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Abstract Lateral variation and asynchronous onset of collision during the convergence of continents can
significantly affect the burial and exhumation of subducted continental crust. Here we use 3-D numerical
models for continental collision to discuss how deep burial and exhumation of high and ultrahigh pressure
metamorphic (HP/UHP) rocks are enhanced by diachronous collision and the resulting rotation of the collid-
ing plates. Rotation during collision locally favors eduction, the inversion of the subduction, and may
explain the discontinuous distribution of ultra-high pressure (UHP) terranes along collision zones. For exam-
ple, the terminal (Scandian) collision of Baltica and Laurentia, which formed the Scandinavian Caledonides,
resulted in the exhumation of only one large HP/UHP terrane, the Western Gneiss Complex (WGC), near the
southern end of the collision zone. Rotation of the subducting Baltica plate during collision may provide an
explanation for this distribution. We explore this hypothesis by comparing orthogonal and diachronous col-
lision models and conclude that a diachronous collision can transport continental material up to 60 km
deeper, and heat material up to 300�C hotter, than an orthogonal collision. Our diachronous collision model
predicts that subducted continental margin material returns to the surface only in the region where collision
initiated. The diachronous collision model is consistent with petrological and geochonological observations
from the WGC and makes predictions for the general evolution of the Scandinavian Caledonides. We pro-
pose the collision between Laurentia and Baltica started at the southern end of the collisional zone, and
propagated northward. This asymmetric geometry resulted in the counter clockwise rotation of Baltica with
respect to Laurentia, consistent with paleomagnetic data from other studies. Our model may have applica-
tions to other orogens with regional UHP terranes, such as the Dabie Shan and Papua New Guinea cases,
where block rotation during exhumation has also been recorded.

1. Introduction

The study of high pressure/ultra-high pressure (HP/UHP) metamorphic rocks is important as these rocks
offer an insight into lithospheric conditions as well as providing useful constraints on the continental colli-
sion process [Dobrzhinetskaya et al., 2011b; Warren, 2013]. Exhumed HP/UHP rocks are present in most Pha-
nerozoic collision zones [Dobrzhinetskaya et al., 2011a] and probably resulted from the subduction of one
continental margin beneath another, but their exhumation mechanisms and resultant structures vary. A
number of different mechanisms have been proposed for the return of HP/UHP rocks to the surface, ranging
from whole scale return of the subducted plate to exhumation of small supracrustal slivers [Kylander-Clark
et al., 2012]. Numerical modeling work by Burov et al. [2001] shows how return flows generated in the sub-
duction channel can return subducted continental crust to the surface. Others have shown how exhumation
can occur when the buoyancy of subducted continental crust exceeds the shear traction exerted on it by its
underlying lithosphere [Warren et al., 2008a], resulting in its return toward the surface as a coherent slab.
Furthermore, ‘‘eduction’’ has been proposed [Dixon and Farrar, 1980; Andersen et al., 1991] where the sub-
duction trajectory is completely reversed, bringing the whole plate (crust and lithosphere) back to the sur-
face. The need for different exhumation mechanisms is a reflection on the variety in size and structure of
UHP terranes [Kylander-Clark et al., 2012].

This study focuses on eduction as a mechanism for returning HP/UHP metamorphic terranes to the surface
(we follow the convention that UHP rocks are those that have equilibrated at pressures above the minimum
stability of coesite; some such rocks are known to have formed at pressures well into the P-T stability field
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of diamond—see Dobrzhinetskaya et al. [2011b]). The force balance for the reversal of plate motion is
explored by Duretz et al. [2012] who show that slab breakoff removes the slab pull force allowing the par-
tially subducted buoyant continental plate to return back up along the original subduction trajectory. This
bulk movement of the partially subducted continental block and its underlying mantle lithosphere back
along the original subduction path reverses the shear sense on the upper subduction interface and has the
potential of exhuming large quantities of continental material in one coherent section. This mechanism is
favored for large terranes as it explains both the size and structural coherence of exhumed crustal material.
An example of a large HP/UHP terranes is the Norwegian Western Gneiss Complex (WGC) in the southern
Scandinavian Caledonides [Andersen et al., 1991; Teyssier, 2011; Brueckner and Cuthbert, 2013].

The Western Gneiss Complex (WGC) is one of the largest exposed HP/UHP terranes currently preserved on
earth. It formed during the terminal Caledonian collision between the continents Laurentia and Baltica. This
collision, known as the Scandian Orogeny, occurred in the Silurian [Dewey and Strachan, 2003]. The collision
dynamics are complicated by the earlier collisions of a number of continental and island arc fragments
[Brueckner and van Roermund, 2004] but paleomagnetic evidence suggests the final collision started in the
south then closed progressively toward the north [Torsvik et al., 2012]. The WGC is considered to represent
the continental margin of Baltica that underwent deep but transient subduction beneath Laurentia during
collision, followed by wholesale exhumation [Hacker and Gans, 2005; Hacker, 2007; Brueckner and Cuthbert,
2013] a map of the major tectono/stratigrapic units and structures is provided in supporting information
(Figure Siii) adapted from [Brueckner and Cuthbert, 2013].

