sea water below z = 20 km level).
The large viscosity contrast caused by these low vis-
cosity boundary layers minimizes shear stresses
(<10* Pa) at the top of the lithosphere making it an
efficient free surface (cf. Schmeling et al., 2008). This
upper boundary evolves by erosion and sedimenta-
tion according to the following Eulerian transport
equation (Gerya & Yuen, 2003a; Gorczyk et al.,
2007),
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Fig. 1. Initial configuration of the numerical model [see text, Supporting Information and Sizova et al. (2010) for details]. White lines
are isotherms shown for increments of 200 °C starting from 100 °C. Colours indicate materials (e.g. rock type or melt-bearing rock
type) that appear in subsequent figures. Letters a, b, ¢, d show the rheology that is used for each of the materials (see Table 1): a — wet
quartzite; b — plagioclase An75; ¢ — dry olivine; d — wet olivine. The resolution of the model at x = 1900-2950 km and y = 0-250 km
is 1 x 1 km, but in the remaining part of the model the resolution gradually changes to up to 10 x 10 km.
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where z is the vertical position of the surface as a
function of the horizontal distance x, v. and v, are the
vertical and horizontal components of the material
velocity vector at the surface, and vy and v, are the
sedimentation and erosion rates, respectively. The sed-
imentation and erosion rates correspond to the fol-
lowing relations,

vy, =0mm year*1 , De=D,oMmm year’1 , whenz < zg,,and

Dy = Uyo MM yealr_1 , be=0mm ye:ar_1 , whenz> zg,,

where v, = 0.03 mm year”' and vy = 0.03 mm

year™' are the imposed erosion and sedimentation
rates, respectively, and zg, = 20 km is the sea-level
prescribed in the model.

The initial temperature field for the oceanic litho-
sphere is derived from the oceanic geotherm computed
for the given cooling age and the temperature of the
asthenospheric upper mantle (Turcotte & Schubert,
2002). In the continental lithosphere, the initial ther-
mal structure is determined based on the radiogenic
heat production of the upper and the lower crust,
where the surface temperature (0 °C) and the upper-
mantle temperature at the bottom of the lithosphere
(1344 °C at 140 km) are prescribed. The initial tem-
perature gradient in the underlying mantle is
0.5 °C km™'. During the numerical experiments this
initial thermal structure evolves spontaneously.

Because the H>O transport model does not permit
complete hydration of the peridotitic mantle, the
mantle solidus is intermediate between the wet and dry
peridotite solidi. In reality, variable hydration would
permit melting over a range of temperatures and water
contents (e.g. Grove et al., 2006). To account for this
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behaviour we assume that the degree of both hydrous
and dry melting is a linear function of pressure and
temperature (e.g. Gerya & Yuen, 2003b). In this
model, the volumetric degree of melting M|, is,

OT T T< T\'Ulidus
M, 0= - fmd’”v - Tso/iclus <T< T/iquiclus s 2
Tliquidus — Totidus
> Tliquidus

where Toliqus and Tiiguidus are, respectively, the solidus
temperature (wet and dry solidi are used for the hy-
drated and dry mantle, respectively) and the dry lig-
uidus temperature at a given pressure and rock
composition (see Table 1). To simulate melt extraction
from partially molten rocks (e.g. Nikolaeva et al.,
2008; Gerya & Meilick, 2011) we define a melt
extraction threshold M, and a non-extractable
amount of melt M,;, < M.« that will remain in the
source. The influence of these parameters on subduc-
tion dynamics and crustal growth is investigated for
the case of constant M,/ My, = 2.

Markers track the amount of melt extracted during
the evolution of each experiment. The total amount of
melt, M, for every marker takes into account the amount
of previously extracted melt and is calculated as,

M=M= Me (3)

where > M.,,, is the total melt fraction extracted dur-

ing the }i)revious n extraction episodes. Once the total

amount of melt, M, computed from equations (2) and

(3) for a given marker exceeds M., the extractable

melt fraction M., = M — M ,;, is assumed to migrate

upward and the value of Y M is updated. We as-
n

sume that melt migration is rapid compared with the
deformation of unmelted mantle, so that the velocity of
the melt is independent of mantle dynamics (Elliott
et al., 1997; Hawkesworth et al., 1997). Thus, the ex-
tracted melt is transported instantaneously to the sur-
face forming new volcanic crust above the extraction
area.

The weakening effects of ascending fluids and melts
are included into the model (Sizova et al., 2010; Gerya
& Meilick, 2011). During aqueous fluid propagation
from the slab the yield strength, gyieq, of the percolated
rocks is decreased according to Aguiq = 1 — Phuid/ Psolid
(see Appendix S1 for details). Similarly, during a melt
extraction episode, the yield strength, gy;e1q, of rock in
the column between the source of the melt and the
surface is decreased according to ey = 1 — Preie/Psolia-
A low value of Zquiq = Amerr = 0.001 was used in the
numerical experiments providing significant weakening
of rocks subjected to free fluid/melt propagation and
creating favourable conditions for realistic modern-
style subduction (Sizova et al., 2010).

The compressibility of the subducting oceanic crust
was increased by a factor of two relative to other
rocks. This allowed simulation to a first order of the

effects of an increased slab pull related to the
eclogitization reaction in the subducting slab (e.g.
Mishin et al., 2008; Baumann et al., 2010). A more
detailed description of the model and the numerical
techniques employed in this study are given in
Appendix S1.

EXPERIMENTAL RESULTS

For this investigation of mechanisms of exhumation of
UHPM rocks a range of experiments involving conti-
nental collision of spontaneously moving plates, sub-
duction of the continental lithosphere and oceanic slab
detachment was undertaken. Based on changes in
several parameters in the models — the length of the
oceanic lithosphere component of the left hand plate
(300, 400, 500 and 600 km), which is responsible for
the strength of the slab pull, and the width of the
passive margin [either abrupt (50 km) or gradual
(150 km)], which affects the subductability of the
continental lithosphere, where these two parameters
represent the main axes of the sensitivity study illus-
trated in Fig. 2, and the presence of melting — five
distinct (UYHPM exhumation modes associated with
different major collision scenarios were identified:
vertical crustal extrusion, large-scale crustal stacking,
shallow crustal delamination, trans-lithospheric dia-
pirism and channel flow.

