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Abstract

A number of models of continental collision already exist, but the role of foregoing oceanic plate subduction or variable coupling
between plates still remains to be explored. In addition, heat generation by radioactive decay may be quite variable. For example, our
geochemical data from low-to-high grade metamorphic rocks of the Lesser and Higher Himalayan sequences reveal measured heat
production values on the order 4—5 pW/m®, which is considerably higher than normal inferred upper crustal values (<1.5 pW/m®).
Therefore, we performed 2D numerical experiments of oceanic-continental subduction followed by continental collision for varying
continental lower crustal strength, convergence velocity and radiogenic heating rate.

Oceanic subduction produces thinning and upwarping of the overriding lithospheric wedge, such as is observed in Andean-type
collisional settings (Cascadia and Central Andes). After collision two main orogenic styles develop depending on the values of key
parameters: either (a) slow convergence rates (weak shear heating and consequently strong rheological coupling between plates) and/or a
weak lower crust generate a two-sided, thick and narrow symmetrical collisional zone, or (b) high convergence rates (strong shear
heating and therefore weak rheological coupling between plates) and a strong lower crust produce a one-sided, thin and broad
asymmetrical collisional zone. In this case a vertical lithospheric body divides two upper crustal wedges that develop distinct deformation
patterns. In both cases, enhanced radiogenic heating favors the formation of midcrustal partially melted channels that propagate toward
the surface and the pro-foreland. Partial melting triggers lateral extrusion of metamorphic rocks from different depths (15-23 kbar,
>700 °C) on top of coherent LP-LT units. The geometry of metamorphic isograds (inverted), shapes of P-T paths at different grades and
exhumation rates are similar to those observed in parts of the Himalayan chain, indicating that the models capture the essence of real
systems. The model results demonstrate that internal heat production rate is a crucial parameter in determining the timing of slab breakoff,
polarity reversal and exhumation of the inverted metamorphic sequence with respect to the timing of partial melting. Late stages of some
numerical experiments showed interesting geodynamical evolution of the collisional zone, with the appearance of polarity reversal, roll
over of both plates and roll back of the subducting slab. Irrespective of these details, hundreds of km of continental lithosphere are
recycled into the mantle in all models, supporting the idea that continental crustal consumption is, indeed, a common and considerable
process during collision. This affects inferences about extents of convergence and/or shortening during orogenesis. Moreover, crustal
recycling into the deep mantle during collisional orogeny needs to be considered in models of crustal growth and evolution.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The structure and geometry of collisional orogens on
a lithospheric scale remains a complicated and poorly
resolved aspect of plate tectonics. In the past years, field
geologists and geophysicists have made important
contributions to the understanding of collisional chain
dynamics. Nevertheless, surface geological complexi-
ties and the lack of high resolution geophysical methods
in most of the orogens leave ambiguities in the inter-
pretation of the continental plates interplay. Andean-
type collision is a well known geodynamical process,
where a lower and denser plate underthrusts a grav-
itationally stable continent; on the other hand, Alpine-
type collision is characterized by convergence of two
buoyantly similar plates whose dynamical evolution is a
nontrivial problem.

In recent years numerical modeling has been used
widely to investigate convergence between continental
plates (e.g. Beaumont et al., 2001; Pysklywek, 2001;
Pfiffner et al., 2000; Burov et al., 2001; Burg and Gerya,
2005) and significant progress has been achieved in our
understanding of orogenic processes. However, a major-
ity of the numerical studies of collision are based on
simplified models which do not address tectonic implica-
tions arising from a foregoing oceanic subduction (such as
slab delamination and slab breakoff) and further efforts
are still needed for understanding geodynamic controls
and styles of post-subduction collisional orogenic pro-
cesses (e.g. Gerya et al., 2008-this volume).

Modeling of collisional orogens also includes
constraints from the thermal structure observed in
mountain chains. Thermal models of collisional settings
generally predict temperature structures that are much
cooler than those recovered by thermobarometric
studies (Huerta et al., 1998; Jamieson et al., 1998).
Recently, Burg and Gerya, 2005, have contributed to the
solution of the problem by pointing out the role of
dissipative shear heating in convergent plate margin
contexts; at the same time, their quantification of the
magnitude of this effect clarifies that the heat budget
problem is not solved. As shown in previous works
(Chamberlain and Sonder, 1990; Huerta et al., 1998,
1999; Goffe et al., 2003; Jamieson et al., 1998), the
accretion of material with a high concentration of
radiogenic elements at the active margin is an additional
heat source that can provide the amount of heat needed
to obtain the observed peak temperatures.

In the course of a study of the geochemistry and
petrology of Barrovian and adjacent metamorphic rocks
spanning the lesser and higher Himalayan sequences in
Sikkim (Eastern India) and Himachal Pradesh (Northwest-

ern India), we found unusual enrichment of the radiogenic
heat producing elements U and Th relative to mean upper
crustal (UC) abundances (e.g. Rudnick and Fountain,
1995; Taylor and McLennan, 1995). For example, mean U
(4 ppm, UC ~2.5-3 ppm) and Th (32 ppm, UC ~ 10 ppm)
concentrations from bulk chemical analyses of 150 rocks
ranging from chlorite phyllites to high grade migmatites in
metamorphic grade imply at least a factor of two increase in
heat generation over mean upper crustal values, as shown
in Fig. 1. That metamorphic and igneous rocks of the
Himalayan range have high concentrations of radiogenic
elements has already been recognized by other authors
(Vidal et al., 1982; Scaillet et al., 1990; Macfarlane, 1992).
Furthermore, data from the precambrian Kanskiy Complex
of Eastern Siberia (Nozkhin and Turkina, 1993) and
Mesoproterozoic gneisses and granites of the Mount
Painter Province, South Australia, reveal similar excesses
of radiogenic heat producing elements (Neumann et al.,
2000), suggesting that the existence of rocks enriched in
radiogenic elements is not unusual and restricted to only the
Himalayan units.

As the metamorphic rocks at the highest grades still
contain such high concentrations of U and Th, these
measured values must represent minimum values for
concentrations of these heat producing elements that were
available before and during metamorphism — any melt
loss from the migmatites would have preferentially
sequestered these rather incompatible elements. Indeed,
from entirely different geophysical considerations, Cattin
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Fig. 1. Calculated heat generation (in pW/m’) from 56 samples along a
south to north traverse in the Sikkim Himalaya starting in the lesser
Himalayan sequence from low grade chlorite — biotite grade
metasediments (polygons) through medium grade (garnet — kyanite
grade, stars) to higher Himalayan migmatitic, sillimanite grade and
higher (circles) rocks. The gray line shows mean upper crustal heat
generation of 1.7 pm/m® based on data from Rudnick and Fountain,
199s.
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and Avouac (2000) concluded that high heat production in
the upper crust is necessary to be consistent with seismic
and geomorphological data of the Himalayan chain.

The observed heat generation from measured con-
centrations of U, Th and K in samples collected along
the North—South transect in the Himalayas are on the
order of 4—5 uW/m?, which is considerably higher than
the 2.5 pW/m® required by their models.

Lastly, and perhaps most importantly, there is a
geological basis for considering high heat production in
these settings. The fact that sediments in continental
margins accumulate heavy minerals such as zircons and
monazite that concentrate U and Th is a well known
geological phenomenon. These would constitute some
of the most likely material to be buried during
subduction/collision processes so that the involvement
of high heat generating materials in such settings should
be expected. Once adequate heat sources have been
identified, the role of localized density and viscosity
reduction due to melting reactions (e.g. Pattino-Douce
etal., 1990, and Pysklywek and Beaumont, 2004) needs
to be considered in an integrated internally consistent
thermo-mechanical model.

Bearing in mind these considerations and simplifica-
tions used in previous simulations, we have set up 75
2-D numerical experiments simulating subduction fol-
lowed by continental collision. Our goal was twofold:
(1) identifying and describing major styles of post-
subduction collisional orogeny with this new type of
numerical model and (ii) quantifying the possible
influence of three major physical parameters (conver-
gence rate, crustal rheology and radiogenic heat
production) on orogenic styles.

We also compare our numerical predictions with
natural observations in order to test the possibility of
identification of these different orogenic styles in the
nature. We note in this context that once key parameters
guide the evolution of a system along certain paths (e.g.
development of symmetric/asymmetric collision zones,
rapid/slow exhumation of metamorphic rocks) in the
early stages of collision, the resulting characteristics
may be retained in the integrated field record from
relatively mature orogenic belts (e.g. Himalaya) as well.
Therefore, comparison of aspects of our models of early
stages of collision with appropriate field records from
such mature natural systems could constitute valid tests
of the models.