The metamorphism recorded in the WGC shows a progression in metamorphic grade, from ultra-high pres-
sures recorded in the northwest to weakly metamorphosed in the southeast [Hacker et al., 2010]. The pres-
sures experienced by the westernmost portion of this terrane are thought to have been particularly high as
some lithologies contain coesite [Smith, 1984; Wain, 1997; Cuthbert et al., 2000; Terry et al., 2000; Walsh and
Hacker, 2004; Butler et al., 2013] and microdiamonds [Dobrzhinetskaya et al., 1995; van Roermund et al., 2002;
Vrijmoed et al., 2006], which are consistent with thermobarometric estimates of pressure temperature (P-T)
conditions of up to 5 GPa and 900�C [Cuthbert et al., 2000; Terry et al., 2000; Carswell et al., 2006; Vrijmoed
et al., 2006] and indicate subduction of continental crust to depths of as much as 165 km. This progression
in metamorphic grade has been interpreted as evidence that Baltica was subducted northwestward (pres-
ent coordinates) beneath Laurentia [Krogh, 1977; Griffin et al., 1985; Hacker et al., 2010], metamorphosed
under HP/UHP conditions, and then returned, as the WGC, to the surface as one quasi-coherent unit [Ander-
sen et al., 1991; Wilks and Cuthbert, 1994; Brueckner, 2006; Warren et al., 2008b]. The timing of collision and
continental subduction in the southern Norwegian Caledonides is constrained by the development of a
clastic fill in a foredeep basin during Ludlow to Pridoli times, from 427 to 419 Ma [Davies et al., 2005], by
early eclogite development in the associated Lindås Nappe at �430 Ma [Glodny et al., 2008], and by the
older ages obtained from UHP eclogites and garnet pyroxenites in the WGC at around 434–425 Ma
[Kylander-Clark et al., 2007; Spengler et al., 2009], which probably document subduction after initial collision.
Collision is unlikely to have initiated earlier than 434.0 6 3.9 Ma, the age of a pre or syncollisional granite
intruded into an ophiolite/arc unit in the Upper Allochthon [Hacker et al., 2003]. WGC eclogite mineral ages
continue to range down to about 400 Ma, with a few as young as 370 Ma, indicating that parts of the WGC
remained at mantle depths until at least that time [Kylander-Clark et al., 2009]. A review of the age patterns
in the WGC as well as evidence for the reversal of shear sense between the allochthons and the WGC sug-
gests the transition from subduction to eduction occurred at �405 Ma [Brueckner and Cuthbert, 2013 and
references therein].

The WGC outcrops within a very large tectonic window and is separated by a major shear zone from two
overlying thrust-nappe complexes, the Jotun nappe complex of the Middle Allochthon, and the Trondheim
nappe complex of the Upper Allochthon, which outcrop to the east and southeast of the WGC, respectively,
and which have further equivalents in the western coastal region (supporting information Figure Siii)
[Hacker and Gans, 2005; Andersen and Austrheim, 2008; Milnes and Corfu, 2008; Gee et al., 2010]. These alloch-
thons comprise the Scandian orogenic wedge created during the early phases of Caledonian (Scandian)
Laurentia-Baltica collision. Brueckner and Cuthbert [2013] have recently argued that this orogenic wedge
was ruptured during the reversal of shear sense between the WGC and the allochthons, and the Jotun and
Trondheim Nappe Complexes were then further transported piggy-back on top of the educting WGC to
their current position. This deformation of the wedge was argued to have also resulted in the formation on
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the Devonian intramontane basins that lie along the west coast of southern Norway. As noted above,
motion reversal in the subduction channel and the initiation of eduction is thought to have happened at
about 405 Ma [Brueckner and Cuthbert, 2013] after which the WGC cooled to Ar40-Ar39 closure temperatures
of white mica by 397–380 Ma [Walsh et al., 2013]. The youngest Ar-Ar ages are broadly coincident with dep-
ositional ages in the intramontane basins [Wilks and Cuthbert, 1994]. Final exhumation of the WGC is not
well constrained as no detritus from it is recognizable in the intramontane basins [Cuthbert et al., 1983], but
the most deeply subducted material now at outcrop had reached normal midcrustal depths by about 380
Ma, giving a total interval of �50 Ma from collision to the approximate end of eduction.

Ar-Ar cooling ages for the WGC are 20 Myr older in the southeast portion of its outcrop area than in the
northwest [Walsh et al., 2013] suggesting again that exhumation occurred progressively from southeast to
northwest, which is consistent with eduction toward the south-east. The process of whole-lithosphere educ-
tion as an exhumation mechanism for the WGC remains controversial; for example, exhumation as a giant
flake or nappe up to 14 km thick has been proposed [Carswell et al., 2003], but to date no convincing basal
thrust to accommodate transport of such a large mass has been discovered. The presence of basement-
involved eclogite-bearing allochthons such as the Lindås nappe [Glodny et al., 2008] and the upper base-
ment unit in the Trollheimen-Moldefjord region [Robinson, 1995] undoubtedly indicate that the Baltica mar-
gin underwent at least superficial imbrication during the early stages of its subduction, hence some crustal
flakes or nappes may have exhumed by extrusion along the subduction channel. However, this cannot
explain the exhumation of the remaining, much larger, structurally underlying mass of the HP WGC. Hence,
in the absence of convincing evidence for a basal thrust zone, we prefer a mechanism involving wholesale
withdrawal (eduction) of the Baltica margin from the subduction channel while still attached to the rest of
the Baltic craton as well as the underlying lithosphere.