Numerical experiments with melting

Model I: 400 km long oceanic plate with an abrupt passive
margin

Figures 3-5 represent the evolution of model I, which
results in the formation and exhumation of HT-
UHPM crustal rocks with very high peak metamorphic
temperatures (up to 1000 °C, Fig. 4¢’) that are 100-
400 °C higher than maximal peak temperatures
achieved in experiments with a prescribed plate con-
vergence velocity (e.g. Burov et al., 2001; Gerya et al.,
2008; Warren et al., 2008a,b; Li & Gerya, 2009).
During the early evolution of the model, the oceanic
lithosphere is subducted and the ocean basin closes
(Figs 3a & 4a). When the subducting oceanic litho-
sphere reaches 100 km depth the oceanic crust starts to
dehydrate and partially melt, which leads to hydration
of the overlying mantle and wet melting above the slab
(Figs 3a & 4a). In accordance with the high degree of
melt and fluid weakening adopted (Aquia = Amelt =
0.001), the overriding lithosphere is extended and a
back-arc basin with ~3 km of volcanic rocks is
developed.

At the beginning of the continental collision stage,
after the ocean basin has closed completely, the
incoming continental margin starts to subduct. By this
stage, the initially imposed push of the left-hand con-
tinental plate to the right has been deactivated and
continental subduction is driven spontaneously by slab

© 2012 Blackwell Publishing Ltd



FORMATION OF ULTRAHIGH PRESSURE CRUSTAL ROCKS 933

Large-scale crustal stacking

Trans-lithospheric diapirism

500

I
(a) P, GPa i (e) P, GPa
Kk — ) E
o 1 UHPM
S SR |
© -7 E-HPM
: i M . Ny . ’H?;HTM
2002080 *m 2260 020 2150 km - 2450 b
Large-scale crustal stacking Trans-lithospheric diapirism
(b) Tom () e

Oceanic plate length, km
400

(d) 7 P, GPa

300

(h) F, GPa

Ly T

Passive margin width, km

Fig. 2. Schematic representation of the results of the sensitivity study of collision styles and exhumation mechanisms for (U)HPM
rocks. The study involved varying the length of the oceanic plate (from 300 to 600 km) and the width of the passive margin (a
prescribed space for the thinning of the continental crust towards the oceanic plate, either 50 or 150 km). For each experiment a
representative snapshot from the model evolution and the P—T-¢ paths recorded are shown. Corresponding models are shown in the
following figures: (a) = Fig. 7, (b) = Fig. 9, (c) = Fig. 4, (d) = Fig. 10, (e) = Fig. 13, (f) = Fig. 14, (g) = Fig. 15, and

(h) = Fig. 11. See text for discussion.

pull. As the spontaneous collision process evolves the
topographic elevation increases (see the topography
profiles on Figs 4b & 5a,a’) and the dip of the slab
steepens to vertical (Figs 3b & 4b). After the sub-
ducting continental lithosphere reaches a depth of
60 km most of the upper continental crust starts to

© 2012 Blackwell Publishing Ltd

delaminate from the lower continental crust and ac-
cretes to the overriding plate within the subduction
channel (Fig. 4b). The lower rheologically stronger
continental crust continues to be subducted, together
with a thin remnant (~3 km thick) of the upper con-
tinental crust.
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1000 x 1300 km sections of the original 4000 x 1400 km model are shown. Colour code is the same as in Fig. 1. Detailed development

of the collision zone for this model is shown in Fig. 4.

The positive buoyancy of the subducted continental
crust causes a gradual decrease in the subduction
velocity that in turn triggers thermal relaxation of the
subducted lithosphere. After the collision stage was
initiated (c¢. 12 Ma), the subduction is terminated by
slab breakoff, which does not localize at the oceanic
lithosphere—continental lithosphere transition but oc-
curs at a much greater depth of ~400 km in the oce-
anic part of the slab (Fig. 3b). Slab detachment in the
form of a viscous dripping instability in this model (see
Fig. 3b) is commonly characteristic of relatively warm
subducted slab segments with a core temperature
above 1000 °C (Gerya et al., 2004a; Duretz et al.,
2011). In model I, this elevated slab temperature forms
in response to slow subduction caused by the limited
slab pull of the relatively short oceanic plate prescribed
in this experiment. As the subduction velocity de-
creases, the short subducted slab is hanging in the
mantle undergoing heating by conduction from
the surrounding asthenosphere, until detachment of
the hottest and deepest segment of the slab is triggered
(Fig. 3b).

After detachment, the weight of the remaining por-
tion of the hanging slab is not sufficient to overcome
the positive buoyancy of the continental crust, which
ceases to subduct at ~200 km depth. The system re-
mains essentially static for ¢. 0.5 Ma and the deep
detachment event does not exert any instantaneous
influence on the system. A small component of slab
rollback and extension of the overriding plate resume
after the 0.5 Ma hiatus (Figs 3¢ & 5b,b’) leading to
ascent of hot asthenosphere (compare Fig. 5a” with
Fig. 5b”). In turn, this leads to smoothing of the high
topography developed during the initial collision stage
as the orogen widens (Fig. 4c,d).