2. Numerical modeling

2D thermo-mechanical models were employed using
a finite-difference numerical code (I2VIS) with non-

diffusive-marker-in-cell technique (Gerya and Yuen,
2003a). Our large scale 4000670 km model includes
upper mantle and assumes a spontaneously bending
oceanic slab subducting at a prescribed convergence rate
for around 1000 km, after which it is allowed to move
freely underneath a continental upper plate (Fig. 2). We
assume that dehydratation processes of such a short slab
will have negligible effects on the overall evolution of
the system, although the absence of continuous
hydration and the resultant rheological weakening of
the overriding plate during subduction (Gerya and
Stockhert, 2002) could increase friction between the
plates in this pre-collisional setting.

In all subsequent discussion, the plate with an initial
oceanic component is considered to be the “left plate” and
the imposed motion is to the right. To distinguish different
parts of the crustal collisional zone we have used the
terminology adopted in Jamieson et al., 1998, where the
prowedge indicates the part above the subducting slab and
the retrowedge is mainly on the overriding plate.

The subducting oceanic slab is attached to a
continental passive margin where a 10 km thick pile of
radiogenic sediments is supposed to have accumulated
by cratonic erosion (Fig. 2c¢). The model accounts for
shear heating that has been shown to be an important
component of the overall heat budget (Molnar and
England, 1990, England et al., 1992, Burg and Gerya,
2005). The degree of rheological coupling between the
two plates defined by the effective strength of rocks
composing the plate interface is inversely proportional to
the amount of heat produced at this shearing interface
that, in turn, depends on the convergence velocity. Here
we demonstrate that such shear heating is a fundamental
parameter in determining orogenic styles of deformation.

The models include the effects of buoyancy forces
and consider increased mobility due to partial melting of
crustal rocks as well. A detailed description of the model
and numerical techniques employed in our study is
given in Appendix A. Uncertainties in our knowledge of
composition of the lower continental crust translate to
poorly constrained rheological behavior of this region.
We adopted three different flow laws for the lower
continental crust in order to simulate extreme variations
in the strength of the continental lithosphere; a complete
description of the lithologies used is shown in Table 1.

3. Model results

Following the logic outlined in the Introduction we
conducted systematic numerical experiments covering
broad ranges of variation for each of the three chosen
physical parameters. Seventy-five (5 x 5 % 3) simulations
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Fig. 2. Initial set up of the models: a) Enlargement (2000 x 700 km) of the numerical box (4000 x 700 km). Boundary conditions are indicated in red; the
starting geodynamical setting is that of a young (5 Ma) oceanic subduction, with the left plate subducting under the right one. The prescribed field velocity
is imposed at 900 km. b) and c¢) are zoomed areas of a showing the lithologies used. Coloured squares indicate the initial position of selected markers for P-
T-t paths reconstruction of the reference model plagioclase, Vs=7, Hr=5. Color scale for the different lithologies is described in Fig. 3. ¢) denotes the
occurrence of a 10x400 km layer of highly radiogenic sediments settled on the continental passive margin. White lines are isotherms measured in °C.

were carried out in order to investigate the effects of
convergence rate (Vs=2, 3, 5, 7, 10 cm/yr), radiogenic
heat production of the passive margin sediments (Hr=1,
2,3, 4,5 uW/m®) and viscous rheology (= strength) of
the lower crust (mafic granulite flow law = strong;
plagioclase An75 flow law = medium; Wet Quartzite

flow law = weak, Ranalli, 1995, and references therein,
see Table 1).

Results are depicted in Figs. 3—15, where a model
with lower crustal rheology corresponding to the
plagioclase (An;s) flow law, imposed convergence
velocity of 7 cm/yr and radiogenic heat production in
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Table 1
Material properties used in 2D numerical experiments
Material Po, l(, Tsolidus, Tliquidus, QL, Hr’ Flow law E, n AD’ v U,
kg/m®  W/(m K) K K ki/kg pWm® kJ/mol MPa "s™' J/(MPa-mol) GPa
Continental 2800  [0.64+807/ 889+17900/ 1262+ 300 1.0-5.0 Wet 154 23 1073%° 0 10
upper (solid) (7+77)]xexp (P+54)+ 0.09P quartzite
crust, 2500 (0.00004 Pyp,) 20200/(P+54)
sediments (molten) at P<1200 MPa,
831+0.06 P
at P>1200 MPa
Continental 3000 [1.18+474/ 973-70,400/ 1423+ 380 0.25 Wet 154 23 1032 0 10
lower crust  (solid) (Tx+77]xexp (P+354)+ 0.105P quartzite
2900  (0.00004 Pyp,) 77,800,000/ Plagioclase 238 32 10733 25
(molten) (P+354) at An75
P>1600 MPa, Mafic 445 42 10" -
935+0.0035 Granulite
P+0.0000062 P>
at P<1600 MPa
Oceanic crust  3000— [1.18+474/ 973-70,400/ 1423+ 380 0.25 Plagioclase 238 32 1037 0 25
3100  (Tx+77]xexp (P+354)+ 0.105P An75
(solid)  (0.00004 Pyp,) 77,800,000/
2900 (P+354) at
(molten) P<1600 MPa,
935+0.0035 P+
0.0000062 P>
at P>1600 MPa
Lithosphere— 3300  [0.73+1293/ — - - 0.022  Dryolivine 532 3.5 10 8 67
asthenosphere (Tx+77] < exp
dry mantle (0.00004 Pripy)
Hydrated 3000- [0.73+1293/ - - - 0.022  Wet 470 4 10*? 8 67
mantle in 3300  (Tx+77]xexp olivine
subduction (0.00004 Pripa)
shear zone
References ° 1,2 3 4 4 1,2 1 5 5 5 5 1,5 1

Cp=1000T kg 'K ', a=3x10"° K ', B=1x10"> MPa ' for all rock types.
1 = (Turcotte and Schubert, 1982); 2 = (Bittner and Schmeling, 1995); 3 = (Clauser and Huenges, 1995); 4 = (Schmidt and Poli, 1998); 5 = (Ranalli,

1995 and references therein).

passive margin sediments of 5 pW/m? is taken as the
reference model (Fig. 3). A shorthand convention used
to refer to this model is: plagioclase, Vs=7, Hr=5; other
models are referred by analogous sets of key variable
parameters. After detailed description of the reference
model we discuss results of several other numerical
experiments in order to characterize major post-
subduction collisional orogenic styles identified by our
study. A second objective of this sequential description
is to quantify the individual roles of the three variable
physical parameters in controlling the development of
different orogenic styles.

3.1. Models description

3.1.1. Reference model — plagioclase, Vs=7, Hr=>35
(Figs. 3—6)

As a reference model, we chose an intermediate
strength for the lower crust (plagioclase An75 flow law), a

moderate to high convergence velocity typical of an
Andean type convergent margin, and, in the light of our
laboratory analysis, a high radiogenic heat production rate.

In the early stages of oceanic subduction (10 Ma), the
upper plate is slightly upwarped by accretion of
sediments and is poorly delaminated at the base due to
mechanical shearing. Upwarping produces a lithospheric
backstop for the accretionary complex where continental
upper crustal rocks are mixed together with upper mantle
and oceanic crust slices in a corner flow-like mass
circulation.

At the onset of continental collision (15 Ma), the
thick sedimentary layer of the downgoing plate is
accreted at the active margin and the upper plate
lithospheric wedge is pushed further backward and
vertically tilted. The left plate, while it is still pushed
horizontally by the imposed velocity field and vertically
by slab pull, cannot sink much deeper due to the
intrinsic buoyancy of continental crust; horizontal
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Fig. 3. Plagioclase Vs=7, Hr=5. (Left) Zoomed development of the reference model showing the yielding of the overriding slab at 21 Ma and the
extrusion of a midcrustal partially melted channel that triggers exhumation of an inverted metamorphic sequence. (Right) P-T-t paths of markers selected at
the surface at 36 Ma; the metamorphic grade increases toward the chain. The white lines are isotherms measured in °C. Color scale: 1,2: stratified
sediments; 3,4: stratified upper crust; 5,6: stratified lower crust; 7: oceanic crust; 8: lithospheric mantle; 9: asthenospheric mantle, 10: serpentinized/
hydrated mantle; 11,12: partially molten sediments; 13, 14: partially molten upper crust; 15,16: partially molten lower crust; 17: sea water.
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Fig. 4. Larger scale view of the same, reference simulation shown in Fig. 3 (plagioclase Vs=7, Hr=5). showing yielding of overriding slab and
breakoff of underthrusting slab. Isotherms and color scale as in Fig. 3.

