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Abstract This study investigates the influence of the 3-D geometry of a down-going plate, the rheological
structure of the upper plate, and the migration of the overriding plate toward the trench in relation to the
overall subduction velocity on the exhumation pattern in orogen syntaxes. Using a thermomechanical
numerical code (DOUAR), we analyze the strain localization, rock uplift, and exhumation response of a
rheologically stratified continental lithosphere to subduction of a convex-upward-shaped indenter. The
models consider three thermorheological lithospheric profiles that determine the degree of mechanical
coupling between the upper crust and lithospheric mantle. These models include a strong, cratonic
lithosphere; a weaker, younger (and hotter) continental plate; and an intermediate case. The strongly
coupled case predicts a localization of high rock uplift rates along narrow linear bands crossing the entire
model domain parallel to the trench. In contrast, in a weakly coupled lithosphere, rock uplift is concentrated
within a curved ellipse region of anomalously high exhumation rates located above the indenter apex.
The aspect ratio of the localized area of rapid rock uplift is controlled by the initial width of the rigid indenter
and the relationship between boundary velocities. In particular, the combination of little or no upper plate
migration with a narrow indenter causes a nearly circular region (~100-km diameter) of rapid
exhumation that resembles the pattern of thermochronometer ages observed in orogen syntaxes such as the
Southeast Alaska and the Olympic Mountains of the Cascadia subduction zone (western USA).

1. Introduction

The transition between adjacent subduction segments at plate corners represents an important type of
tectonic setting (Figure 1). Recent observational (Hayes et al., 2012) and modeling studies (Mahadevan et al.,
2010) show that 3-D bending at plate corner locations (Figures 1b-1d) required by subduction on a spherical
Earth leads to geometric stiffening at the ends of subduction arcs producing a convex-upward-shaped bump
of the subducting plate referred to hereafter as a “flexural bulge” or “indenter” (Figure 1a). The relatively
narrow regions above these convex bends—termed “orogen syntaxes” or “syntaxial orogens” (cf. Bendick
& Ehlers, 2014)—separate the longer straight plate boundaries.

Orogen syntaxes have attracted attention over recent years because they contain some of the most rapid rock
exhumation rates (>5 mm/year) observed. This extreme exhumation is characterized by a circular
(~100+-km diameter) zone of rock uplift (also dubbed a “bull's-eye” pattern, Bendick & Ehlers, 2014).
Classical examples of strong bull's-eye spatial localization of rock uplift include regions such as the
Southeast Alaska (Enkelmann et al., 2010; Falkowski et al., 2014; Koons et al., 2010), the Olympic
Mountains in Washington State, USA (Brandon et al., 1998; Michel et al., 2018; Pazzaglia & Brandon,
2001), and Nanga Parbat and Namche Barwa in the Himalayan syntaxes (Crowley et al., 2009;
Enkelmann et al., 2011; Lang et al., 2016; Zeitler et al., 2001, 2014).

Koons et al. (2002, 2013) showed that locally enhanced erosion rates can lead to focused exhumation
through significantly reduced crustal strength caused by thermal weakening (the model dubbed a “tectonic
aneurysm”—see also Zeitler et al., 2001, 2014). Their approach, however, does not account for the internal
3-D geometry of subducting plates while approximating the subsurface to be of homogeneous composition
with straight-lined boundaries. Such geometric simplification is permissible for many parts of subduction
zones but at the transition between adjacent plate boundary segments the impact of the 3-D configuration
of the subducting lithosphere may be important. To investigate these 3-D geometric complexities Bendick
and Ehlers (2014) applied a numerical model focused on the variations in shape of the 3-D down-going
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Figure 1. (a) Schematic representation for the flexural bulge of the subducting slab at the plate corner and syntaxial oro-
gen above (modified from Bendick & Ehlers, 2014). (b—-d) Observed subducting plate geometry in the plate corner locations
(slab contours from the global 3-D model of subduction zones geometry by Hayes et al., 2012): (b) the Southeast Alaska
(the major faults after Koons et al., 2010), (c) the Olympic Mountains of the Cascadia subduction zone, and (d) the South
American subduction zone. The South American subduction zone is characterized by a moderate slab curvature com-
paring to the Southeast Alaska and the Cascadia subduction zone.