During the period of slow continental subduction
the continental crust is subjected to heating as the
continental side of the vertically hanging slab comes
into contact with the hot asthenospheric mantle of the
wedge for a prolonged period of time (¢. 2 Ma), which

allows conductive heating and partial melting of the
remnant of upper continental crust and the lower
continental crust at ultrahigh pressures. As a result, the
positive buoyancy of the continental crust is enhanced
and the overlying material becomes strongly weakened
by percolating UHP melts (according to the high de-
gree of melt weakening adopted, where A, = 0.001).
This facilitates exhumation of the buoyant melt-bear-
ing UHP crustal rocks vertically towards the surface
along the slab-mantle interface (Figs 3c,d, 4c,d &
5a,a’,b,b’). The melt-bearing continental crust moves
upward along the slab-mantle interface in the form of
a gently curved planar (wave-like) structure (see yel-
low-coloured layer in Fig. 5b, and the ascent channel
in Fig. 5b’). Similar buoyant wave-like structures
forming against slabs have been previously described
in 2D and 3D numerical experiments of oceanic plate
subduction (Gerya et al., 2004b; Zhu et al., 2009). The
partially molten UHP crust is exhumed to depths of
1040 km forming a plume-like body ~50 km across in
the lower crust of the extending collision zone
(Fig. 4d).

The metamorphic P-T conditions for the subducted
continental crust through time were traced using
markers (lagrangian particles; Fig. 4, P-T—t paths). All
markers were initially placed inside the left-hand con-
tinental plate margin, with three markers (dark green,
green and violet) in the upper continental crust and
four markers (blue, light blue, pink and red) in the
lower continental crust. During the process of sub-
duction all markers show increasing pressure and
temperature (Fig. 4a”). Whereas the initial spacing of
the markers was limited (<40 km horizontal distance
between markers), at the time of the slab breakoff they
show a large variation in depth (up to 150 km) and in
P-T conditions (from 1 GPa at 400 °C up to 5.5 GPa
at 900 °C), with peak P-T for five of the seven markers
corresponding to HT-UHPM conditions (Fig. 4b").
The decompression segments of the P-7—¢ paths are
different, with crustal material subducted no deeper

© 2012 Blackwell Publishing Ltd



FORMATION OF ULTRAHIGH PRESSURE CRUSTAL ROCKS 935

_ﬁ E Topography

4k
UHPM
s aee=-A]
g EEETEET E-HPM
E 13006 — elt=b anng .+ ==
,_,_Hydrated mantie (HER -~ HT-UHTM
200 - 0 Mm@ Ic
2100 2150 2200 2250 2300 2350 2400 2450 km2500 O 200 400 600 800 1000
10
E i--.:=’-—5
-10F 8

150 .

| ®
2300

2150 2200 2250 2350 2400

ki Time = 24.12 Ma

2450 km2500 0 200

200
2100
0

km
0

oo e

o

' Melt-bearing

' “ Contmenta]

Time = 25.06 Ma|

200
2100 2150 2350 2400 2450 km2500
S — —]
_10F h
ki Time=26.16 Ma 5p
4
3 =
2 =1
1 =
0200 300 600 800 1000

Fig. 4. Four time-slice snapshots to show the development of the continental collision zone in model I (left column) and the associated
representative P—T-t paths for crustal rocks (right column). 400 x 200 km sections of the original 4000 x 1400 km model are shown.
The topographic profile for each snapshot is given on the top. Coloured squares on the snapshots are markers that refer to the
diagrams with the P-T-¢ paths (a’-d’). The dashed lines separate fields for different types of metamorphism (Brown, 2007):

UHPM

© 2012 Blackwell Publishing Ltd

= ultrahigh pressure metamorphism; E-HPM = eclogite-high pressure granulite metamorphism; UHTM = ultrahigh
pressure metamorphism. Colour code is the same as in Fig. 1.
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than 120 km being exhumed to middle crustal depths component of the left hand plate is increased by 50%
along tighter P-T—t loops (Fig. 4c’,d” violet, blue  to 600 km (compared with 400 km in the previous
markers), whereas the more deeply subducted crustal model). Subduction of this longer segment of oceanic
material, which always underlies the early exhumed lithosphere produces an increased length of slab and
materials at middle crustal depths, has more open consequently a stronger slab pull, faster convergence
P-T-t loops with a larger segment of near-isothermal velocity and more rapid slab detachment (compare
decompression close to peak temperature (Fig. 4¢’,d”  Fig. 3b with Fig. 6¢) during the spontaneous collision
red and pink markers). phase.

Parts of the upper continental crust that remained at The internal evolution and geometry of the conti-
temperatures below the solidus also become involved  nental collision zone is very different from the previous
in the exhumation process and represent rocks that  model. As the ocean basin closes at ¢. 10-11 Ma
occur above and below the UHPM rocks in nature. (Figs 6a & 7a) the incoming continental passive mar-
These areas are characterized by high pressure  gin begins to subduct in a coherent manner reaching
(Fig. 4¢’,d” dark green and green markers) or lower-  depths of 100-150 km within 6 Ma after the initiation
grade metamorphism. of collision (Fig. 7b). Buoyancy of the deeply sub-
ducted continental crust creates large deviatoric stres-
ses, which trigger brittle/plastic failure along the
subducted Moho boundary (Fig. 7b). A large coherent
crustal-scale block of continental crust separates from
Figures 68 represent the evolution of an experiment the subducting plate and is thrust back over the sub-
in which the length of the oceanic lithosphere  ducting plate along a major shear zone producing

Model II: 600 km long oceanic plate with an abrupt passive
margin

© 2012 Blackwell Publishing Ltd
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oceanic plate and an abrupt passive margin (50 km wide), up to continental plate relaxation and slab retreat. 1000 x 1300 km sections
of the original 4000 x 1400 km model are shown. Colour code is the same as in Fig. 1. Detailed development of the collision zone for

this model is shown in Fig. 7.

extremely rapid exhumation of UHP rocks within 0.2—
0.3 Ma (Figs 6b, 7c & 8a,a’). Strong shear heating in-
side the shear zone results in localized melting of the
continental crust (Fig. 8a). As the continental litho-
sphere continues to subduct, a second large-scale
crustal stacking event takes place ¢. 0.5 Ma after the
first (Figs 7d & 8b,b’).