stresses, hence, are increased and the overriding slab The thick layer of highly radiogenic sediments
buckles, giving rise to a two-sided collision overlain by piled at the active margin favors rising of isotherms
a narrow and thick symmetric collision zone with a and the midcrustal partial melting of sediments —

central and deeply buried lithospheric body (21 Ma). crustal rocks that were formerly scraped off from the
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Fig. 5. Plagioclase Vs=7, Hr=>5 reference model, same area and simulation as shown in Fig. 3. Zoomed distribution of peak temperature isograds.
Peak temperature isograds clearly indicate lateral extrusion of a coherent metamorphic body.

subducting plate. The system is now almost mechan-
ically stable, i.e. collision is nearly halted while the
negatively buoyant subducted oceanic plate is still
pulling downward. As a result, significant stretching

forces are imposed onto the slab. This causes slab
necking enhanced by the lowering of stress- and
temperature-dependent mantle viscosity in the necking
zone that subsequently leads to slab detachment (e.g.,
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Fig. 6. Plagioclase Vs=7, Hr=5, reference model, same area as in Figs. 3 and 5. Zoomed distribution of the peak pressure isograds. Peak pressure
isograds indicate lateral extrusion of a medium-to-high grade metamorphic body composed of rock units derived from different depths.

room shape (28 Ma); diffusion is directed principally
toward the surface (with emplacement of dome
structures) and horizontally along the pro- and retro-
forelands. Figs. 5 and 6 show the distribution of peak

Gerya et al., 2004a) followed by isostatic rebound
(28 Ma) (Fig. 4).

At shallow depths, the partially melted zone
diffuses in the collisional wedge assuming a mush-
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Fig. 7. Plagioclase Vs=7, Hr=2. (Left) Zoomed development of a model with a lower radiogenic content of the sediments compared to the reference
model. The images show the overriding slab yielding at 21 Ma and the delayed (about 10 Ma) extrusion of a midcrustal partial melted channel that
triggers exhumation of an inverted metamorphic sequence. (Right) P-T-t paths of markers selected at the surface at 36 Ma (heavy colours) and 46 Ma
(light colours); at 36 Ma, markers selected at the surface retain a low metamorphic overprint; after 10 Ma, these markers are eroded (placed out of the
last image, 46 Ma) and replaced by high grade metamorphic rocks. Isotherms and color scale as in Fig. 3.

T and P isograds, respectively, (that is, maximum lateral extrusion of a coherent elongated body; on
temperature and pressure reached by a rock during its the other hand, peak pressure signatures indicate
evolution). Peak temperature records suggest the notable mixing of rocks derived from different
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Fig. 8. Plagioclase Vs=7, Hr=2. Zoomed distribution of the peak temperature isograds of the model shown in Fig. 7. Peak temperature isograds
indicate the delayed (10 Ma with respect to the reference model, Fig. 5) lateral extrusion of a coherent metamorphic body, though of smaller

dimensions.

maximal depth levels. Partial melting decreases the exhumation of high-grade metamorphic complexes
density of crustal rocks triggering gravitational from various depths (15-23 kbar, >700 °C) on top of
instabilities (Gerya et al., 2004b) that lead to the a coherent block of low-grade units (36 Ma).
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Fig. 9. Plagioclase Vs=7, Hr=2. Zoomed distribution of the peak pressure isograds of the same model as in Fig. 7. Peak pressure isograds indicate the
delayed (10 Ma with respect to the reference model, Fig. 6) lateral extrusion of a medium-to-high grade metamorphic body with rocks from different
depths, though of smaller dimensions.

3.1.2. Lower radiogenic heat production — has 2.5 times lower concentration of radiogenic
plagioclase, Vs=7, Hr=2 (Figs. 7-9) elements.
The second model differs from the reference As shown in Fig. 7, tectonics at lithospheric scale is

model in that the passive margin sedimentary layer practically identical to that observed for the reference
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Fig. 10. Mafic granulite Vs=7, Hr=4. (Left) Zoomed development of a model with larger strength of the lower crust compared to the reference
model. The upper plate does not yield, forming a wide and thin asymmetrical one-sided collisional zone where a sub-vertical lithospheric body
separates two upper crustal wedges that develop different deformation styles (see text). An extruding midcrustal partially melted channel triggers
exhumation of an inverted metamorphic sequence. (Right) P-T-t paths of markers selected at the surface at 42 Ma; the metamorphic grade is
increasing toward the chain. Isotherms and color scale as in Fig. 3.
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Fig. 11. Mafic granulite Vs=3, Hr=4. (Left) Zoomed development of a model with slower convergence rate and stronger lower crust with respect to
the reference model. Shear heating produced at the shearing interface is too low and therefore the plates are strongly rheologically coupled. The stiff

upper plate yields giving rise to a two-sided collision. Isotherms and color scale as in Fig. 3.

model at the same time steps (though slab detachment Fig. 7, instead of 21 Ma of the reference model, Fig. 3)
occurs 11-12 Ma later). However, a substantial dif- and the lower metamorphic grade of exhumed rocks. At
ference is found in the thermal structure of the collisional 36 Ma, in fact, markers (rock units) selected at the
zone that appears to be much colder; evidence is seen surface have experienced only LP-LT conditions, whilst

in the late occurrence of partial melting (28 Ma, those exhumed at 46 Ma exhibit medium to high
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Fig. 12. Plagioclase Vs=3, Hr=5. Zoomed development of a model with a slower convergence rate with respect to the reference model. After the
stabilization of a two-sided subduction zone, the lower slab suffers thermal weakening at the indentation zone (44 Ma). Being pushed by the imposed
velocity field, the left plate starts to override the upper slab with the appearance of subduction reversal polarity (50—65 Ma). Isotherms and color scale

as in Fig. 3.

metamorphic grade, indicating a time delay of about
10 Ma to obtain the same metamorphic isograd geometry
as in the reference model (Figs. 8 and 9). This can be
explained considering the delayed appearance of partial
melting that, as shown before, triggers the final

exhumation of medium-to-high grade metamorphic
rocks. Lowered crustal temperature also causes the
observed delay in the slab detachment since the timing of
this process always increases with decreasing tempera-
ture at the top of the slab (Gerya et al., 2004a).
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Fig. 13. Wet quartzite Vs=7, Hr=5. Zoomed development of a model with a weaker continental lower crust compared to the reference model. Upper slab
yields before the collision (14 Ma). At 28 Ma, the lower plate is indented on the upper slab achieving mechanical stability. Isotherms and color scale as in Fig. 3.

3.1.3. Stronger lower crust — mafic granulite, Vs =7, the lower crust corresponding to that for a mafic
Hr=5 (Fig. 10) granulite.
This experiment differs from the reference model The initial development of the collisional zone is

in the choice of a stronger ductile flow law for very similar to the previous models, with the upper plate
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Fig. 14. Wet quartzite Vs=3, Hr=4. Zoomed development of a model with a weaker continental lower crust and slower convergence rate compared to
the reference model. The lower plate is indented on the yielded slab and, because of the strong coupling, is able to overcome the resistance of the left
plate and rolling over occurs (35 Ma, see text). Isotherms and color scale as in Fig. 3.

being only slightly ablated and thinned because of high At the onset of continental collision (15 Ma) the left
shearing between the two plates that, therefore, are plate edge is warped upward due to the push from the
almost fully decoupled. material of the accretionary prism; however, in this
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Fig. 15. Mafic granulite Vs=10, Hr=4. Zoomed development of a model with larger strength of the continental lower crust and higher convergence
rate compared to the reference model. The general development resembles Mafic Granulite Vs=7, Hr=4 (Fig. 10), with convergence of two
decoupled plates. At a later stage, slab pull causes roll back of the subducting plate with the formation of a post-collisional channel. Black arrows at 47
and 48 Ma indicate the edge of the thrusted upper crust: the mountain chain is propagating toward the pro-foreland. Isotherms and color scale as in
Fig. 3.
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case the overriding slab is strong enough to sustain
stresses arising from collision and does not yield. Later
on, the buoyancy of the continental crust slows down
the convergence (21 Ma), though a nonnegligible part
of continental lithosphere is still being subducted at
the trench; the wide collisional zone achieves an
asymmetric one-sided structure with the lithospheric
edge acting as a buttress (due to the high rheological
contrast between mantle and crustal rocks) and
separating two wedges characterized by different
deformation styles. The prowedge (on the left) is
dominated by simple shear deformation, where the
continental crustal material is wound up and stretched
in a marble-cake fashion (Gerya and Stdckhert, 2006)
together with oceanic crust (highlighted in Fig. 10 by a
light blue square) and peridotitic slices; a partially
melted zone appears at 21 Ma and propagates in the
pro-foreland triggering final exhumation of an inverted
metamorphic sequence with HP-MT rocks thrusted on
LP-LT units (42 Ma). On the other hand, the
retrowedge (on the right) is characterized by pure
shear thickening of the crust, backthrusting and
vertical exhumation/burial of material, no metamor-
phic overprint and the late formation of small volumes
of partially molten crust due to the lack of a thick pile
of radiogenic sediments.