Exhumation by eduction relies on a change in the force acting on the subducting continental margin. One
way to achieve this is the breaking off of the dense oceanic slab to allow the buoyant continental block to
exhume. Slab breakoff has been proposed as one of the final stages of continental collision [Davies and von
Blanckenburg, 1995], and imaged with tomography for a number of collision zones [Nolet, 2009], as well as
being inferred from earthquake gaps [Roecker, 1982]. Slab breakoff may also be regarded as the trigger for
exhumation as a result of the release of ‘‘slab pull.’’ Slab breakoff probably occurs by lateral tearing along
the subducted slab [Yoshioka et al., 1995; Wortel & Spakman, 2000; Van Hunen and Allen, 2011] and is sug-
gested to be responsible for topographic depressions that propagate along collision zones [Van der Meulen
et al., 1998; Sperner et al., 2001]. Slab tearing has been shown to start where collision first occurred [Van
Hunen and Allen, 2011]. The force balance for the continental collision and slab breakoff [Duretz et al., 2012]
is influenced by the buoyancy of the partially subducted continental plate which will cause return of sub-
ducted material once the slab pull force has been removed. If the subducted continental material remains
strong and coherent, this return will take the form of wholesale plate eduction. Far field forces that act on
the subduction system also need to be considered as they could assist in the eduction process [Fossen,
2010; Brueckner and Cuthbert, 2013]. Considering the likelihood of the propagation of breakoff along the
collision zone, we expect there would also be variation in timing and amount of material exhumation along
the collision zone. The exact nature of the Iapetus subduction system and slab detachment between Lau-
rentia and Baltica is still debated [Andreasson et al., 2003; Fossen, 2010] though the majority of evidence sug-
gests a westward subduction of Baltic under Laurentia.

Here we examine numerically the exhumation of HP/UHP rocks after collision; subduction and slab breakoff,
and investigate the differences in exhumation patterns produced by diachronous versus orthogonal colli-
sions. We present two 3-D dynamic numerical models of the closure of an oceanic basin; a first where colli-
sion occurs all along the collision zone at the same time (orthogonal collision), and a second where collision
initiates at one end and propagates along the collision system (diachronous collision). These models are
then compared to pressure, temperature, and time (P-T-t) estimates from the WGC.

2. Methodology

To assess the role of a diachronous collision and associated plate rotation on the exhumation of UHP ter-
ranes we developed 3-D numerical flow models of continental collision and slab breakoff. Synthetic
pressure-temperature-time (P-T-t) paths are calculated so that they can be compared to field observations.
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The numerical model uses a Cartesian, incompressible-flow version of the finite element geodynamical
code Citcom [Moresi and Gurnis, 1996; Zhong et al., 2000; van Hunen and Allen, 2011]. In the model setup,
we adopt the Boussinesq approximations. Conservation of mass, momentum, energy, and composition are
applied using the following nondimensional governing equations:

r � u!50 (1)

2rP1r � g r u!1r u!T
� �� �

1 RaT1RbCð Þêz50 (2)

@T
@t

1 u!� rT5r2T (3)

@C
@t

1 u!� rC50 (4)

where u! is the velocity, P is the deviatoric pressure, g the viscosity, Ra the thermal Rayleigh number, Rb the
compositional Rayleigh number, êz the vertical unit vector, C a material parameter that distinguishes crust
from mantle material, T the temperature, and t is time.

In this setup, flow of material is driven by combined thermal and compositional buoyancy. The continental
material is advected, in accordance with Equation (4), using particle tracers [Di Giuseppe et al., 2008]. These
tracers are also used as passive markers to monitor the P-T-t path of individual pieces of the continental
plate that enter the subduction zone.

The models in this study simulate the closure of an oceanic basin leading to continental collision, partial
subduction of continental material, slab detachment and subsequent exhumation. The two initial model
setups investigated are shown in Figure 1. The computational domain is 660 km by 2640 km by 2640 km
giving a 4:4:1 aspect ratio in x, y, z, where the x direction is perpendicular to the collision zone, and the

Figure 1. Schematic 3-D model setup for the collision models. Models have a computational domain size of 2640 km by 2640 km by 660
km. Both models have a 20 km weak zone and 100 km 3 66 km mantle wedge that decouple the two plates. Two transform faults (red-
dashed lines) cut the subducting plate and decouple it from the model boundaries. The models differ in the shape of the continental block
embedded in the subducting plate: (a) A rectangular continental block and will be referred to as the orthogonal collision model. (b) A tra-
pezoid shaped continental block and shall be referred to as the diachronous collision model. Each of the three sets of six stars represents a
family of material markers placed at y 5 660, 1320, and 1980 km. Each family contains 24 markers placed in a 6 3 4 grid in the x-z plane.
An example of the position of the markers for one family in x and z directions is shown in Figure 2.
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y direction is parallel to the collision
zone, and the z direction is downward.
The models use a nondeformable Car-
tesian grid with a high resolution
region in the top 200 km and between
x 5 1700 km and x 5 2200 km over
the collision zone. This gives a grid
resolution, over the collision zone, of
10 km by 20 km by 10 km in the x, y, z
directions, respectively (see Figures Si
and Sii in supporting information for a
representative cross section through
the grid and results of a resolution
test, respectively).

Flow boundary conditions for the
model are free-slip on the top and
sides and no-slip on the base. These
boundary conditions do not allow any
flow through the model boundaries.

This means that all forces that drive subduction, such as slab pull, are generated internally in the model.
The no-slip boundary condition at the base of the model is designed to simulate the interaction of a slab
with a higher viscosity lower mantle. The thermal boundary conditions are 0�C at the surface and a mantle
temperature of 1350�C at the base of the model domain and x 5 0 boundary. Keeping the x 5 0 boundary
at mantle temperature simulates a mid-ocean ridge. The other three sides have a zero heat flux boundary
condition.

Subduction is initiated by a 400 km hanging oceanic slab sinking into the mantle and facilitated by a 20 km
wide zone of weak material between the subducting plate and the overriding plate, as well as a 100 km
high and 66 km wide weak mantle wedge. The weak zones are sustained throughout the model calcula-
tions and kept at a relatively low viscosity (1020 Pa�s) to allow permanent decoupling of the two plates. The
model setup initially has a 60 Myr old oceanic lithosphere subducting to the left under a continental over-
riding plate. In the y direction (trench parallel), the 1980 km slab is bounded at y 5 330 and 2310 by two 20
km wide weak zones (viscosity 1020 Pa s) that serve as transform faults (Figure 1). The initial thermal struc-
ture (Figure 2) of the oceanic lithosphere is calculated using the half space cooling model, which converts a
lithosphere age to a thickness. There is a linear increase in oceanic plate age from 0 Myr at the right edge to
60 Myr at the trench. A thicker, lower density continental block is embedded in the subducting plate with a
linear geotherm from 0�C at the surface to mantle temperature of 1350�C at 100 km. The thermal structure
of the still thicker overriding continental plate is set as a linear geotherm from 0�C at the surface to mantle
temperature at 150 km. The thicker lithosphere of the overriding plate is designed to simulate the collision
of a smaller continent with a larger cratonic continent.