During ascent of the second block of continental
crust subduction is terminated by slab breakoff, which
localizes in the continental part of the subducting plate
at a depth of 300 km (Figs 6c,d & 7d). The breakoff
exerts an instantanecous influence on the system
resulting in a period of relaxation of the overriding
continental plate, which causes a further increase of the
elevation of the orogen. After 2000 years slab rollback
resumes and drives extension of the orogeny (see the
topography profiles on Fig. 7a—d).

The subducted continental crust and associated
sedimentary rocks rapidly reach a depth of 140 km
and then return to mid-to-lower crustal depths in less
than 1 Ma. Overall, there is insufficient time for
conductive heating from the hot asthenosphere of the
mantle wedge to raise temperatures as high as in
model I. As a result, partial melting is localized rather
than widespread and melt-induced buoyancy does not
contribute to the exhumation of the UHPM rocks.
The metamorphic P-T conditions for the subducted
continental crust and associated sedimentary rocks
through time were traced using markers (lagrangian
particles; Fig. 7 a’—d’). All markers were initially
placed in the left-hand continental margin, with two
markers (yellow and pink) in the sedimentary rocks
and six markers (lilac, dark green, green, blue, dark
blue and red) in the upper continental crust (Fig. 7a).
The marker locations in the sedimentary rocks spend
longer in contact with the hot asthenopheric mantle
of the wedge than those in the continental crust and
consequently they define open P-7-¢ loops with
maximum temperatures of ~750 °C at UHPM con-

© 2012 Blackwell Publishing Ltd

ditions (Fig. 7a’-d"). In contrast, the marker locations
in the upper continental crust (i.e., in the interior of
the coherently moving crustal block) define very tight
P-T—t loops, in some cases reaching UHPM condi-
tions but at extremely low temperatures (<400 °C;
Fig. 7a’-d") because of the very rapid continental
subduction and exhumation associated with the large-
scale crustal stacking.

An experiment with an intermediate oceanic plate
length of 500 km shows a transitional type of evolution
between the models I and II (compare Fig. 9 with
Figs 4 & 7). Slab breakoff occurs at the oceanic lith-
osphere—continental lithosphere transition and coin-
cides with limited stacking of the deeply subducted
continental crust, similar to the experiment with the
longest oceanic plate (compare Fig. 9¢ with Fig. 7b).
Afterwards, the most deeply subducted lower conti-
nental crust is exposed to conductive heating from the
surrounding hot asthenophere of the mantle wedge at
UHPM conditions, undergoes partial melting and is
exhumed towards the surface (Fig. 9a’-d” light blue
and pink markers). Less deeply subducted continental
crust does not reach UHPM conditions (Fig. 9a’-d’
red, blue and green markers). This mode of exhuma-
tion (vertical crustal extrusion) of the most deeply
subducted (melt-bearing) lower continental crust is
similar to the exhumation mechanism in model I and
as in model I the UHPM rocks record high-tempera-
ture conditions at ultrahigh pressures (compare Fig. 9d
with Fig. 4c¢,d).

Model 1ll: 300 km long oceanic plate with an abrupt passive
margin

Figure 10 represents the evolution of an experiment in
which the length of the oceanic lithosphere component
of the left hand plate is decreased by 25% to 300 km
(compared with 400 km in model I), but still with an
abrupt passive margin (Fig. 10a). Subduction of this
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shorter segment of oceanic lithosphere produces a re-
duced length of slab and consequently a weaker slab
pull, slower convergence velocity and delayed slab
detachment (compare Fig. 3b with Fig. 10c). The re-
duced slab pull results in relatively shallow subduction
of the continental crust to only 80 km depth
(Fig. 10b,c) followed by gradual delamination of sub-
ducted rocks from the slab and their subsequent
exhumation and relamination (underplating) to the
base of the overriding plate (cf. Hacker et al., 2011),
which is undergoing extension (Fig. 10d). Because the
subducted lower continental crust remains in contact
with the surrounding hot asthenosphere of the mantle
wedge for a prolonged time it undergoes conductive
heating up to 800 °C (Fig. 10c) and partial melting at
high pressures (near ultrahigh pressures; Fig. 10a’—d").
This provides an additional buoyancy force for ascent
of continental plate margin materials to lower crustal-
to-middle crustal depths (Fig. 10d” pink, blue and
green markers). In general, this shallow crustal rel-
amination process is similar to the ductile crustal
extrusion model. An important difference, however, is
that extreme HT-UHPM conditions are not reached in
the subducted crustal rocks due to the reduced slab
pull (compare Fig. 4 with Fig. 10). With a gradual
passive margin (150 km wide), model I1I produces very
similar results (Fig. 11a—d) except that the P-T con-
ditions achieved are slightly more extreme and exhu-
mation involves less decompression but is associated

© 2012 Blackwell Publishing Ltd
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Fig. 11a’~d").

cooling (compare Fig. 10a’—d’

Model IV: 600 km long oceanic plate with a gradual passive
margin

Figures 12 and 13 represent the evolution of an
experiment with the longest oceanic lithosphere com-
ponent of the left hand plate (600 km), but with the
width of the incoming passive margin increased to
150 km (compared with 50 km in model II). The
introduction of this gradual passive margin changes
the model evolution dramatically (compare Figs 12 &
13 with Figs 6 & 7). The gradual form of the passive
margin allows deeper subduction of the continental
crust (up to 250 km depth; Figs 12b,c & 13b,c) in
comparison with the abrupt form (up to 150 km depth,
Figs 6b & 7b).