The difference in the thermal evolution of the pro-
and retrowedge in this case nicely underscores the
significance of radiogenic material in controlling the
peak metamorphic conditions that are attained by any
given block of the crust. Also notable is the constitution
of the suture zone, which is composed of HP-MT
oceanic and continental crust as well as of peridotitic
mantle that outcrops at the surface forming a complex
structural pattern.

3.1.4. Stronger lower crust and slower convergence
rate — mafic granulite, Vs=3, Hr=4 (Fig. 11)

To demonstrate counteracting effects of simultaneous
changes in two physical parameters we describe now
results derived from a model including both a stronger
rheology of the lower crust and a slower convergence
rate compared to the reference model. Compared to the
previous case, this simulation allows the isolation of the
effect of slower convergence rate in a model with high
strength of the lower crust.

In contrast to the previous experiment, in the early
stages of subduction, the lithospheric mantle rocks from
the bottom of the overriding plate are intensively dragged
down together with the subducting plate (cf. displacement
of dark blue material in Fig. 11, 12 Ma), indicating, thus,
that the two plates are strongly rheologically coupled. At

30 Ma, the continental lower plate collides and drags
downward part of the buckled overriding plate so that
several hundreds of km of continental crust are consumed
and placed in the lithospheric root (44 Ma).

The collisional zone is finally characterized by a
symmetric two-sided structure (i.e. rather similar to the
reference model) with a pro- and a back-side deforma-
tion pattern, a diffuse and inverted triangle shaped
partially melted zone, and two downdipping slabs with
the lower one indented onto the other.

The present model shows, hence, that even a strong
lithosphere yields when plates converge at slow veloci-
ties; strong rheological coupling between the plates
(defined by the effective strength of rocks composing the
plate interface) is, then, a direct consequence of the small
amount of viscous heating produced at the slowly
shearing interface (Burg and Gerya, 2005).

3.1.5. Slower Convergence rate — plagioclase, Vs =3,
Hr=35 (Fig. 12)

This model differs from the reference model in
considering a slower convergence rate that allows the
net effect of this parameter for medium crustal strength
to be isolated.

The initial development is basically similar to the
reference model (Fig. 3) and to the previous model with
a mafic granulite lower crust, Vs=3, Hr=4 (Fig. 11),
except for a major deformation of the plates indicated by
a slight bending of the subducting slab at shallow
depths, and by a deeply buried lithospheric root and
former upper plate margin (44 Ma). At a later stage,
however, the indented slab undergoes thermal softening
(due to heat diffusion) and, because it is still pushed by
the prescribed velocity field it starts to override the left
slab (50 Ma). The subduction polarity reversal is
furthermore facilitated by a partially melted channel
characterized by strong folding of the material that
lubricates the main thrust (65 Ma). Notably, a large
fraction of rocks composing lower portion of this
partially melted channel has a lower crustal origin.

3.1.6. Weaker lower crust — Wet Quartzite, Vs=7,
Hr=5 (Fig. 13)

Next, for the sake of completion we consider two
models with weaker (Wet Quartzite flow law) lower
crust with respect to the reference model. The first
example is characterized by the same convergence rate
as in the reference model.

Extremely weak lower crustal strength manifests
itself through the buckling of the upper plate before
collision (14 Ma), a marked bending of the indented slab
at shallow depths (28 Ma) and the strong delamination
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of the lower crust that is scraped off from the subducting
slab and accreted in the collisional wedge (40 Ma). The
final structure is that of a narrow and thick symmetric
two-sided collisional zone delimitated by two down-
dipping slabs and characterized by diffuse deformation
and partial melting.

3.1.7. Weaker lower crust and slower convergence rate —
Wet Quartzite, Vs =3, Hr=4 (Fig. 14)

The second example of a model with weak lower
crust has a slower convergence rate compared to both
the reference model and the previous one.

The complementary effects of weaker lower crust and
slower convergence rate, both of which favor overriding
plate bending, result in the extreme case of two-sided
orogenic geometry (Fig. 14). After the upper plate yields
(22 Ma), the underthrusting slab cannot subduct much
further because of the strong rheological coupling
between the plates that is mainly due to the low shear
heat production along the plate interface at the
prescribed slow convergence rate. The indented slab
assumes, then, an arcuate shape (28 Ma), until it
overcomes the upper plate resistance and one slab rolls
over the other (35 Ma). The development of a low
viscosity channel made up of sediments, upper and
lower crustal units, and partially molten zones between
the plates favors rolling. This process, hence, results in a
“leaking” of the orogenic root and can accommodate a
large amount of convergence with the consumption of a
considerable volume of continental crustal material
dragged into the deep mantle (44 Ma).

3.1.8. Stronger lower crust and faster convergence rate—
mafic granulite, Vs=10, Hr=4 (Fig. 15)

Finally, we show the results of a model with both a
faster convergence rate of 10 cm/a and a stronger lower
crust (mafic granulite flow law) compared to the
reference model. As can be expected on the basis of
the previous analysis, the plates in this model are almost
fully rheologically decoupled due to the high viscous
heating at the interface.

Complementary effects of this decoupling and strong
overriding plate resistance to bending lead to the
formation of a strongly asymmetric one-sided collisional
zone (13 Ma) and consumption (subduction) of hundreds
of km of continental lithosphere including the entire
lower crust.

The general development is similar to the model with
the same strong lower crust but slower convergence rate
of 7 cm/a (mafic granulite, Vs=7, Hr=4) (cf. Fig. 10,
21-42 Ma and Fig. 15, 13—39 Ma) except for the lower
extent of up-bending of the overriding plate. However,

after 10 Ma (1000 km) of forced convergence followed
by 30-35 Ma of spontaneous development associated
with downward slab bending and thermal relaxation
(compare slab inclination and isotherms in Fig. 15 at 13
and 39 Ma), the subducting slab delaminates from the
overriding plate and starts to roll back. This allows for
the formation of a hot inter-plate channel (Gerya et al.,
2008-this volume) where buoyant crustal and mantle
rocks are “regurgitated” rapidly to shallow depths
(45 Ma). The buoyant material consists of hot asteno-
spheric mantle and chemically buoyant plumes com-
posed of partially molten subducted lower crustal rocks
rising from the top of the slab (Gerya and Yuen, 2003b)
subjected to thermal relaxation at 200-300 km depth.

The orogenic wedge is, then, characterized by an
extensional regime in the retro-foreland, where molten
rocks rise through the hot channel and form domal and
diapiric structures (48 Ma), and by a compressional
regime on the pro-foreland, where upper crustal material
is thrusted toward the foreland (see the black arrows at
47 and 48 Ma).

3.2. Summary of the characteristic features of the
models

In all numerical experiments, the initial evolution
during subduction of the oceanic slab is very similar
where the lithospheric mantle of the overriding plate
spreads and thins over the downgoing slab, the upper
lithosphere is warped upward and the lower lithosphere
is dragged or “ablated” downward (Tao and O’Connell,
1992) — the amount of lithospheric mantle dragging
depends on how much the two plates are rheologically
coupled.

At the onset of continental collision, the thick
sedimentary layer lying on the passive margin of the
subducting plate is accreted in the accretionary prism
with the uptilted lithospheric edge acting as a buttress.
The sedimentary units then transmit the horizontal
stresses of the moving plate to the upper lithospheric
body that is pushed backward and vertically tilted.
Furthermore, with ongoing subduction the lower
continental plate resists sinking due to the intrinsic
buoyancy of the continental crust, even though it is still
constantly pushed from the back by the imposed
velocity field and pulled down by the negatively
buoyant subducted oceanic slab. The overall effect of
these processes then is to increase the horizontal
displacement component.

From this stage onward, the model evolution splits into
two main orogenic styles, depending on (a) the capacity of
the thinned upper plate to counteract the increased
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horizontal stress component and (b) the rheological
coupling between the two plates defined by the effective
strength of rocks composing the plate interface: (1)
asymmetric (one-sided) collision system and (2) sym-
metric (two-sided) collisional zone (see Fig. 17 for
different orogenic styles). We describe below the evolution
of these two main orogenic styles and discuss the most
important geodynamic processes (crustal recycling, sub-
duction polarity reversal, rolling over of the plates, etc.)
related to the development of post-subduction collisional
orogens in our numerical experiments.