The 40 km thick continental crust in the model resists subduction due its compositional buoyancy of 600
kg/m3. Oceanic crustal buoyancy is ignored in the models, as the assumed transformation of basalt to eclo-
gite of oceanic crust would remove any initial compositional buoyancy [Cloos, 1993]. The transformation to
denser rock types such as eclogite within the continental crust would also have an influence on the buoy-
ancy of continental material that is transported to depth. Large HP/UHP terranes such as in the WGC in Nor-
way do indeed contain dense eclogitic rocks but generally eclogite makes up a low percentage of the total
rock [Cuthbert et al., 2000]. The limited evidence available from felsic rocks that have escaped the pervasive
retrogressive metamorphic overprint indicates that transformation of the dominant granitoid orthogneisses
to dense UHP mineral assemblages was very limited [Carswell et al., 2003]. Therefore, for buoyancy pur-
poses, we ignore the complexity of possible phase changes in the continental crust, and assume that, on
average, the material that currently makes up terranes such as the WGC lack sufficient dense lithologies to
substantially influence the average crustal density.

To investigate possible reasons for differences in the exhumation processes along the collision zone such as
those proposed by Fossen [2010] and Zhang et al. [2009], we compare two end-member models, one with a

Figure 2. (a) Initial temperature distribution and velocity vectors at t 5 0. (b) Zoom-
in of gray rectangle in A showing the initial positions of one family of markers within
the continental crust of the subducting plate. White contour lines outline the conti-
nental crust. Markers are initially placed at depths of 0, 10, 20, and 30 km, and at dis-
tances of 0, 30, 60, 120, 180, and 240 km from the front of the continental block.
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rectangular-shaped continental block (Figure 1a) and the other with a trapezoid-shaped continental block
(Figure 1b). The rectangular continental block is 1000 km long along both the transform faults, and thus
represents an orthogonal collision. The trapezoid shaped continental block is 500 km long along the
y 5330 km transform fault and 1000 km long along the y 52310 km transform fault. This geometry was
chosen as it generates a diachronous collision that propagates along the full length (1980 km) of the sub-
duction zone in �20 Myr. The diachronous collision also creates a rotation of the subducting plate, thereby
assisting eduction at one end of the subduction zone. The continental block extends over the full 1980 km
width between the two transform faults in both models. The overriding plate does not move in the refer-
ence frame of the model, extends over the full model width in the y direction and has a 40 km thick conti-
nental crust and a lithosphere that extends down to 150 km.

The strength of the material in our model is governed by temperature and stress-dependent rheology. Four
different deformation mechanisms are used: (1) diffusion creep, (2) dislocation creep [Karato and Wu, 1993],
(3) a stress limiting rheology [Byerlee, 1978], which weakens material near the surface when under high
stresses, and (4) a model maximum viscosity for numerical stability. A more detailed description of the
applied rheology is presented in [Van Hunen and Allen, 2011; Bottrill et al., 2012].

Three families of material markers are placed in the frontal portion of the subducting continental block
at y 5 660 km (red stars), y 5 1320 km (yellow stars) and y 5 1980 km (blue stars), and are followed to
calculate P-T-t paths (Figures 1 and 2). The 1320 km marker-set is in the center of the continental block
whereas the 660 and 1980 km marker-sets are 330 km inward from the two edges of the continental
block. Each family contains 24 material markers that are placed in a 6 3 4 grid in the x-z plane with
markers at depths of 0, 10, 20, and 30 km and at distances of 0, 30, 60, 120, 180, and 240 km from the
front of the continental block (Figure 2b). When calculating the P-T-t path for the marker, we add an
additional vertical thermal gradient dT=dz 50:5 �C=km to account for adiabatic heating. We define the
y 5 0 edge of the model as the ‘‘north’’ edge and the y 5 2640 km as the ‘‘south’’ edge.

Maximum horizontal eduction distances are calculated for each family of markers. Only the markers furthest
from the front of the continental block (i.e., 240 km from the front) are used as they only just reach the sub-
duction zone and so have almost no vertical component to their motion. The maximum eduction distance
is defined as the maximum horizontal return distance, as measured along the x axis of the model.

3. Results

We first present the dynamics, exhumation patterns, and P-T-t paths for the orthogonal collision model,
which we then compare with results from the diachronous collision model. For simplicity, we only present
results for one family of material markers in each model (the middle family at y 5 1320 km for the orthogo-
nal collision and the family at y 5 1980 km for the diachronous collision). Full results for all material markers
for both models are presented in the supporting information.

3.1. Orthogonal Collision
The dynamics of an orthogonal collision mode are presented for y 51320 km in cross section (left side) and
for all three families of markers in plan view (right-hand side) in Figure 3. The model shows a slowing of the
subduction velocity (represented by the lengths of the velocity arrows in Figures 3e and 3f) after collision,
when continental material starts to be subducted. At t 5 20 Myr, slab breakoff detaches the dense oceanic
lithosphere from the buoyant continental block, and changes the average buoyancy of the subducted plate.
The partially subducted continental plate therefore returns back toward the surface along the original sub-
duction path (reversed arrows in Figure 3g). This velocity reversal is shown within the slices through the
modeling domain (Figures 3c and 3d) by the movement of the material markers back up the along their
original subduction path after slab breakoff.