At a depth of 150-160 km the sedimentary rocks
from the deeply subducted passive margin start to as-
cend, undergo partial melting, and form a diapir above
the slab (Fig. 13c,d). This diapir rises vertically pene-
trating through the lithosphere of the overriding plate
weakened by serpentinization during the subduction
stage as well as by upward percolation of melts ex-
tracted from the diapir. During ascent of the diapir
sedimentary rocks mix with hydrated lithospheric
mantle of the overriding plate forming a strongly
internally deformed UHP melange that is emplaced
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shown in Fig. 13.

into the bottom of the crust. Similar trans-lithospheric
sedimentary diapirs were found in oceanic subduction
models when strong melt-induced weakening was
implemented (Gerya & Meilick, 2011). The sedimen-
tary materials follow almost isothermal compression
and decompression segments in the P—7-t evolution
(Fig. 13a’-d’) with maximum temperature not exceed-
ing 700 °C at UHPM conditions (Fig. 13b,b”). With a
500 km long oceanic plate and a gradual passive
margin, model IV produces very similar results
(Fig. 14a—d) except that multiple diapirs develop, the
P-T paths are more open and higher peak temperature
conditions are achieved by the UHPM rocks, and
exhumation leads to heating before cooling (compare
Fig. 13a’—d” with Fig. 14a’-d").

In this study, trans-lithospheric diapirs develop only
in models with a gradual passive margin and a rela-
tively long oceanic lithosphere component (500—
600 km) on the subducting plate. In the experiments
with a shorter length of oceanic lithosphere (300—
400 km) the introduction of a gradual passive margin
does not produce any significant change in geody-
namics. In particular, in the model with an interme-
diate (400 km) oceanic plate length (Fig. 15) the mode
of formation and exhumation of UHPM materials is
similar to model I (with an abrupt passive margin
producing ductile crustal extrusion). However, the
peak metamorphic temperatures and pressures of
UHPM rocks are lower (compare Fig. 15b’,c” with
Fig. 4b’,c’) and there is a smaller amount of subducted
melt-bearing lower continental crust that is extruded in
this experiment in comparison with model I (compare
Fig. 15b—d with Fig. 4b—d). Similarly, the experiment
with a gradual passive margin and the shortest length
of oceanic lithosphere (300 km) produces a shallow
delamination mode of exhumation (Fig. 11) with a
smaller amount of subducted melt-bearing lower con-
tinental crust involved in exhumation compared with
model III (compare Fig. 11 with Fig. 10).

© 2012 Blackwell Publishing Ltd

Numerical experiment without melting

Model V: 400 km long oceanic plate with an abrupt passive
margin

Figure 16 represents the evolution of an experiment
with conditions similar to model I, but in which both
hydration and partial melting processes (and related
fluid- and melt-induced weakening of rocks) were fully
deactivated. The resulting spontaneous collision sce-
nario differs dramatically from model I and demon-
strates the typical confined channel flow geometry.
Some of the sedimentary materials and the continental
crust are subducted into the mantle up to a depth of
120 km (Fig. 16a). Because of the positive buoyancy
further subduction of the continental part of the plate
is precluded, which leads to slab breakoff in the oce-
anic part of the plate at a depth of 400 km. After
breakoff the continental part of the plate relaxes and
the subducted continental crust and sedimentary
materials return along the subduction channel towards
the surface due to their positive buoyancy (Fig. 16b)
simultaneously with partial eduction of the underlying
continental plate (see discussion in Duretz et al., 2011).

The metamorphic evolution for the subducted con-
tinental crust and sedimentary materials shows tight
P-T—t paths (Fig. 16a,b”). The maximum P-T condi-
tions correspond to the transition between the HPM
and UHPM fields. The peak temperatures achieved in
both the subducted continental crust and the sedi-
mentary materials do not exceed 600 °C (Fig. 16b’).
The lower temperatures are in general characteristic
for the confined channel flow models where rocks are
surrounded by two cold plates. The main reason that
this mode of exhumation occurs is the absence of fluid-
and melt-induced weakening in the model. As a result,
the overriding plate remains rheologically strong dur-
ing the entire experiment. This, in turn, does not allow
for extension of the overriding plate associated with
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are markers that refer to the diagrams with the P-T-¢ paths (a’-d”). Colour code and notations are the same as in Figs 1 and 4.

the ascent of hot asthenospheric mantle or heating
of the subducted crustal rocks (e.g. Fig. 4b—d).
Therefore, the subduction channel remains confined
and strong heating of (U)HPM rocks does not occur.

Influence of lower crustal rheology

In all of the models a relatively strong rheology was
prescribed for the lower continental crust (plagioclase,
An75; Ranalli, 1995), which produced strong coupling
along the subducting Moho boundary and enabled
deep subduction of the continental crust. To check the
influence of lower crustal rheology on the evolution of
the models two additional experiments were performed
with a weaker lower crustal rheology (wet quartzite;
Ranalli, 1995) with the other parameters kept the same
as in models I and II. Irrespective of the length of the
oceanic plate, these two experiments show a similar
evolution with early delamination of the continental
crust from the underlying subcontinental lithospheric
mantle, which then subducts to great depth (Fig.
17a1,b;). Deep subduction of the continental crust and
the formation of UHPM rocks are precluded in these
models of shallow delamination, which to some degree
are similar to model III (compare Fig. 17a,,b, with
Fig. 10).

© 2012 Blackwell Publishing Ltd

DISCUSSION

In the numerical experiments described above, which
include fluid- and melt-induced rheological weakening
of rocks, the collision stage in the model evolves self-
consistently driven by the spontaneous plate conver-
gence velocity and not by a prescribed plate conver-
gence velocity. The results of these novel numerical
experiments demonstrate a surprisingly large variety of
exhumation mechanisms for UHPM rocks (Fig. 2)
ranging from vertical crustal extrusion (model I) and
large scale crustal stacking (model II) to shallow
crustal delamination (model IIT) and trans-lithospheric
diapirism (model 1V) to channel flow and eduction
(model V). These results reconcile well with the variety
of exhumation mechanisms for UHPM rocks proposed
on the basis of both natural data (e.g. Andersen et al.,
1991; Kaneko et al., 2000; Wallis et al., 2005; Epard &
Steck, 2008; Brueckner et al., 2010; Hacker et al.,
2010; Little et al., 2011) and analogue modelling (e.g.
Chemenda et al., 1995). In contrast, a majority of
previous numerical models have used a prescribed
plate convergence velocity and/or neglected fluid- and
melt-induced weakening of rocks. These models con-
sistently demonstrate exhumation of HPM-UHPM
materials by various types of channel flow (e.g.
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Fig. 16) between confined strong colliding plates (e.g.
Burov et al., 2001; Gerya et al., 2008; Warren et al.,
2008a,b; Li & Gerya, 2009).