plate and its role in overriding plate deformation and rock exhumation. They found that rapid vertical uplift
and exhumation can be localized into a bull's-eye region in response to a flexural bulge on the down-going
plate. However, the rheological structure adopted in their work was simplified and allowed only for purely
viscous deformation. Their approach also excluded the effects of brittle strain localization in the overriding
plate that might be critical for the resulting strain and topographic evolution of the region (see, e.g., Vogt
et al., 2017, 2018).

In recent decades, advances have been made to better understand the role of rheological stratification of the
lithosphere (Burov, 2011; Ranalli & Murphy, 1987) on deformation and rock exhumation in convergent oro-
gens. This has been done by means of analogue (e.g., Willingshofer et al., 2013) and numerical modeling
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(e.g., Burov et al., 2001; Erdos et al., 2014; Jammes & Huismans, 2012; Vogt et al., 2017, 2018). In view of
these advances, the subduction of a down-going plate with a convex-upward-shaped indenter (as investi-
gated by Bendick & Ehlers, 2014) has been further explored (Nettesheim et al., 2018) with a series of numer-
ical thermomechanical experiments assuming a viscoplastic rheology and stratification of the overriding
continental lithosphere. In these models, the highest rock uplift rates are localized within elongated areas
above both the indenter bulge and straight segments of the subducting plate and thus not reproducing the
observed concentric bull's-eye pattern of vertical uplift as described in Bendick and Ehlers (2014) and
observed in some syntaxial orogens. Here we build upon the work of Nettesheim et al. (2018) with particular
focus on variations in the style of deformation and associated rock uplift in syntaxial orogens as a function of
the degree of rheological (de)coupling of the upper plate (see, e.g., Brun, 2002; Koptev et al., 2018; Tetreault
& Buiter, 2018). In contrast to the work of Nettesheim et al. (2018) who focused on the effect of variable velo-
city boundary conditions and erosion mechanisms, we investigate the effect of different thermorheological
lithospheric profiles ranging from mechanically decoupled to completely coupled by varying the lithology of
the lower crust and the initial crustal geotherm in order to identify the role of rheological structure on the
spatial localization of rock uplift. Similar to Nettesheim et al. (2018), we have also tested different contribu-
tions in the total shortening by subduction of the down-going plate and migration of the overriding plate
toward the trench (Capitanio et al., 2010; Heuret & Lallemand, 2005; Schellart et al., 2007) through the intro-
duction of variable rates of upper plate advance (V4y) that refers to the relation between boundary velocities
applied at the opposite sides of the model. Finally, given the large uncertainty in seismic images of subduct-
ing plate geometries, various configurations of the flexural bulge geometry are also investigated here.

In this study, we compare our modeling results to natural settings; however, it is beyond the scope of this
study to reproduce the detailed structure of observed deformation and rock uplift in any particular orogen
syntax. At the current stage, this is not feasible due to the lack of available information on the lateral hetero-
geneity of the overriding lithosphere as well as indenter geometry and properties. In contrast, our main
objective here is to quantify the general consequences of subduction of a flexural bulge underneath rheolo-
gically stratified continental lithosphere. For this purpose, we first investigate the influence of overriding
lithosphere rheological profiles (strength envelopes) on the resulting pattern of strain localization and asso-
ciated rock uplift. We follow this by a comparison of our model inferences with observed exhumation rates
in the Southeast Alaska, the Olympic Mountains of the Cascadia subduction zone (western USA), and the
South American subduction zone.

2. Methods
2.1. Model Design

The numerical simulations presented here were conducted using DOUAR (Braun et al., 2008; Thieulot et al.,
2008), a three-dimensional finite element code designed to solve the Stokes and heat transfer equations. See
the numerical methods section in supporting information for governing equations and material properties
used in the model, and additional details. We also refer readers to Braun and Yamato (2010), Whipp et al.
(2014) and Nettesheim et al. (2018) for further information.