The material markers indicate the movement of the continental crust during collision, subduction, and
exhumation. Some of the surface markers are accreted onto the base of the overriding plate during the con-
tinental subduction. However, the deeper markers, positioned initially at 10–30 km, are transported to
depth along with the front portion of the continental plate. After slab breakoff, these markers move back-
ward, out of the subduction zone, together with the rest of the subducted lithosphere. Figures 3a–3d shows
that markers that started furthest from the trench are still orientated in the same grid pattern as they
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Figure 3. (a–d) Time slices through the center of the orthogonal collision model, with time increasing from Figures 3a to 3d. Color scheme shows viscosity variations, the white contour
highlights crustal material and stars show the positions of followed material markers. (e–h) Time snapshots of surface velocity (green 5 continental material, blue 5 oceanic material).
The stars represent surface markers. Time increases from Figures 3e to 3h.
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started with after eduction. The markers in the front portion of the plate experience some reorganization
but generally the continental plate was coherently subducted and then educted as shown by the white
contour that outlines the crustal material. The orthogonal model has a horizontal eduction distance of 156
km along the whole length of the collision zone.

P-T-t paths are presented in Figure 4 for the material markers from the family of markers that started in the
center of the model domain (yellow stars at y 51320 km in Figures 1 and 3) and were initially positioned
between depths of 10–30 km and at distances 0–120 km from the front of the subducting continental block.
P-T paths for all markers from all three families are presented in the supporting information. Similarly posi-
tioned markers from the two other families show almost identical P-T-t paths (supporting information Fig-
ures Svi–Sviii), suggesting that a similar quantity and type of exhumed material is produced along the
entire collision zone.

Figure 4. P-T-t (pressure temperature time) paths for material markers that started in the center of the orthogonal collision model and
were placed, from top to bottom, at 10, 20, and 30 km depth and, from left to right at 0, 30, 60, and 120 km form the front of the subduct-
ing continental block. The shown configuration of P-T-t paths represents the grid in which the markers where originally arranged at the
start of the model. The number in the top left of the plot is the markers unique number. The colors of each P-T-t path show the vertical
velocity of the material markers. The distances between the black horizontal bars across the paths represent a time period of 5 Myr.
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A number of the markers reach pressures and temperatures consistent with the production of HP/UHPM
material (>2.7 GPa and >600�C) [Chopin, 1984]. The markers at the front of the continental block enter the
subduction zone first and reach depths of >150 km (�4.5 GPa) and temperatures 800�C. Even markers that
started 120 km from the front of the continental block reach depths of 50 km (�1.5 GPa) and temperatures
of 200–400�C. A number of these rearward markers also return successfully to normal crustal levels. Some
of the markers in the front of the continental block do not return completely to crustal levels, probably for
two reasons: (1) limited exhumation of the whole subducted plate and (2), markers initially placed at 0–10
km depth partly accrete to the overriding plate during exhumation (Figure 3). At all depths there is a gradi-
ent in the peak pressures and temperatures achieved by markers (Figure 4), e.g., markers that are in the
leading edge of the plate and enter the subduction zone first achieve much higher peak pressures and tem-
peratures than markers further back from the front. The plate educts coherently, therefore, the pressure and
temperature gradients defined by all markers are preserved in the educted material.

The P-T-t paths show that all the markers reach their peak pressure after �20 Myr with an average initial
burial rate of �1–2 cm/yr followed by a slower phase of burial of �0.5 cm/yr until the markers reach peak
pressure (Figure 4). Exhumation rates are initially �0.5 cm/yr but slow down even further as the material
nears the surface. All the markers that successfully return to crustal depths do so within 40 Myr after their
peak pressure and temperature was reached.

3.2. Diachronous Collision
The large-scale dynamics of a diachronous collision model are illustrated in Figure 5. The plate velocities are
initially trench-perpendicular during oceanic plate subduction. Initial collision is in the ‘‘south’’ (Figure 5e) as
a result of the promontory at the southern end of the incoming plate. Collision grades into continental sub-
duction as this promontory slides beneath the overriding plate, and, consequently, subduction velocity
reduces in the region of collision. In the meantime, collision and subduction continue to the ‘‘north’’ further
along the collision zone, reaching the northern edge of the plate 18 Myr after initial collision (Figure 5f). The
decrease in velocity at the point of initial collision causes a counter-clockwise rotation of the subducting
plate with the pole of rotation starting below or to the south of the point of initial collision (i.e., outside our
modeling domain at y> 2640 km), but then moves northward along the subduction zone as the point of
collision progresses along the subduction zone (Figures 5e–5g).

Slab breakoff in this model starts at 22 Myr, under the region of the subduction zone that first experienced
continental collision. A tear is created in the subducted oceanic slab at its contact with the continental lead-
ing edge (Animation S1 supporting information), which then propagates northward along the collisional
zone until the full width of the oceanic slab (1980 km) detaches at 31 Myr. The breakoff results in a reversal
in subduction velocity, starting in the area of initial collision in the south at 22 Myr (while subduction contin-
ues further along the subduction zone) and moving ‘‘northward’’ until the entire oceanic slab is detached at
31 Myr (Figure 5g).

The surface markers in each family are accreted onto the upper plate during continental subduction, as
they are in the parallel collisional model. The deeper markers positioned initially at 10–30 km, however, are
transported down along with the front portion of the continental plate (Figure 5). The southernmost
markers experience the greatest amount of both burial and eduction compared to the other families of
marker further along the collision zone (supporting information Figures Sx–Sxii). The continental plate sub-
ducts and exhumes coherently in the diachronous collision model (Figures 5a–5d). A comparison of Figures
5a–5d to Figures 3a–3d also shows that, in the area of initial collision, the diachronous collision model trans-
ports crustal material deeper (maximum depth of crustal material 220 km) than the orthogonal collision
(maximum depth of crustal material 170 km).