A prescribed convergence velocity driven by plate
push is applied widely in numerical models of sub-
duction and collision (e.g. Gerya, 2011 and references
therein). This condition is based on the assumption
that in a globally confined three-dimensional system of
plates, local ‘external forcing’ imposed on a 2D section
of a plate, such as tectonic forces coming from differ-
ent slabs or from different sections of the same later-
ally non-uniform slab, can be significant (sce
discussion in Li & Gerya, 2009). However, prescribing
the convergence velocity in numerical models of colli-
sion and thus neglecting feedback from the evolving
slab pull may inhibit development of several important
collisional processes such as slab breakoff, vertical
crustal extrusion, large-scale crustal stacking, shallow
crustal delamination, trans-lithospheric diapirism and
eduction. The absence of fluid- and melt-related rhe-
ological weakening effects in these models is likely to
impose similar limitations. Consequently, the signifi-
cance of channel flow as an exhumation mechanism for
UHPM rocks may have been overstated in the litera-
ture based on the results of previous numerical
experiments.

According to our models with fluid- and melt-
induced weakening two major geodynamic parameters
are responsible for determining the dominant exhu-
mation mechanism for UHPM rocks during the colli-
sion of spontaneously moving plates. These parameters
are slab pull and the width (abrupt or gradual geom-
etry) of the subducting continental margin (Fig. 2).
Slab pull, in turn, depends on the length and thermal
structure of the subducting oceanic plate (e.g. Duretz
et al., 2011).

In model I, which has an intermediate length oceanic
plate and an abrupt passive margin, after slab breakoff
the continental crust is subject to conductive heating as
the continental side of the vertically hanging slab
comes into contact with the hot asthenosphere of the
mantle wedge for sufficient time to allow partial
melting of the crust at ultrahigh pressures (Fig. 2c).
Partial melting reduces the density and viscosity of the
continental crust and triggers exhumation of the
buoyant melt-bearing UHPM rocks, which ascend
along the slab-mantle interface (Figs 4c,d & 5a,a”) by a
process of vertical crustal extrusion. The melt-bearing
UHPM rocks are exhumed to depths of 10-40 km
forming a plume-like body ~50 km across in the lower
crust of the extending collision zone in a manner
similar to that suggested for the Sulu terrane by Wallis
et al. (2005). Wallis et al. (2005) proposed that partial
melting was a the key feature in the exhumation of the
Sulu UHPM terrane in China and they suggested that
the most likely exhumation mechanism for these rocks
was diapiric rise of a mobile partially molten mass
containing entrained blocks of eclogite. In agreement
with nature, the HT-UHPM rocks are found in the

© 2012 Blackwell Publishing Ltd

model within high pressure but lower-grade meta-
morphic units bounded by sharp tectonic contacts
(‘intrusive-like’, e.g. Wang et al., 1997).

In contrast, model II with the longest oceanic plate
and an abrupt passive margin (Figs 2a & 7) shows fast
stacking of rigid continental crustal blocks, which
leads to duplication of the continental crust and the
formation of UHPM materials at the frontal part of
the suture zone (blue, yellow and pink markers in
Fig. 7d,d"). This type of tectonic structure with dupli-
cation of the continental crust by intracontinental
thrusting associated with coeval erosion is documented
for several collisional orogenic systems, such as, for
example, the western Alps in Europe (Schmidt &
Kissling, 2000), the Dabie Shan in China (Okay &
Sengor, 1992; Okay et al., 1993; Yin & Nie, 1993; Nie
et al., 1994) and the Western Gneiss Region in Norway
(Hacker et al., 2010). Okay & Sengor (1992) argued
that major intracontinental thrusting with concomitant
erosion and associated back thrusting were the main
factors in the initial exhumation of UHPM rocks in the
Dabie Shan complex in China. They interpreted a
stack of several major tectonic units separated by in-
tracontinental thrusts south of the Qinling suture as a
pop-up structure, and argued that the driving force
for intracontinental thrusting was initially the post-
collisional negative buoyancy-driven convergence be-
tween the Sino-Korean and Yangtze plates generated
by the descending lithospheric root, whereas final
exhumation was consequent upon detachment of the
lithospheric root. Similar subparallel thrusts were ob-
served in model I where large coherent crustal-scale
blocks of continental crust become detached from the
subducting subcontinental lithospheric mantle and are
thrust back over the subducting plate along a major
shear zone, which exhumes the UHPM rocks to lower-
to-middle crustal depths. The uplift of the subducted
crustal blocks and the fast exhumation of the UHPM
rocks are similar to the results of analogue modelling,
which was successfully applied to the Himalayas and
other zones of continental subduction (Chemenda
et al., 1995, 2000).

The mechanism of wedge extrusion induced by
detachment of the deeply subducted crustal materials
from the downgoing plate and subsequent upward
motion, as proposed by many authors (e.g. van den
Beukel, 1992; Okay et al., 1993; Ernst & Liou, 1995;
Kaneko et al., 2000; Smye et al., 2010), has similarities
with the results of experiments using a numerical
model with a 500 km long oceanic plate and an abrupt
passive margin (Figs 2b & 9). As an example, Kaneko
et al. (2000) proposed a wedge extrusion model for the
Kokchetav HP-UHPM belt, based on detailed map-
ping and an extensive structural dataset. They showed
that the crustal protoliths for the UHPM rocks were
subducted to depths of over 200 km before being ex-
truded back to crustal depths. The tectonic unit with
the HP-UHPM rocks is bound by subhorizontal faults
and now occurs in a sandwich-like structure between
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underlying low pressure metamorphic rocks and
overlying weakly or unmetamorphosed rocks. This
example is in good agreement with the model results,
where the continental rocks were subducted to a depth
of 180 km before exhumation to middle crustal depths
within high pressure but lower-grade metamorphic
units (Fig. 9). The results of this experiment are similar
to the results from the model II, but in this case only a
single episode of crustal stacking or wedge extrusion
occurs due to the reduced slab pull.