The model setup encompasses an area of horizontal dimensions 800 km x 800 km with a thickness of 80 km
(Figure 2a) using a 3-D box with 128 X 128 X 52 elements, resulting in a grid spacing of 6.25 and 1.54 km in
horizontal and vertical directions, respectively.

Our model setup closely resembles that of Nettesheim et al. (2018): The internal model structure corresponds
to a simplified two-block system that can be applied to both continental and oceanic collisional settings: a
rigid wedge-shaped subducting plate with a central convex-upward-shaped bulge and a rheologically layered
overriding lithosphere (Figure 2a). The background sections of the subducting plate have a minimum depth
of 50 km at y = 0 km that gradually increases up to the slab termination at y = 320 km. In contrast, the inden-
ter geometry is characterized by a 30-km minimum depth, termination at y = 400 km and lateral (along-
strike) width varying from 450 to 150 km. The indenter width in the x direction is one of the variables
explored in our study (see Figure 2b3 and Table 1). The overriding plate corresponds to a laterally homoge-
neous three-layered continental lithosphere composed of a 40-km-thick mantle overlain by the continental
crust equally divided into upper (20 km) and lower crust (20 km).
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Figure 2. (a) Three- dimensionalview of modeling domain: a rheologically layered overriding lithosphere and a rigid subducting plate containing a central convex-
upward-shaped bulge (indenter) and a background (i.e., nonindenter) portion. S line refers to intersection of the down-going plate with the model bottom plane;
violet and yellow arrows show subduction (Vsyp) and upper plate advance (Va4yv) components of the shortening, respectively. Schematic vertical cross section:
Horizontal velocities are directed along y axis with Vg and Vagqy to the left and right of the S line, respectively; vertical material outflux through the lower
boundary is linearly increased from the model sides to the S line. (b) Key variable parameters: (bl) rheological structure of the overriding plate (from left to right):
strong, intermediate, and weak coupling between the upper crust and lithospheric mantle; (b2) velocity boundary conditions (from left to right): 0%, 25%, 50%, and
100% of the upper plate advance in the total shortening rate; and (b3) width of the indenter (from left to right): 450, 300, and 150 km. The reference values of
upper plate advance and indenter width (25% and 300 km, respectively) are highlighted by thick-line slots on b2 and b3.

Table 1
Experiments: Key Variable Parameters and Results
Model parameters Resulting
) . aspect ratio
Properties of the overriding lithosphere of the
isolated
zone of
Upper rapid
plate Indenter exhumation
Lower crust Initial Rheological advance width Gif
N composition® geothermb coupling® (VAdV)d (km) applicable®) Figures
1 mafic “cold” strong 25% 300 — 3, 6a, and S1
2 mafic “normal” intermediate 25% 300 — 4, 6b, andS2
3 felsic “normal” weak 25% 300 ~1:4 5, 6¢, S3, and 8b
4 felsic “normal” weak 0% 300 ~1:3 7a, S4a, and S5
5 felsic “normal” weak 50% 300 — 7b, S4b, and S6
6 felsic “normal” weak 100% 300 — 7¢, S4c, and S7
7 mafic “cold” strong 25% 150 = S8a
8 mafic “normal” intermediate 25% 150 — S8b
9 felsic “normal” weak 25% 150 ~1:2 8c and S8c
10 felsic “normal” weak 25% 450 ~1:6 8a
11 felsic “normal” weak 0% 150 ~1:1.5 9a, 10a, S9 and
S10, and S1lc
12 felsic “normal” weak 50% 150 — 9b
13 felsic “normal” weak 100% 150 — 9c
14 mafic “cold” strong 0% 150 — Slla
15 mafic “normal” intermediate 0% 150 — S11b