The diachronous model also has the largest horizontal eduction distance of 174 km where collision was ini-
tiated, at the southern end of the collisional zone. Horizontal eduction distances decrease northward to 70
km in the center of the collision zone, and no eduction is recorded at all at the northern end of the colli-
sional zone.

P-T-t paths for diachronous collision are presented in Figure 6 for the markers that start at 10–30 km depth
and are from the family of markers positioned in the southern promontory of the subducting continental
block (y 51980 km). These markers lie at 0–120 km from the front of the continental block. P-T paths for all
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Figure 5. (a–d) Time slices through the diachronous collision model at the point where collision initiates. (e–h) Time snapshots of surface velocity. See Figure 3 for details. Red dot shows
the position of the rotational pole.
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three marker families are presented in the supporting information (Figures Sx–Sxii), which show that there
are large along-trench variations in P-T paths, and that exhumation is much more likely in the region of ini-
tial collision than at the later, more northern, continental collision sites.

Markers closest to the front edge of the continental block reach depths of 200–250 km and temperatures of
>900�C, though they only return to �60 km below the surface (Figure 6). However, a number of the
markers that start further back from the edge of the continental block do return to crustal levels. For exam-
ple, markers that start 30 km from the front of the continental block reach depths of 170 km (5 GPa) and
temperatures of 850�C before returning to crustal levels (Figure 6). Even markers that start 120 km from the
front of the continental block reach depths of 60–100 km and temperatures of 300–600�C (Figure 6). The
difference in peak P-T conditions experienced by markers at the front edge of the plate and those further
back from the edge produces a progressive metamorphic pattern toward the trench after the material is
ultimately educted back to crustal depths.

Figure 6. P-T-t (pressure-temperature-time) paths for material markers for diachronous collision that started at the southern promontory
(y 51980 km) and were placed, from top to bottom, at 10, 20, and 30 km depth and, from left to right, at 0, 30, 60, and 120 km from the
front of the subducting plate’s continental block. The color of each P-T-t paths shows the vertical velocity of the material markers; the dis-
tances between the horizontal bars across the paths represent a passage of 5 Myr between bars.
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The modeled P-T-t paths show that all the southernmost markers reach their peak pressure after �15 Myr
with average burial rates that start at �1.5–3 cm/yr and then decline to a slower burial rate of 1–0.5 cm/yr
until the markers reach their peak pressure (Figure 6). Exhumation rates are initially 0.5–1 cm/yr but slow
down as the material nears the surface. All the markers that successfully return to crustal depths do so
within 40 Myr after peak pressure and temperature were reached.

4. Discussion

The P-T-t loops that generate maximum P-T conditions in both the orthogonal and diachronous collision
model are compared with published pressure and temperature estimates based on the geothermobarome-
try of eclogite facies assemblages that recrystallized within the WGC during Scandian subduction and early
exhumation (Figure 7) [data from Carswell et al., 2006; Vrijmoed et al., 2006; Hacker et al., 2010]. Some esti-
mates from garnet peridotites are excluded because they may have formed while the peridotites were still
in the mantle wedge, and not in the subducted continental crust.

It can be seen by inspection that the diachronous collisional model results in much higher P-T conditions
(60 km deeper and 300�C hotter) than the orthogonal model and that the loop modeled for the most
deeply subducted continental crust at the point of initial collision in the diachronous model successfully
reaches the UHP stability fields of coesite and diamond. The loop also matches the pressure estimates from
all of the P-T studies as well as the lower temperature estimates (600–800�C) from some of the studies.
Some petrological temperature calculations are 50–100�C hotter than achieved by the loop, a difference
not considered significant in view of the uncertainties in geothermobarometry [see discussions in Ravna
et al., 2004; Cuthbert et al., 2004; Carswell et al., 2006].

Figure 7. A schematic diagram of the exhumation dynamics for both the orthogonal and diachronous collision models [after Brueckner and Cuthbert, 2013]. The orthogonal collision
model (top) subducts and educts uniformly all along the subduction zone whereas the diachronous collision model, (bottom) generates the greatest eduction distance at the southern
end of the collision zone. This greater eduction distance is capable of passively transporting overlying allochthons shown in red) much further toward the foreland (bottom left) than
would happen during orthogonal collision (top left). The P-T-t paths for identical tracers (start position, 20 km depth and 130 km (marker 64) and 190 km (marker 63) from the front
edge of the continental block) both models are compared to petrological P-T estimates from the WGC, shown as ellipses [Hacker et al., 2010] (green); [Carswell et al., 2006] (red); [Vrijmoed
et al., 2006] (blue). These values are chosen to represent the deepest level of subduction in different rigions of the WGC (see text for locations). We also show the diamond-graphite
(blue line) [Kennedy and Kennedy, 1976] and coesite-quartz (black line) [Bohlen and Boettcher, 1982] stability fields. The P-T-t path for marker 64 shows that diachronous collision trans-
ports material 50 km deeper and to temperatures 300�C hotter than orthogonal collision and reaches the peak P-T data for the WGC whereas it does not in the orthogonal collision. The
P-T-t path for marker 63 reaches the coesite transition during diachronous collision, but does not reach peak P-T conditions estimated for the WGC as it started 60 km further back from
the front of the subducting plate and so was never subducted to the deepest levels of the WGC. This marker is analogous to the lower grade rock found in the interior of the WGC where
eclogites were not generated.