3.2.1. One-sided collisional zones

If the plates are efficiently decoupled through the
rheologically weak interface (caused by shear heating
due to high convergence rate) and the overriding
lithosphere is strong enough (this crucially depends on
the lower crust having high strength) to sustain stresses
imposed by the subducting plate, a relatively broad and
thin one-sided asymmetric collisional zone stabilizes
after the onset of collision. Here a vertical upper
lithospheric body divides two crustal wedges with
different characteristics (Figs. 10 and 15). The prowedge
is dominated by simple shear deformation with corner
flow-like circulation of the material where the litho-
spheric body acts as a backstop for the accretionary
prism. A midcrustal partially molten level forms and
propagates in the direction opposite to that of the
converging lower plate triggering exhumation of an
inverted metamorphic sequence.

On the other hand, the retrowedge, being mechan-
ically isolated from the shearing of the subducting plate,
is characterized by pure shear thickening due to the
clockwise rotation of the sub-vertical lithospheric body;
here the extent of partial melting is lower because of the
absence of highly radiogenic sediments of the passive
margin and rocks experience exhumation or burial
depending on their position relative to that of the active
margin.

3.2.2. Two-sided collisional zones

Thinned overriding lithosphere with low-medium
crustal strength fails under compressive forces applied
by the subducting plate (Figs. 3, 7, and 12-14);
however, for low convergence rates, even a lithosphere
with a stiff lower crust buckles because of the strong
interaction (rheological coupling) of the plates (mafic
granulite, Vs=3, Hr=4, Fig. 11). The vertical litho-
spheric wedge yields and is then dragged downward and
embedded between the plates in the lithospheric root; a
relatively narrow and thick two-sided symmetric
collisional zone develops with pro- and retro deforma-

tion areas that are delimited by two-sided downdipping
plates.

A broad mushroom-shaped, partially molten, mid-
crustal zone forms because of the thick pile of
radiogenic sediments accumulated in the orogenic
wedge. Gravitation instabilities inside the partially
melted channel trigger the vertical and lateral extrusion
of medium-to-high grade metamorphic rocks, with the
emplacement of domal and diapiric structures in the
central part of the chain, and of an inverted metamorphic
sequence on the pro-side of the orogen where HP-MT
rocks lie on top of LP-LT units.

3.2.3. Crustal recycling

All of the models show that a substantial part of the
continental crust is subducted into the mantle and
detached from the slab to be recycled (here the term
recycling refers to the re-incorporation of crustal
material into the mantle).

The buckling of the overriding plate produces a two-
sided collisional zone that can remain stable throughout
the simulation or be followed by slab breakoff,
subduction polarity reversal or roll over of the plate.
Considerable quantities of the upper as well as lower
crust of both plates can be dragged into the deeper
mantle or embedded in the lithospheric root during these
processes. On the other hand, if the plates are efficiently
rheologically decoupled, the lower slab continues to
subduct even without external forcing due to slab pull
and the scraping off of the buoyant upper part (upper
crust). In both of these cases, volumes of consumed
crust are to be taken as minimum estimates because
these numerical models do not account for phase
transformations occurring at transitional depths (>150—
200 km).

There are two major implications of these results for
global crustal evolution and tectonic reconstruction of
orogenic belts. First, the substantial volume of crustal
material that is recycled, depending on the details of the
collisional process, needs to be considered in models of
overall crustal growth and evolution over geological
time. These models provide the geodynamic settings in
which the varied and widespread isotopic signatures
(e.g. Pb, O) of recycled continental material that are
found in oceanic basalts have their origin (Weis et al.,
2001; Eiler et al., 2000).

The second major implication is in the reconstruc-
tion of global tectonic scenarios. It has been noted for
some time now that extents of post-collisional conver-
gence (e.g. ca. 2500 Km for the Himalayas, Achache
et al., 1984; Patriat and Achache, 1984 etc.) and the
degree of shortening estimated from that (ca. one half to
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one third, Lyon-Caen and Molnar, 1985; DeCelles
et al., 1998) fall far short of observed shortening (e.g.
600—700 Km or less for the Himalaya, DeCelles et al.,
2001; Svrivastava and Mitra, 1994; Coward and Butler,
1985; Schelling, 1992) in orogenic belts. In particular,
DeCelles et al. (2001) make the key observation that the
exposed rocks are largely supracrustal, leaving a large
volume of lower crustal material unaccounted for. The
widespread delamination and slab break-offs in our
models may provide some of the “missing link”.

3.2.4. Subduction polarity reversal and rolling over of
the plates

Several numerical experiments have revealed the
development of a symmetrical two-sided collision zone
characterized by the indentation of the lower plate on the
upper one (e.g., mafic granulite, Vs=3, Hr=4; plagio-
clase, Vs=3, Hr=5; Wet Quartzite, Vs=7, Hr=5; Wet
Quartzite, Vs=3, Hr=4, Figs. 11-14, respectively).
Since the yielded upper plate and the underlying
lithospheric root offer resistance to any further move-
ment of the subducting plate, collision is halted and
isotherms begin to relax. Therefore, at a later stage the
material undergoes thermal weakening, especially
where stress and, thus, shear heating is larger. If the
lower plate is able to overcome the softened resistance
along the thrusting plane, subduction is reactivated by
the rolling over of both plates that leads to the leakage of
a considerable volume of crustal material (Wet Quartz-
ite, Vs=3, Hr=4, Fig. 14).

On the other hand, thermal softening occurring at the
indentation zone can favor the yielding and crosscutting
of the indented slab followed by a polarity reversal of
subduction (plagioclase, Vs=3, Hr=5, Fig. 12), a
process also systematically identified in other numerical
experiments on the evolution of convergent continental
boundaries (e.g. Pysklywek, 2001). Simulations per-
formed with the same strength of the lower crust and
convergence velocity but with different rates of internal
heat production demonstrate that the timing of subduc-
tion polarity reversal is a function of radioactive heat
generation, Hr, with lower Hr values resulting in delayed
yielding (Fig. 16).

Nevertheless, in both cases the dislocation is
“lubricated” by a sandwiched and thermally isolated
low viscosity channel made up of sedimentary, upper
and lower crustal units which can also be partially
molten.

3.2.5. Late-collisional hot channel
Rolling back of the subducting slab was observed in
mafic granulite, Vs=10, Hr=4 (Fig. 15), where the
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Fig. 16. Timing of subduction polarity reversal vs. internal heat
production rate (Hr) in passive margin sediments for lower crustal
rheology given by the plagioclase flow law and a convergence velocity
of 3 cm/a. Subduction polarity reversal is delayed for low Hr values.

plates are completely decoupled and the lower one is
spontaneously pulled downward by the negative buoy-
ancy of the attached subducted slab. Slab retreating
produces a late-collisional hot channel where the
buoyant material (astenospheric mantle and partially
molten crustal rocks) can escape up to crustal depths. At
shallow depths two different tectonic regimes coexist:
extension on the backside of the orogenic wedge allows
formation of diapiric and domal structures, whilst
compression on the pro-side is highlighted by leftward
thrusting of upper crustal units.

The formation of hot channels that allow the
“regurgitation” of partially molten rocks was already
recognized by Gerya et al. (2008-this volume), in an early-
collisional tectonic setting. Our results suggest that even
at late stages of continental collision transient hot channel
effects can appear due to roll back of the subducting plate.

3.3. Influence of the studied parameters

We have focused our study on how crustal rheology,
convergence velocity and radiogenic heat production rate
can influence an evolving post-subduction collisional
region with changing styles of orogeny (see Fig. 17):

1. Lower crustal rheology. Despite the heterogeneity
that is characteristic of the crustal layer of the
lithosphere and is very difficult to represent in
numerical models, we have shown that a “strong”
lower crust (mafic granulite flow law) is able to
sustain stresses arising from continental collision so
that an asymmetric collisional zone may develop.
However, in case of strong coupling at the base of the
lithosphere (e.g., due to slow convergence rate and
related weak shear heating at the plate interface),
vertical forces overcome the plastic yield strength of
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the thinned plate that buckles. “Medium” and “weak”
lower crust (plagioclase An,s and Wet Quartzite flow
laws, respectively) yield in almost all numerical
experiments, except in a few simulations with high
convergence rates where an asymmetric geometry of
the orogen is achieved.