*Mafic and felsic lower crust compositions refer to wet granite and dry diabase flow laws, respectively. P«Normal” initial geotherm is defined with taking into
account crustal heat generation (see Table S1) whereas “cold” one corresponds to the models without radiogenic heat production. “Rheological coupling of the
overriding plate is controlled by the lower crust composition and initial geotherm (see explanation in the section 2.2). ~Upper plate advance (Vaqy) represents
the contribution of the boundary velocity applied at the right side of the model box in the total shortening rate (see Figure 2a and explanation in the section
2.1). °Aspect ratio is indicated only for the cases when high exhumation rates are concentrated within the single curved ellipse region above the indenter bulge.
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To identify the effect of a subducting indenter on the deformation pattern in the rheologically stratified
upper plate, we follow the established approach of numerical (e.g., Cailleau & Oncken, 2008; Iwamori
et al.,, 2007; Ruh et al., 2016; Wada et al., 2008) and analog (e.g., Buttles & Olson, 1998; Kincaid &
Griffiths, 2003) modeling. We intentionally simplify our model by prescribing that the down-going plate
(including indenter bulge) remains a rigid and undeformed mass and keeps its initial configuration through
the entire model history. This approach precludes mass transfer between the subducting and overriding
plates to ensure mass balance at every time step. While the rheology of the down-going plate is purely
viscous at 10*° Pa-s, we additionally include a thin (3-4 km thick) and weak (a constant viscosity of
10%° Pa-s) layer on top in order to reduce its internal deformation as well (e.g., Willingshofer & Sokoutis,
2009). Despite this simplification, we expect general insights into the dominant controls on the tectonics
of the upper plate to remain valid for the uppermost segment of the lithosphere-mantle system (0-80 km),
given that most of internal slab deformation usually occurs at much greater depths (see, e.g., Gerya
et al., 2004).

The upper plate (see Table S1) is modeled as a rheologically stratified continental lithosphere with an
alternation of brittle and ductile layers. The viscous rheology of the felsic upper crust is described by a
wet granite flow law (Carter & Tsenn, 1987) in all experiments. For the lower crust, we consider two dif-
ferent ductile flow laws—wet granite flow law (felsic lower crust) or dry diabase flow law (mafic lower
crust)—in different experiments (see Table S1) in order to explore different levels of mechanical (de)cou-
pling between the upper crust and the mantle lithosphere (e.g., Brun, 2002; Brun et al., 2018; Gueydan
et al., 2008; Koptev et al., 2015, 2016; Koptev et al., 2018). The viscous rheology of the mantle is con-
trolled by the flow law that conforms to the known deformation of olivine aggregates (Hirth &
Kohlstedt, 2003; Jadamec & Billen, 2012). Brittle behavior is modeled by a Mohr-Coulomb failure criter-
ion. In the upper and lower crust, this includes a linear reduction in the friction angle with increasing
accumulated strain (linear strain softening; see, e.g., Huismans & Beaumont, 2002). For the lithospheric
mantle, however, the coefficient of internal friction of the Mohr-Coulomb failure criterion remains strain
independent (Table S1).

At the left (y = 0 km) and right (y = 800 km) sides of the model box, we apply kinematic boundary con-
ditions of uniform and time-independent boundary velocities parallel to the y axis that define the mate-
rial influx resulting in lateral shortening accommodated by subduction (Vgy,) or/and migration of the
overriding plate toward the subducting plate referred below as “upper plate advance” (Vaqy), respectively
(Figure 2a). The velocity boundary condition at the front (x = 0) and back (x = 800 km) sides are free
slip. Conservation of mass is ensured by material outflux through the lower (z = 80 km) boundary.
The upper surface remains flat from erosion that instantly removes all material uplifted above the initial
surface elevation so that modeled near-surface vertical (rock uplift) velocities are equal to rock exhuma-
tion rates (England & Molnar, 1990). The relation between boundary velocities applied at the left (Vgyp)
and right (Vagy) model sides represents a variable parameter of this study (see section 2.2 and Table 1).
Total shortening rate (Vyot = Vsup + Vadv), however, remains the same (Vro, = 30 mm/year) in
all experiments.