In other experiments with the longest oceanic plate,
but with a gradual passive margin rather than an
abrupt passive margin (model IV), exhumation of
deeply subducted crustal and sedimentary materials,
which undergo partial melting at UHPM conditions,
occurs by trans-lithospheric diapiric flow (Figs 2e.,f, 13
& 14). Cloos (1993) was the first to suggest that deeply
subducted continental crust can warm, decouple from
its mantle root, and rise diapirically, driven upward by
a density contrast with the overlying mantle of
0.50 gcm™ or more. Such a mechanism has been
proposed for UHPM rocks in the North Qaidam
UHPM belt in the Northern Tibetan Plateau of
Northwest China in the Ordovician—Silurian (Yin
et al., 2007), in the Norwegian Caledonides in the
Lower Devonian (Root ez al., 2005), in the Dabie
Shan, eastern China in the Triassic (Wang & Cong,
1999), in the southeastern Pamir in the Eocene—Mio-
cene (Hacker ez al., 2005) and in the D’Entrecasteaux
Islands, Papua New Guinea in the Miocene—Pliocene
(Little ef al., 2011), and is expected to occur in many
arcs (Behn ef al., 2011). For the North Qaidam
UHPM belt, Yin et al. (2007) proposed that after
reaching UHPM conditions the subducted materials
were transported across the mantle wedge in diapirs
originating from a melange channel above the sub-
ducting plate and emplaced into the base of a coeval
magmatic arc. In model IV, the prescribed melt-related
weakening associated with formation of the arc creates
a weak zone within the mantle wedge promoting
exhumation of the UHPM rocks by diapiric flow from
the subduction channel through the mantle wedge
followed by emplacement into the lower arc crust
(Figs 13 & 14).

Experiments in which the length of the oceanic plate
is short produce a weaker slab pull, slower convergence
velocity and delayed slab detachment (Fig. 10c). The
reduced slab pull results in a relatively shallow conti-
nental subduction followed by gradual delamination of
subducted rocks from the slab and their subsequent
relamination (cf. Hacker et al., 2011) to the extending
overriding plate (Fig. 10d). Because the subducted
lower continental crust remains in contact with the
surrounding hot asthenosphere of the mantle wedge
for a prolonged time it undergoes conductive heating
up to 800 °C (Fig. 10c) — to slightly higher tempera-
tures with a gradual passive margin — and partial
melting at high pressures — even at ultrahigh pressures
with a gradual passive margin (Fig. 2d,h). In many

respects, this shallow crustal relamination process is
similar to the vertical crustal extrusion mechanism,
which occurs in model I, except that the P—T condi-
tions achieved are not as extreme.

The numerical experiment without fluid- and melt-
induced weakening illustrates a typical example of the
channel flow mechanism for exhumation of HPM-
UHPM rocks (Fig. 16), which has been suggested by
many authors, such as for example, Mancktelow
(1995), Dobretsov (2000), Burov et al. (2001), Gerya
et al. (2008), Li & Gerya (2009) and Warren et al.
(2008a,b). The peak temperatures achieved in the ex-
humed materials do not exceed 600 °C, which is in
good agreement with previous channel flow models
(e.g. Warren ef al., 2008a,b; Yamato et al., 2008).
However, evidence of partial melting has been docu-
mented from many UHPM terranes worldwide (e.g.
Andersen & Osmundsen, 1994; Zhong et al., 2001,
Labrousse et al., 2002, 2011; Hacker et al., 2005;
Wallis et al., 2005; Lang & Gilotti, 2007; Ragozin
et al., 2009; Zeng et al., 2009; Zheng et al., 2011; Gao
et al., 2012; ) and is a typical feature associated with
exhumation of UHPM rocks. For some of the models
discussed above, partial melting triggers ductile ascent
of the crustal and sedimentary materials to mid-to-
lower crustal depths (Figs 4 & 5), which may also be
responsible for the formation of tectonic contacts be-
tween UHPM rocks and the surrounding units. Tec-
tonic contacts between units are commonly reported
from UHPM terranes (e.g. Wang et al., 1997; Avigad
et al., 2003; Faure et al., 2003; Epard & Steck, 2008)
and are also seen in the geodynamical models of
Beaumont et al. (2009).

Another important parameter that contributes to the
exhumation of continental rocks subducted to mantle
conditions is erosion. Removing material at the surface
by erosion may facilitate uplift along steep faults and
thus affect the style of exhumation. Erosion is invoked
to explain exhumation in many natural collision zones
(e.g. Pfiffner et al., 2000; Burbank, 2002; Vance et al.,
2003; Cederbom et al., 2004; Wittmann et al., 2007;
Champagnac et al., 2008). In this study, we did not
concentrate on the final exhumation of the subducted
crustal rocks to the surface from lower-to-middle
crustal depths, which indeed could be realized by ero-
sion or younger tectonic events. Nevertheless the upper
boundary in our experiments evolves by erosion and
sedimentation  with  relatively low rates of
0.03 mm year ', as explained in the description of the
model design above. Increasing these rates up to
10 mm year ' in accordance with some estimates from
natural collision zones (e.g. Burbank, 2002) is likely to
result in faster exhumation of UHPM rocks in the
experiments that generated high topography (e.g.
Figs 4, 7 & 13).