. Convergence velocity. Due to the weakening effect of
shear heating the changes in convergence velocity
strongly modify rheological coupling at the plate
interface. This coupling seems to be the most
important parameter that affects styles of post-
subduction collisional orogeny, because it determines
the magnitude of shearing forces applied to the
overriding plate and, consequently, the extent of
ablation of lithospheric material. The term “ablation”
is used in the sense of the original definition used by
Tao and O’Connell, 1992, to describe the downward
dragging of lithospheric material due to viscous
shearing imposed by the down going plate. In their

case the rate of ablation is a function of plate buoyancy,
but the results of our numerical experiments show that
the rate of ablation also depends strongly on the
magnitude of coupling and on the strength of the crust.
Frictional heating produced at the shearing interface
influences coupling — for low velocities where small
stress/strain values are achieved, a huge amount of
lithosphere of the overriding plate is tectonically
eroded. On the other hand, high velocities produce
high shear heating so that the plates are almost
completely detached and only a small portion of the
upper plate continental lithosphere is dragged down-
ward. However, it should be noted at this point that
these models are representative of high friction at the
base of the upper plate because dehydratation
processes are not included. Including water-releasing
reactions followed by overriding plate hydration and
resulting rheological weakening (e.g. Gerya and
Stockhert, 2006) in the models could indeed reveal
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a different (e.g. reduced upper plate upwarping and
erosion) pre-collisional dynamic of the systems.

3. Radiogenic heating. The obvious effect of radiogenic

heat production rate of sediments is to influence the
thermal structure of an orogen. Our models consider
only one melting reaction for the bulk crustal material
so that at a given limit, increased radiogenic heating
enhances only the volume of partially molten rocks
without affecting peak temperatures (see P-T-t paths of
Figs. 3 and 7). This occurs because all the additional
heat is consumed for the phase transition as latent heat.
Therefore, volumes of partially molten material
observed in our simulations are to be considered
upper boundaries of what may be expected in real rock
aggregates.
The stability of the wedge can be related to the
gravitational redistribution process (Gerya et al., 2001,
2004b) triggered by partial melting: buoyant and weak
partially molten rocks become unstable at depth and
move rapidly to the surface, resulting in decompres-
sion and cooling. Indeed, P-T-t paths and metamorphic
isograd images of models with different Hr content
(plagioclase, Vs=7, Hr=5 and plagioclase, Vs=7,
Hr=2, Figs. 5, 6 and 8, 9, respectively) indicate that
thermal evolution is delayed by several Ma for smaller
Hr values. Furthermore, subduction polarity reversal
(Fig. 16) and slab detachment (28 Ma for plagioclase,
Vs=7,Hr=5 and 40 Ma for plagioclase, Vs=7, Hr=2,
Figs. 4 and 7b, respectively) seem to be affected by the
concentration of radiogenic elements that controls
rates of thermal weakening.

4. Discussion: Geological observations/comparison
with lithospheric scale structures

Results presented in the last section provide an
overview of the major styles of post-subduction collisional
orogeny and on how these styles can be modified by
different combinations of parameters and resulting forces.
Further evolution of the numerical experiments is beyond
the scope of this study and more work is necessary to
better constrain the early phases of continental collision —
for example, by including water release of the downgoing
oceanic slab (e.g. Gerya et al., 2008-this volume). Our
models are not prescribed for any individual orogen and
the images presented here have to be treated as snapshots
representing general lithospheric scale development of
collisional margins.

What we have learnt from these experiments is that
partially molten mid-crustal levels are likely to exist in
any region of thickened continental crust provided
sufficient radiogenic heating is available. The volume

and time of appearance of partial melting is mainly
controlled by the radiogenic element content. Once a
significant amount of partially molten material is formed,
extrusional channel flow and dome structures develop and
exhume to the surface as high grade metamorphic rocks.
The overall trend is that metamorphic grade increases
toward the core of the mountain belt.

Upper plate stresses depend basically on plates
coupling and on what material is entering the trench.
Rheological coupling turned out to be an important
aspect of plate boundaries interaction because deter-
mines the amount of stress that is transferred from the
lower to the upper plate. Furthermore, as the continental
lithosphere is refractory to subduct, even under an
imposed velocity field, the horizontal compressive
component acting on the upper plate increases when
the two continents collide. The combination of these
forces together with the lithospheric strength affect the
style of collision. When the plates are poorly locked, an
asymmetrical one-sided collisional zone forms; on the
other hand, if two plates are strongly rheologically
coupled, upper slab erosion due to oceanic subduction
and subsequent collision give rise to a symmetric two-
sided collisional zone with a large lithospheric root.
Other authors (e.g. Pfiffner et al., 2000) have shown that
two-sided symmetrical crustal orogenic structures can
form with a one-sided collisional zone; therefore, to
apply our results to symmetric orogens additional
constraints on the geometry of the colliding plates are
needed on a lithospheric scale.

Having noted this pattern of general behavior, direct
comparison of our results to details of specific
geological settings is hazardous because:

1. The complexity of natural systems (i.e. material
heterogeneity and tectonic inheritance) is difficult to
reproduce.

2. The timescale of major plate tectonics processes such
as oceanic subduction and subsequent continental
collision is of the order of tens or hundreds of Ma,
whilst our models address relatively short time scale
dynamics. In other words, in real systems later events
would be superposed on features that may have been
produced at the stage of orogeny simulated in our
models.

3. Present-day subduction (Andean-type) and collision-
al orogens where a reasonable amount of geological
and geophysical data are available are the result of
long term complicated and evolving tectonic activity;
therefore, our relatively simple post-subduction
collision models can reflect only in part the
geological evolution of “mature” orogens.
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In spite of these potential pitfalls, however, we find
that certain gross scale features of real collisional zones
(both, Andean- as well as Alpine-type active margins)
show intriguing similarities with the results of our
numerical experiments.

4.1. Andean-type subduction margins

For example, a general aspect of the oceanic sub-
duction phase of our models is that the overriding
plate is thinned and spread over the shearing interface
so that a part of the upper lithosphere is upwarped
and a thin mantle slice wedges between the two
crustal portions of the plates. Geophysical data of the
uppermost lithosphere acquired along the Cascadia
subduction zone (Parson et al., 1998; Romanyuk et
al., 2001) and the Central Andes (ANCORP working
group, 2003) reveal the presence of a thin lithospheric
mantle wedge lying directly in contact with the sub-
ducting oceanic crust at shallower depths with respect
to neighbouring regions. These observations are made
in two active margins that are the result of long term
subduction and have different geodynamical settings
in terms of velocity of the subducting oceanic slab
and upper plate erosion (Central Andes)/accretion
(Cascadia). This indicates that mantle wedging occurs
regardless of the specifics of dynamic of a subduction
zone, consistent with observations from our numer-
ical models. Indeed, the fact that the hangingwall of a
reverse fault is thrusted upward should not really be
surprising, bearing in mind that the mantle at shallow
depths is expected to be rigid with a brittle-plastic
behavior.

Our simulations exaggerate the mantle wedging
because of the absence in our models of dehydration
reactions that would decrease friction between the
plates. Detailed sections of other subduction zones as
well as models incorporating weakening effects of
hydration reactions are required to quantitatively apply
the numerical models to specific settings. Nevertheless,
lithospheric mantle wedging seems to occur in Andean-
type active margins and the degree of the process can be
related, to a first order, to the frictional properties along
the interface between the plates.

4.2. Alpine-type collisional margins

For discussing similarities between collisional,
Alpine-type orogens and our model results, we focus
our attention to selected aspects of two intensively
studied mountain belts — the Himalayan range and the
western Alps.

4.2.1. Himalaya

The best example of an active continental collision
zone is provided by the Himalayan range where the
Indian and the Asian plates are currently colliding. The
tectonic evolution that we have calculated using our
reference model (plagioclase, Vs=7, Hr, 5, Figs. 3—6)
succeeds in reproducing a number of key observations
in the Himalayan range, as follows:

(1) It is necessary to find a suitable heat source to
generate temperatures high enough to cause melting, as
found ubiquitously in the higher Himalayan crystalline
sequence all along the Himalayan range. The inference
of Cattin and Avouac (2000) that the presence of
radiogenic heat sources are implied from their analysis
of the seismic and geomorphologic data has already
been noted. Specifically for the Sikkim—Kangchenjunga
region, Searle and Szulc (2005) points out that the
structural data does not favor melting by decompres-
sion, and that an alternate additional heat source, e.g.
radiogenic sediments would be more consistent with the
observations. We have already noted the widespread
occurrence of metasediments with high contents of
radiogenic elements in the region. Our models incorpo-
rating the effects of high heat generation of radiogenic
sediments, coupled with heating due to viscous dissi-
pation, have been found to generate adequately high
temperatures.

It is important to note that using the measured
concentrations of heat generating elements from the
region, it was not only possible to obtain the required
temperatures but that these temperatures were attained
on reasonable timescales (e.g. ~30 Ma after initiation of
collision).