Geochemistry, Geophysics, Geosystems 10.1002/2014GC005253

BOTTRILL ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 1777



The published estimates for P-T paths followed by the WGC [e.g., Labrousse et al., 2004] show ‘‘skinny’’ ‘‘hair-
pin’’ shapes indicating that the large increase in pressure experienced by the eclogites was accompanied by
a relatively small temperature change (<200�C). Our modeled P-T paths have ‘‘fatter’’ loops than the petro-
logical estimates. This difference could imply that the modeled initial crustal temperature may have been
hotter, or perhaps there was significant heating during the initial continental subduction. The diachronous col-
lision model tends to create ‘‘skinnier hairpin’’ P-T paths by generating faster subduction and eduction, relative
to the orthogonal model, thereby allowing material less time to equilibrate to mantle temperatures before
and during its return to the surface. This can be seen by comparing Figures 4, 6, and 7 where the diachronous
model shows slightly faster burial and exhumation rates. The degree to which a P-T loop is ‘‘skinny’’ or ‘‘fat’’
are likely to be related to the rate of subduction and exhumation. Very rapid rates for one or both of these
processes should result in limited temperature increases as a result of the short time available for tempera-
tures within the subducted slab to equilibrate with ambient mantle temperatures. The ‘‘skinny’’ loops in [Lab-
rousse et al., 2004] would imply relatively rapid subduction and eduction rates whereas the ‘‘fatter’’ loops
generated by our models would allow for slower rates. Subduction rates are difficult to calculate, but exhuma-
tion rates have been estimated at 0.2–2.5 cm/yr [Carswell et al., 2003; Root et al., 2005]. These estimates, in
turn, are strongly dependent on radiometric age determinations for the various steps in the subduction-
exhumation process. The first dates generated from eclogites in the WGC gave ages from 440 to 400 Ma [Grif-
fin and Brueckner, 1980], implying very slow subduction and/or exhumation. The older ages were challenged
when more recent age determination gave more restricted ages closer to 400 Ma, implying the duration of
subduction and exhumation was much shorter, on the order of 10 Myr [Carswell et al., 2003; Root et al., 2005].
However, still more recent publications have verified some of the older ages [Spengler et al., 2006] leading to
revised subduction/eduction cycles lasting as long as 35 Myr [Kylander-Clark et al., 2012]. Therefore, given the
uncertainties in both P-T calculations and age determinations, we propose that the P-T-t loops given, particu-
larly by the diachronous model, are broadly consistent with the P-T-t history of the WGC.

The modeled P-T loops in Figure 7 broadly coincide with the cloud of published peak P-T estimates for the
WGC. The data in Figure 7 came from a variety of locations [Hacker et al., 2010], (green ellipsis) data are a com-
pilation of estimates from several areas of the WGC while [Carswell et al., 2006] (red ellipsis) present data from
the islands of Fj�rtoft and Otr�y in the most deeply subducted north west corner of the WGC. The [Vrijmoed
et al., 2006] data (blue ellipsis) are from a garnet peridotite on the west coast of Norway on the north-western
edge of the WGC. This data represents the most deeply subducted material exhumed in the WGC. On the
basis that the ‘‘peak’’ metamorphic paragenesis and mineral chemistry for a rock sample is frozen in at the
pressure corresponding to the highest temperature in the P-T evolution it experienced [Spear et al., 1984], the
plotted P-T points in Figure 7 should approximately correspond to the start of the return segment of their
P-T-t paths. However, the conversion of a dry eclogite protolith (gabbro, granulite) to eclogite requires water
to drive the reactions [Krabbendam et al., 2000]. This water may come from outside the eclogite or be pro-
duced inside by a dehydration reaction [Konrad-Schmolke et al., 2008], but neither of these processes neces-
sarily takes place at P for Tmax, so it is possible that eclogite-facies assemblages can form during both
prograde and retrograde metamorphism, as long as P-T conditions are in the eclogite-facies stability field.
Given these considerations and the limitations inherent in present day available data, we conclude again that
the modeled P-T paths give a reasonable approximation of the likely conditions achieved by the WGC.

Material nearer the leading edge of the subducted continental block in both models achieves higher peak
P-T conditions than material further back into the continental block. This variation fits with observations
from the WGC, as the eclogites of the WGC show increasing metamorphic grade from southeast to north-
west (i.e., toward the Laurentia-Baltica suture zone) [Hacker et al., 2010; Brueckner and Cuthbert, 2013]. The
protoliths of the HP/UHP WGC rocks are mainly Middle Proterozoic (�1700–950 Myr) orthogneisses [Tucker
et al., 2004], and could well have been buried to midcrustal depths under younger sequences by the time
of Paleozoic continental collision of Laurentia and Baltica. HP/UHP material from both models return to
depths between 10 and 30 km, and later erosion and/or extension is likely to bring this material closer the
surface. Several studies [Carswell et al., 2003; Labrousse et al., 2004; Root et al., 2005] propose that the WGC
experienced a reduction in exhumation rate after an initial phase of more rapid exhumation, possibly driven
by later tectonic events, such as extension [Fossen, 1993, 2010].

The two different collision modes obviously result in very different spatial distribution patterns for where a
HP/UHP terrane will ultimately return to the surface. The orthogonal collision zone exhumes material
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uniformly along its entire length with an eduction distance of 156 km along its entire length whereas the
diachronous collision model exhumes HP/UHP crustal material further (174 km) but only at one end of the
collision zone, where the promontory that collided earliest was located. The Laurentia-Baltica collision only
has one extensive Scandian (i.e., 430–390 Ma) HP/UHP terrane, the Western Gneiss Complex, near the south-
ern end of the Scandinavian Caledonides. The diachronous collisional model was intentionally designed for
initial collision to occur at the southern end of the collisional zone. This design is consistent with paleomag-
netic plate motion reconstructions [Torsvik et al., 1992; Cocks and Torsvik, 2002] that show how Baltica first
collided with Laurentia at its southern tip and then collision migrated to the north. The plate reconstruction
of Torsvik et al. [1992, 2012] also demonstrates that the south to north collision caused Baltica to rotate
counter clockwise. Baltica’s pole of rotation can be calculated, from the reconstruction [Torsvik et al., 2012],
(Figure Six and Animation S2 supporting information) for 15 Myr prior to Baltica and Laurentia locking
together (430 Ma, in the reconstruction). Baltica’s rotational pole moves north, roughly parallel to the colli-
sion zone, which is broadly consistent with the diachronous collisional model after initial collision of the
continental promontory.