The P-T-t paths recorded by markers in experi-
ments with model I (red lines on Fig. 18) reproduce
well the P-T-t paths recorded by UHPM rocks in the
geological record. The narrow P—T—t loops are similar

© 2012 Blackwell Publishing Ltd
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Fig. 18. Summary of observed and predicted
P-T conditions for UHPM units. Grey sym-
bols represent peak P—T conditions retrieved
from single rock samples from various
UHPM terranes (thermobarometry summa-
rized in Liou et al., 2004 and Brown, 2007;
and with additional data from Carswell, 1991
and Wang & Cong, 1999), whereas coloured
symbols represent peak P—T conditions pre-
dicted by numerical modelling experiments
(Stoeckhert & Gerya, 2005; Warren et al.,
2008a; Yamato, 2008; Li & Gerya, 2009).
P-T-t paths retrieved from various UHPM
terranes, including the Dabie-Shan (Wang &
Cong, 1999), North-East Greenland (Gilotti
& McClelland, 2007), the Kokchetav massif
(Liou et al., 2004), and the Bohemian massif
(Carswell, 1991) are shown in grey. P—T-t
paths from the models discussed in this paper
are shown in colour, with the P—-T-¢ paths
from model I shown in red solid lines, whereas
the P-T—¢ paths for maximum P-T condi-
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to those retrieved from the Dabie Shan UHPM rocks,
whereas the wide P—T—t loops show some similarities
with the decompression pattern of the North-East
Greenland UHPM rocks. Also, within a single model,
crustal and sedimentary materials are exhumed from
various depths and record different decompression
paths—features that are similar to those retrieved from
some UHPM complexes, for example in the Dabie
Shan (e.g. Wang & Cong, 1999). The average exhu-
mation rate to crustal depths for the melt-bearing%
UHPM materials in model I is ~4.5 cm year™

(Fig. 4b—d). This rate is similar to the fastest exhu-
mation rates determined for the initial exhumation of
UHPM rocks to crustal depths, which are in the range
of 1-8 cm year™' (Hermann et al., 2001; Rubatto &
Hermann, 2001; Root et al., 2005; Parrish et al., 2006)
demonstrating that exhumation can take place at plate
tectonic velocities similar to subduction.

The experimental results from the numerical models
in this study (Figs 2 & 18) cover a larger proportion of
the range of P—T conditions documented from UHPM
rocks than the results of experiments from previous
numerical models, and in particular the results repro-
duce HT-UHPM P-T conditions. Nonetheless, some
extreme temperature conditions that have been sug-
gested for the Kokchetav and Bohemian massifs,
perhaps up to 1100-1200 °C (Massonne, 2003), are
still to be achieved in experiments using numerical
models. Also, to better constrain the input parameters
for models of exhumation of HT-UHPM rocks there
is a need for detailed description of the evidence for
partial melting and for the interpretation of melting
processes, as well as for better information about the
rheological behaviour of melt-bearing rocks at UHPM
conditions. The scattering of peak P—T conditions for
natural UHPM rocks is quite large—temperature

© 2012 Blackwell Publishing Ltd
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variation is from 600 to 1150 °C and pressure varia-
tion is from 2.5 to 6 GPa (Fig. 18). Previous numerical
models (e.g. Gerya et al., 2008; Warren et al., 2008a,b;
Yamato et al., 2008) have not reproduced the full
variation in P-T conditions and mainly achieve lower-
temperature conditions for the formation of UHPM
rocks (commonly up to 700 °C). Only one recent
model (Li & Gerya, 2009) predicts higher temperatures
(up to 860 °C) for UHPM rocks, in this case in sub-
lithospheric plumes that are exhumed toward the
surface within the subduction channel. One possible
explanation for these discrepancies may be related to
the using of a prescribed rather than a spontaneous
plate convergence velocity condition that favours
channel flow in a confined plate interface and pre-
cludes prolonged thermal interaction of the hot
asthenospheric mantle with the subducted -crustal
rocks at UHPM conditions.

CONCLUSIONS

Results of 2D petrological-thermomechanical numer-
ical experiments demonstrate a broad variability of
exhumation mechanisms for UHPM rocks during
collision of spontaneously moving plates. Five distinct
modes of exhumation of (U)HPM rocks were identi-
fied in the models associated with different collision
scenarios in terms of the length of the subducted ocean
plate (from 300 to 600 km) and the form of the passive
margin (either 50 or 150 km wide): vertical crustal
extrusion, large-scale crustal stacking, shallow crustal
delamination, trans-lithospheric diapirism, and chan-
nel flow.

The range of exhumation mechanisms for (U)HPM
rocks for collision models with spontancous moving
plates revealed in this study is in contrast with the
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domination of channel flow mechanisms in many of
the collision models that used a prescribed plate con-
vergence velocity and/or neglected fluid- and melt-in-
duced weakening of rocks. This suggests that the
prescribed convergence velocity driven by the plate
push in previous numerical models of collision may
inhibit development of several important processes,
such as slab breakoff and eduction as well as crustal
delamination and large-scale stacking of crustal
blocks. Neglect of fluid- and melt-related weakening
effects in these models is likely to impose similar lim-
itations. Consequently, the significance of channel flow
for the exhumation of UHPM rocks may be overstated
in the literature based on the results of these earlier
numerical experiments.

Furthermore, the results from this study cover a
larger proportion of the full range of P-T conditions
documented from UHPM rocks, particularly for HT—
UHPM rocks, than the results of experiments from
previous numerical models with a prescribed plate
convergence velocity. The highest peak metamorphic
temperatures (up to 1000 °C) are recorded in the case
of vertical crustal extrusion (model I) in which sub-
ducted continental crust is subject to prolonged con-
ductive heating due to contact between the
asthenospheric mantle and the continental crust of the
vertically hanging slab. Nonetheless, some extreme
temperature conditions which have been suggested for
the Kokchetav and Bohemian massifs, perhaps up to
1100-1200 °C, are still to be achieved in experiments
using numerical models.
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