(i1) Inverted metamorphic sequences (higher grade
rocks at higher structural, and in the case of the Himalaya,
topographic, heights) are common along the entire length
of the Himalayan chain. Their origin has been enigmatic
for a number of reasons — the issue of the nature of heat
source has already been discussed. There are other aspects
that have been the topic of intense debate e.g. the nature of
the metamorphic field gradient. Among several issues, the
most suitable method for geothermometry and geobaro-
metry has been widely discussed from a thermodynamic
(e.g. the choice of thermodynamic data) and kinetic (e.g.
which compositions were in equilibrium) standpoint.
While lateral variations along strike are entirely possible,
at least for profiles in the Sikkim region, thermodynam-
ically and kinetically well constrained thermobarometry
indicate (e.g. Dasgupta et al., 2004) that the sequence is
one of continuous increase in pressure as well as
temperature. The right side down metamorphism (T
increasing with P or depth) indicates that the metamorphic
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rocks were produced under normal (in direction rather
than magnitude) thermal gradients and then inverted.
However, the continuity and coherence place stringent
constraints on the nature of processes that can be respon-
sible for the inversion and subsequent exhumation —
simple combinations of thrusting are unlikely to preserve
the coherence and continuity of these metamorphic
blocks. The melting triggered inversion and exhumation
along mid crustal channels observed in our models
provide a suitable mechanism.

(iii) P-T paths and cooling/exhumation rates: Our
models further indicate that there is a difference in the
shape of the P-T paths for lower (~ lesser Himalayas) and
higher (~Greater Himalayas) grade rocks, respectively.
The rocks corresponding to lesser Himalayan metamor-
phic grades in our models form a coherent package that
undergo a clockwise P-T path. The corresponding “higher
Himalayan rocks” form a more mixed package (coming
from different depths) of rocks that follow an overall
clockwise path as well, but with an initial phase of rapid
decompression to mid crustal depths followed by slow
cooling and exhumation. This is consistent with observa-
tions from the High Himalaya Crystallines in Sikkim as
well, where Ganguly et al. (2000) found an initial
exhumation rate of 15 mm/yr. that changed to ~2 mm/
yr at depths of about 15 km. Variations in P-T paths
between lesser and higher Himalayan rocks have also been
more widely documented by Goscombe et al. (2006),
although they have observed even anticlockwise P-T paths
in some of their higher Himalayan samples from Nepal.

Once again, even excluding variations to be expected
due to possible along strike variations (Nepal vs.
Sikkim) and the maturity of the orogen, details of
individual orogens cannot be expected to be reproduced
in general models such as the ones of this study.
However, the number of salient but enigmatic observed
features of the Himalayan collision zone that our models
do succeed in reproducing is highly encouraging and
provides useful insights.

4.2.2. Western Alps

The western part of the European Alps are charac-
terized by southward subduction of the European plate
and indentation of the upper Adria plate, whose northern
margin is vertically tilted and outcrops at the surface
forming the well-known Ivrea—Sesia Zone (ISZ).

In the Late Carboniferous to Early Permian a major
pulse of basic magmatic underplating (called “Mafic
Complex™) occurred in the lower crustal section of the
ISZ during an extensional regime initiated after the
Variscan collision (Handy and Zingg, 1991). Radiomet-
ric data (Vavra et al., 1999 and references therein) show

that the Ivrea Zone cooled below 300 °C at around
180 Ma indicating that the Moho was probably at 20—
25 km of depth. This means that the margin was already
slightly upbended before the final exhumation occurred
during the Alpine orogeny.

Today, the Western Alps are an asymmetric colli-
sional zone with two crustal wedges separated by the
vertical lithospheric body; the northern wedge (or pro-
wedge) is dominated by nappe stacking, faulting and
folding, whilst the southern wedge (or retrowedge) by
crustal thickening and backthrusting of the crust
(Schmid and Kissling, 2000). The Alps includes
ophiolites that are embedded in high grade metamorphic
nappes (Schmid et al., 2004) and are bounded
southward by the northern margin of Adria or ISZ that
acted as a backstop and allowed the exhumation of the
deeper levels of the orogenic wedge. Gerya and
Stockhert, 2006, have argued that such a complex
mixing of different lithotypes could in part be related to
pre-collisional subduction processes (which is also in
line with our experiments demonstrating strong mixing
of rocks in the accretion wedge during subduction,
Fig. 10, 10—-15 Ma) and predicted that continental
collision together with erosion could bring high-
pressure metamorphic rocks to the surface.

Simulations with a rigid lower crust (i.e. mafic
granulite, Vs=7, Hr=4, Fig. 10) seem, indeed, to match
many large scale geological aspects of the Western Alps:
the asymmetry of the orogen is characterized by the
vertical lithospheric margin of the (Adria) overriding
plate that separates two distinct crustal wedges with
different metamorphic and deformation patterns. In the
pro-wedge, high grade metamorphic rocks of continen-
tal upper crust and oceanic (blue square of Fig. 10)
material are mixed together and exhumed up to the
surface by a corner-flow like mass circulation accentu-
ated by gravitational instabilities due to partial melting.
The mafic continental crust is almost completely
consumed at the active margin, so that the upper and
lower parts of the crust seem to be decoupled (Bousquet
et al., 1997).

The model of Fig. 10 includes passive margin
sediments with high radiogenic heating (Hr=4 W/m®)
that probably produce a higher quantity of partial
melting than what is observed in the Western Alps.
Simulations with a lower content of radiogenic elements
of the passive margin sediments show a cooler thermal
structure of the orogen (e.g. Goffe et al., 2003) that
could be more applicable to this region. The rheology
used (mafic granulite flow law) in the model could
account for the Permian basic intrusion (“Mafic
Complex™) surviving at this high level. The rheology
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causes the upbended rigid plate margin to achieve such a
vertical position instead of being buckled down and
buried in the lithospheric root. Crustal thickening and
backthrusting is more dominant in the southern wedge,
as would be expected from our models.

5. Conclusions

In the present study we systematically modeled in
2-D the evolution of post-subduction collisional orogens
which are representative for the cases where negligible
slab dehydration occurs during the final stages of
subduction. The most important aspects of this study
can be summarized in the following points:

1. Oceanic subduction produces upper plate erosion and
upbending (mantle wedging), the extent of which
depends on the rheological coupling between plates.

2. Slow convergence rates (weak shear heating and
consequently strong rheological coupling between
plates) and/or a weak lithosphere produces plastic
yielding of the upper slab and results in the formation
of a two-sided post-subduction collision zone
characterized by a symmetric orogenic style on
both crustal and plate scale, a narrow and thick
collisional zone and lateral-vertical extrusion of an
inverted metamorphic sequence.

3. High convergence rates (strong shear heating and
consequently weak rheological coupling between
plates) and a strong lithosphere produce a broad and
thin asymmetrical one-sided post-subduction colli-
sional zone with two distinct wedges separated by a
sub-vertical lithospheric body and characterized by
different deformation regimes; in the pro-wedge,
simple shear deformation is indicated by corner flow-
like mass circulation with lateral extrusion of an
inverted metamorphic sequence. The retrowedge, on
the contrary, thickens by means of pure shear
mechanism with almost vertical exhumation/burial
of rocks and likely presence of shallow depth
backthrusts that accommodate the clockwise rotation
of the lithospheric body.

4. Peak temperature record of medium-to-high grade
metamoprhic rocks indicates lateral extrusion (to-
ward the pro-foreland) of a coherent HP-MT body on
a LP-LT unit, whilst peak pressure signature of the
higher grade rocks reveals mixing from different
depths (15-23 kbar, >700 °C).

5. Crustal recycling into the deep mantle is a very
common aspect of post-subduction continental
collision. This implies that models of crustal growth
and evolution need to take this flux into account.

Moreover, this lost mass may account for much of the
mismatch between inferred extents of convergence
and shortening.

6. Late evolution of several models have shown the
formation of lithospheric structures like polarity
reversal or rolling over of the plates, as already
recognized by other authors (i.e., Pysklywek, 2001).
The appereance of a late-collisional transient hot
channel due to the roll back of the subducting plate
extends the results presented in Gerya et al. (2008-
this volume), where the formation of hot channels is
found in early-collisional settings, and gives impor-
tant insights on coupled extensive/compressive
tectonic regimes.

7. Radiogenic heating controls the thermal structure and
evolution of collisional zones with the volume of
partially molten rocks, the timing of exhumation of
the inverted metamorphic sequence and the onset of
slab yielding phases (like subduction polarity
reversal or slab breakoff) being a function of
radiogenic element concentration of the passive
margin sediments.