Initial “normal” nonlinear steady state geotherm is defined by boundary temperatures of 0 °C and 930 °C at
the top (z = 0 km) and the bottom (z = 80 km) while taking into account heat production in the upper and
lower crust (see Table S1 for parameters). This setup results in a geothermal gradient at the model surface of
27 °C/km, which decreases to 13 °C/km at the boundary between upper and lower crust and finally to
8 °C/km from the Moho downward. In contrast, models with no radiogenic heat generation in the crust
result in linear temperature distribution with the constant geothermal gradient of 11.6 °C/km referred here
as a “cold” initial geotherm (see Table S1). We apply insulating boundary conditions (zero conductive heat
flux) for all vertical sides.

Predicted cooling ages are calculated using the time-temperature history of tracer particles within the model
domain (see Braun, 2003; Ehlers, 2005; Whipp et al., 2009, for underlying principles and Nettesheim et al.,
2018, for this specific implementation). We calculate apatite fission track (AFT) ages (referred below as
“AFT-predicted ages”) that indicate the time since an apatite grain has cooled below ~90-120 °C. We focus
on this thermochronometer system because AFT measurements have been applied widely to quantify exhu-
mation rates in the orogens we compare our model results to.
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a Reference model 1: p
Strong coupling

0 km

c

Figure 3. Reference experiment for strong rheological coupling of the overriding lithosphere (model 1) after 7-Myr modeling time. (a) Three-dimensional view of
the second invariant of strain rate tensor. (b-d) Vertical cross sections parallel to y axis with schematic interpretations for their central segments. The layer colors are
as in Figure 2. The violet and orange lines refers to subducting plate and Moho interfaces, respectively. The red lines on the interpretation profiles represent the

shear zones—the planes of stronger (solid lines) or weaker (dashed lines) localized high strain rate intensity (>8 x 107" 1/s and >3-6 x 10~ "% 1/s, respectively).

[Tt} [7t)

Gray arrows indicate high exhumation rates (>8 mm/year, see Figure 6). Proshear and retroshear zones are labeled by “p” and “r,” and crustal- and lithospheric-
scale shear zones by “C” and “L.” The results of the presented experiments are symmetrical with respect to the central vertical cross section A1-A2.

2.2. Modeling Procedure and Free Parameters

In total, we performed 15 different experiments by varying three controlling parameters (Table 1): (1) rheo-
logical structure of the overriding continental lithosphere, (2) contribution of upper plate advance (Vagqy) in
the total shortening rate (Vro), and (3) width of the indenter in the x direction.

We compare our simulations with three reference experiments (models 1-3; Figures 3—6 and S1-S3 and
Table 1) characterized by different rheological profiles (Figure 2b1) ranging from strongly coupled (model
1) to weakly coupled (model 3) and including an intermediate case (model 2). The degree of mechanical cou-
pling of the overriding plate is controlled by the lithology of the lower crust and by the initial crustal

a Reference model 2: p
Intermediate coupling
00 km

Cc ‘{4dv= 25%

Figure 4. Reference experiment for intermediate rheological coupling of the overriding lithosphere (model 2) after 8-Myr modeling time. Light aqua areas refer to
distributed (nonlocalized) ductile strain in the lowermost crust. Deformation localizes along both the shallowly dipping (<30°) retrodecollement (labeled by “d”)
and steeply dipping (~60°) shear zones.
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Figure 5. Reference experiment for weak rheological coupling of the overriding lithosphere (model 3) after 10-Myr modeling time. Most of deformation concen-
trates in the shallow retrodipping decollement (labeled by “d”) rooting into an underlying ductile lower crust.

geotherm. The mafic lower crustal composition (corresponding to the dry diabase flow law) combined with a
relatively “cold” geotherm (465 °C at the Moho, resulting from no crustal heat production) leads to a very
thick brittle part of the lower crust that almost completely couples the strain of the upper crust and litho-
spheric mantle (strong rheological coupling; model 1). In contrast, a felsic lower crust (wet granite flow
law) and “normal” crustal geotherm (610 °C at the Moho due to radiogenic heat generation in the crust)
results in a completely ductile lower crust playing the role of a weak layer that decouples the brittle upper-
most mantle and upper crust (weak rheological coupling; model 3). The combination of a mafic lower crust
and “normal” geotherm corresponds to the intermediate case (intermediate rheological coupling; model 2)
where the lower crust contains a brittle layer (in contrast to weakly coupled model 3), which is thinner com-
pared to model 1. In all reference experiments (models 1-3), we use following values for two remaining con-
trolling parameters: 25% of upper plate advance (i.e., Vsup = 22.5 mm/year and Vaq, = 7.5 mm/year) and a
300-km indenter width (see Figure 2b).