The amount of lateral exhumation predicted by both collision models provides additional support for the
‘‘piggyback’’ transport model of allochthons that rest tectonically on top of the WGC [Rice, 2005; Brueckner
and Cuthbert, 2013]. Estimates for the lateral translations for some of these allochthons exceed 300 km
[T€ornebohm, 1896; Gee, 1975; Hossack and Cooper, 1986; Gale et al., 1987]. Much of this displacement
occurred by thrusting during the construction of the orogenic wedge associated with the initial collision of
Baltica and Laurentia. However, a significant amount of the additional displacement may have been the
result of ‘‘piggyback’’ transport on top of the WGC as it exhumed toward the east/southeast. Two of these
allochthons, the Jotun and Trondheim Nappe Complexes, are estimated to have been carried a minimum
distance of 30–60 km to their current position by this ‘‘piggyback’’ mechanism [Brueckner and Cuthbert,
2013], but much larger distances of 215–320 km have also been proposed [Rice, 2005]. The lower estimates
fit with both models, which show horizontal eduction distances for the WGC of 156 km for orthogonal colli-
sion and 179 km for diachronous collision. If the allochthons began passive transport immediately after the
initiation of eduction, half of their total displacement could be accounted for by the piggyback mechanism.
The larger estimates of Rice [2005], however, are not consistent with the model.

Neither model reproduces all of the structural features that are typical of the WGC. For example, the M�re-
Tr�ndelag Fault Zone bounds the WGC to the north and is a large high-angle shear zone with major left lat-
eral displacement [Fossen, 2010]. The rather simple visco-plastic rheology in the model calculations and the
absence of imposed preexisting faults, weak zones or other structures within the continental block pre-
cludes the formation of such structural features during the model runs. However, the M�re-Tr�ndelag Fault
Zone could still fit the proposed diachronous collision and rotation model by acting as a vertical decolle-
ment that accommodated some of the differential movement between the north and south of Baltica dur-
ing its collision with Laurentia. The surface boundary condition in the model is a nondeformable free slip
boundary, which prevents the generation of actual topography in the model. The effect of a free slip
boundary compared to a deformable boundary or the use of a sticky air layer has been summarized by
Schmeling et al. [2008] and Crameri et al. [2012] for topography modeling. These studies conclude that
although a true deformable surface is important, first order features are still reproduced with a simple non-
deforming boundary. We therefore suggest that our models do capture the expected pattern of exhumed
material and that a true free surface may actually assist in the eduction of material by providing less resist-
ance to the bending of the subducted plate.

Finally, we briefly discuss the applicability of our results to other UHP terranes. In their recent review of
ultrahigh-pressure tectonism, Hacker and Gerya [2013] summarized six different mechanisms for the exhu-
mation of UHP rocks, of which eduction and microplate rotation were noted as two separate cases, with the
rider that ‘‘There are, to date, no published analogue or computational models of UHP exhumation by
microplate rotation.’’ Our study supplies that model, and furthermore suggests that the rotation and educ-
tion processes may be linked, with rotation enhancing the degree of eduction, and favoring both the deep-
est burial and greatest exhumation of continental crust. We therefore suggest that our results have
relevance to UHP terranes where eduction and/or rotation have previously been proposed, including the
Dabie Shan of China [Wang et al., 2003] and eastern Papua New Guinea [Webb et al., 2008]. It may also
explain the exhumation process in regions where combined plate rotations and eduction have not been
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proposed so far, such as the Dora Maira Massif of the Alps, where vertical axis rotations of the right age
have been proposed [Ford et al., 2006]. Additionally, our model may help explain why regional exposures of
UHP rocks are rare in orogenic belts. If orthogonal collision produces lower degrees of burial, and, just as
crucially, lower rates and amounts of exhumation, such collision zones will be less favorable sites for the
generation and preservation of regional UHP terranes. We suggest that a future direction for research
should be the evaluation of what amount, if any, of rotation and eduction is involved in the exhumation of
each UHP region.

5. Conclusions

The diachronous collision and rotation of two colliding plates can assist in the eduction of material that has
been transported to greater depths and experienced higher temperatures than would have been the case
with an orthogonal collision. We also find that plate rotation exhumes material only in the area of initial col-
lision, whereas an orthogonal collision exhumes material all along the subduction zone. Plate reconstruc-
tions for the Laurentia-Baltica collision suggest a diachronous collision mechanism and show a rotation of
Baltica during its collision with Laurentia. Diachronous collision and the ensuing rotation of Baltica relative
to Laurentia can explain the position of the WGC at the southern end of the Scandinavian Caledonides as
the result of being the area of first collision. It also explains the extreme pressures and temperatures (4–5
GPa and 600–800�C) that generated eclogite in the most deeply subducted portions of the WGC since dia-
chronous collision will drive crustal material deeper into the mantle than orthogonal collision, and makes it
easier to exhume this deeply subducted material. Thus, rotation of the colliding Baltica plate may be impor-
tant in explaining the subduction and exhumation of the WGC and potentially may be important for other
extensive HP/UHP terranes both in terms of their positioning and experienced P-T-t evolution.
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