8. We found interesting similarities between model
results and features of real orogens such as the pre-
collisional subduction-related systems (Cascadia and
Central Andes subduction zones) and post-subduction
collision-related chains (Himalaya and Western Alps).
The model results provide a mechanism for producing
the inverted metamorphism observed in the Himalaya,
matching aspects of detail such as coherence of the
sequence, shapes of P-T paths at different grades and
timing and duration of metamorphism observed in
certain parts. More detailed lithospheric images of
collisional orogens are needed to derive better
constrained models for specific orogens. However,
we believe our results provide important links between
lithological assemblages and geodynamics that can
help to infer processes that led to observed petrological
features.
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Appendix A
Initial model geometry and setup

We used the 2D finite difference code I12VIS with a
marker-in-cell technique which allows for nondiffusive
numerical simulation of multiphase flow in a rectangular
fully staggered Eulerian grid (Gerya and Yuen, 2003a).
The grid is nonuniform, with a resolution varying from
2x2 km in the studied collisional zone to 30x30 km
away from it. The 4000 x 670 km box (Fig. 2) contains
around 7 million markers and has free slip boundaries
and a permeable lower boundary with an infinity-like
external free slip and external constant temperature
conditions at 1670 km of depth (Burg and Gerya, 2005;
Gerya et al., 2008-this volume). A spontaneously
bending plate is pushed rightward by an internal
prescribed velocity field that remains fixed with respect
to the Eulerian coordinates. After around 1000 km of
convergence the strong lithospheric part of the subduct-
ing plate leaves the prescribed velocity domain and plate
movement becomes spontancous, being regulated by
subducted slab pull and by rheological coupling along
the plate interface.

The initial setup of the models implies an early
stage (5 Ma after nucleation) oceanic/continental sub-
duction with a 50 to 5 km thick and down to 155 km
(below the bottom of the crust) zone of weakness
(serpentinized subduction channel, Gerya and Stdck-
hert, 2006) that has a wet olivine rheology and low
plastic strength. The initial steady state thermal
structure of the lithosphere corresponds to specific
radiogenic heat production in the crust, 7=0 °C at the
surface and 7=1350 °C condition at 150 km depth.
An 800 km wide oceanic slab is attached to a
continental passive margin plate with a 40010 km
layer of highly radiogenic sediments. Continental
crust is divided into a 20 km upper and a 15 km
lower crustal layer, whilst oceanic crust is 8 km thick.
The material properties of all layers are shown in
Table 1.

Topography

The spontaneous deformation of the upper surface,
i.e. topography, is calculated dynamically as a free
surface by using a low viscosity (10" Pa s) 10—14 km
thick layer made of “air” (1 kg/m?, above z=10 km sea
level) or “water” (1000 kg/m’, below z=10 km sea
level). The interface between this weak layer and the
underlying crust is treated as an erosional/sedimentation
surface which evolves according to the transportation

equation solved in Eulerian coordinates at each time step
(Gerya and Yuen, 2003b):

0Zes /Ot = v, — v 0Zes/OX — Vs + Ve (1)

Here z. is the vertical position of the surface as a
function of the horizontal distance v,; v. and v, are the
vertical and horizontal components of the material velocity
vector at the surface; v5 and v, are the sedimentation and
erosion rates, respectively, which correspond to the
relation:

vs =0mm/a, v.=veg whenz,<l0km
vs =vgomm/a, v.=0  whenz,>10km

where v, and vy are the imposed constant erosion and
sedimentation rates, respectively. The code allows for
marker transmutation that simulates erosion (rock
markers are transformed to weak layer markers) and
sedimentation (weak layer markers are transformed to
sediments).

Rheological model

A viscoplastic rheology is assigned to the model by
means of a Christmas tree-like criterion, where the
rheological behavior depends on the minimun differen-
tial stress attained between the ductile and brittle fields
(Ranalli, 1995).

Viscous rheology for rocks containing small melt
fractions (M<0.1) is determined by flow laws (Table 1),
where the effective creep viscosities are a function of
strain rate, pressure and temperature. The effective
viscosity of molten rocks (M>0.1) was calculated using
the formula (Pinkerton and Stevenson, 1992; Bittner and
Schmeling, 1995):

254 (1 —M) <ﬂ) 0'48] (2)

Here 5, is an empirical parameter depending on rock
composition, being 7o=10" Pa s for molten mafic
rocks and #o=5%10"* Pa s for molten felsic rocks.

The strength of solid rocks in the brittle field is
implemented as a limiting maximum viscosity

1
_ [ 20yield
Nmax = ((8[])1/2> (3)

where ¢y is the second invariant of the strain rate tensor,
Oyield= (N1 Prign+N2)(1 — 4) is the yield stress, Pjiy, is the
lithostatic depth dependent pressure; N1 and N2 are

=1y €Xp
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empirical constants (Brace and Kohlstedt, 1980); A is
the pore fluid coefficient that varies with depth beneath
the calculated topographic surface (Azryp,) according
to the formula (Gerya and Stockhert, 2006):

20(10 — 4 04
1o 0( ZTO};B)+A10 ZTopo WhenOSAZTopOSIOkIn

A= /410 when Azrep, > 10km

where 4 is the hydrostatic pore pressure (0.4) at the
surface, and 4, is the pore fluid pressure at 10 km depth
(A10=0.9 for sediments and hydrated mantle and
A10=0.5 for all other rocks). The model allows for strain
localization due to the thermal weakening effects of
shear heating (i.e. without prescribing strain softening of
the lithologies).

Partial melting

The numerical code accounts for partial melting of
the various lithologies by using experimentally obtained
P-T dependent wet solidus and dry liquidus curves
(Table 1). Volumetric melt fraction M is assumed to
increase linearly with temperature accordingly to the
following relations (Burg and Gerya, 2005):

M = 0 at T<Tlidus; (4)

(T - Tsolidus)

M =
(Tliquidus - solidus)

at Tsolidus< T< Tliquidus (5)

M =1 at TETliquidus (6)

where Tioligus and Tiquiaus are the wet solidus and dry
liquidus temperature of the given lithology.

Consequently, the effective density, peg, of partially
molten rocks varies with the amount of melt fraction and
P-T conditions according to the relations:

Peff = Psolid — M(psolid - pmolten) (7)

ppr = Poll — (T — To)][1 + B(P — Po)] (8)

where pgoliq and pgoriq are the densities of the solid and
molten rock, respectively, po is the density at
Py=0.1 MPa and 7,=298 K; o and f are the thermal
expansion and compressibility coefficients, respectively.

The effects of latent heat are accounted for by an
increased effective heat capacity (Cper) and thermal

expansion (o) of the partially molten rocks (0<M<1),
calculated as

Cper =Cp+ 0L [(aM/aT)P]» (9a)

Yest = o+ pOL[(OM /OP)] /T, (9b)

where Cp and o are the heat capacity and the thermal
expansion of the solid crust, respectively, and Qy is the
latent heat of melting of the crust.

Numerical approach

The thermal, momentum and continuity equations.
for a 2D creeping flow, including thermal and chemical
buoyant forces, are solved using the 12VIS code (Gerya
and Yuen, 2003a). The thermal equation has the form of:

DT\ 8q. oq.
pcp<—> %%\ H,+ Hy+ Hs + Hy

Dt) ox oz
or oT
=—k(T,P,C)— ¢q.= —k(T,P,C)—
4= —HT.P.OYL 4= K1.P.C) 0
DP
H, = TO‘E Hg = 0585 + 02262 + 2O-ngxz

(10)

where D/Dt is the substantive time derivative; x and z
denote, respectively, the horizontal and vertical direc-
tions; the deviatoric stress tensor is defined by g, 7.,
0.., whilst the strain rate tensor is defined by ey, €y,
€,,; T is the temperature, P the pressure and C the
composition; ¢, and ¢. are heat flux components; p is
the density, &(7,P,C) is the thermal conductivity as a
function of temperature, pressure and composition (e.g.
Hofmeister, 1999), C,, is the isobaric heat capacity; H,,
H,, Hs, Hy are, respectively, radioactive, adiabatic,
shear and latent heat production (A is implemented by
changing C,, and o according to Egs. (9a), (9b)).

Conservation of mass is approximated by the
incompressible mass conservation (continuity) equa-
tion:

ovy, Ov,
ox + 0z 0 (1)

The 2D Stockes equation has the form:

00y 0oy, OP

S 12
ox 0z ox (12)
0o, 0o, OP
—_— = T.P.C.M 13
0z ox Oz gp(T,P,C, M) (13)
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where the density p depends on temperature, pressure,
composition and melt fraction; g is the acceleration due
to gravity.
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