In the case of a weakly coupled upper plate (see Table 1), we tested the impact of the partitioning of velocity
boundary conditions (models 4-6; Figures 7 and S4-S7): Vagqy varied from 0% (Vsyp = 30.0 mm/year and
Vagv = 0.0 mm/year) to 50% (Vs = 15.0 mm/year and Vg, = 15.0 mm/year) and also to 100%
(Vsub = 0.0 mm/year and Va4, = 30.0 mm/year). Furthermore, we used different widths of the flexural bulge
(Figures 8 and S8) for all coupling cases, including narrower (150 km wide, models 7-9) and a wider indenter
(450 km wide, model 10). Finally, we investigate the effect of a narrow indenter width (150 km) combined
with different values for upper plate advance (0%, 50%, and 100%) in models 11-13 (Figure 9), as well as dif-
ferent degrees of coupling under no upper plate advance (Vagy = 0%) in models 14-15 (Figure S11).

3. Results

3.1. Effect of Rheological Structure of the Overriding Continental Lithosphere: Reference
Experiments (Models 1-3)

3.1.1. Strong Rheological Coupling (Model 1)

The first reference experiment (model 1; Figures 3, 6a, and S1) is characterized by strong rheological cou-
pling of the overriding plate and by the reference boundary velocities (25% of upper plate advance) and
indenter configuration (300 km wide in x direction).

A vertical cross section in the y direction through the segment corresponding to a background subducting
plate (i.e., nonindenter portion outside of the central bulge; section C1-C2 shown on Figure 3d) indicates
two oppositely dipping thrust-sense shear zones (localized strain rate >8 x 10~ 1/s) rooting at an angle
of ~60° next to the intersection of the subducting plate at the bottom of the model domain, referred to
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Figure 6. Plan views showing second invariant of computed strain rate and modeled vertical velocity (both at the 5-km depth; top and middle row, respectively) as
well as predicted apatite fission track (AFT) ages (at the surface; bottom row) for the reference experiments characterized by different degrees of upper plate
mechanical coupling: (a) strong coupling (model 1), (b) intermediate coupling (model 2), and (c) weak coupling (model 3). White isolines in the middle and bottom
rows outline the areas of the highest strain rate (>5 X 10715 1/s, see top row). Dashed lines indicate locations of the vertical cross sections shown on Figures 3-5. The
weak rheological coupling (c) favors an isolated high (>8 mm/year) rock uplift developed over the central convex-upward indenter without any particular locali-

zation above background down-going plate.

here as the S line (see Figure 2). Two additional V-shaped wedges originate at these proshear and retroshear
bands at the vertical level close to the Moho (Figures 3d and S1c, profile B1-B2). These shear bands create
pop-up structures that are characterized by strong upward deflection of the upper-lower crust boundary
(see interpretation profile on Figure 3d) and corresponding localized surface uplift (gray arrows on Figure
3d) in two narrow bands parallel to the plate interface (see plan view of rock uplift rate on Figure 6, slice
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Models with weak coupling, reference indenter (300 km of width) and various upper plate advance
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Figure 7. Plan views showing predicted apatite fission track (AFT) ages (top row) and strain rate (middle row), and corresponding vertical cross sections (bottom
third) for the experiments characterized by weak rheological coupling of the overriding plate, reference indenter width (300 km) and different velocity boundary
conditions: (a) no upper plate advance model 4 (Vaqy = 0%), (b) half upper plate advance model 5 (Vaqy = 50%), and (c) full upper plate advance model 6
(Vadv = 100%). White dashed line on al indicates ellipsoidal zone above the indenter apex characterized by the youngest predicted (<1 Myr) AFT ages corre-
sponding to localized rapid rock exhumation. Maximum and minimum diameter of this area are labeled by “dmax” and “dmin”; their relation defines the aspect

ratio (1:3 in this case) for the corresponding curved ellipse region (see also Figures 8 and 9).

a2, and predicted AFT ages on Figure 6, slice a3). Along the entire length of the background slab segments
(i.e., outside of the central part of the model), both deformation and associated rock uplift are better localized
on the proside, while the retroside expression is weaker but still clearly visible in both the second invariant of
strain rate tensor and vertical velocity fields (see Figures 3d and 6a).

These lithospheric-scale shear bands (i.e., shear bands cutting the entire model domain from the crust to the
lithospheric mantle), however, attenuate toward the indenter in the model center, where deformation is
accommodated along two different shear zones that nucleate where the subducting plate interface intersects
the overriding plate's Moho (Figures 3b and 3c). As shown in plan view (Figure 6, slice al), these crustal-
scale shear zones (i.e., shear zones limited to the upper and lower crust) are shifted toward the down-going
plate where they form an undeformed yet uplifted V-shape wedge directly above the indenter apex. Note that
attenuated prolongation of proside shear zone of this wedge into adjacent areas of background slab (Figure 6,
slice al) can also be distinguished on corresponding vertical profiles (Figures 3d and S1c, profile B1-B2) as an
additional proshear zone outboard of the principal wedge developed between the lithospheric-scale

shear bands.

KOPTEV ET AL.

1916



~1
AGU

100

ADVANCING EARTH

Tectonics 10.1029/2018TC005455

AN SPACE SCIENCE

800 km

Models with weak coupling, reference upper plate advance (V, = 25%
Model 10: Wide indenter (450 km) b Model 3: Reference indenter (300 km) .
1

800 km

) and various indenter width
Model 9: Narrow indenter (150 km)
o 800 km ¢ 800 km

a2

strain rate [s"]
15 15 14 18 15
5x10 ‘ 7.5%10 1x10 1x10  2.5x10

.18 15
1x10  2.5x10

800 km

h=5 km h=5 km

h=5km

strain rate [s'] strain rate [s]
15 15 14 18 15 15 15 14
5x10 \ 7.5x10 1x10 1x10  2.5x10 5x10 | 7.5><|10 1x10

b2 c2
800 km 800 km

800 km

a3

h=5 km h=5 km

vertical velocity [mm yr]

6

0 2 4 8
e |

800 km

800 km

aspect ratio of ~1:2

aspect ratio of ~1:6

aspect ratio of ~1:4

-

800 km
800 km

AFT predicted ages [Myr] AFT predicted ages [Myr] AFT predicted ages [Myr]
0_ | 2.5 5 7.5 ) 1IO 0- | 25 5 75 ) 1|0 0_ ) 2.5 5 7.5 ) 1|0

Figure 8. Experiments characterized by weak rheological coupling of overriding plate, reference upper plate advance (Vaqy = 25%) and different indenter width:
(a) wide indenter model 10 (width of 450 km), (b) reference indenter model 3 (width of 300 km), and (c) narrow indenter model 9 (width of 150 km). Indenter
configuration controls a final shape of curved ellipse that bounds area of the youngest (<1 Myr) apatite fission track (AFT) ages.

To summarize, the essential feature of this strongly coupled reference experiment (model 1) is that
uplift is localized within small wedges confined between oppositely dipping shear zones
(Figures 3b-3d). This is also reflected at the surface in the narrow (~50-75 km wide) bands of the high-
est vertical velocities (>8 mm/year) and associated youngest predicted (<1 Myr) AFT ages elongated in
the trench-parallel direction (Figure 6, slices a2 and a3). Conforming to the different shear zones, this
band is shifted by ~100 km toward the subducting plate above the indenter with respect to adjacent

model segments.
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Figure 9. Experiments characterized by weak coupling of upper plate, narrow (150-km-wide) indenter and different velocity boundary conditions: (a) no upper
plate advance model 11 (Va4y = 0%), (b) half upper plate advance model 12 (Vaqy = 50%), and (c) full upper plate advance model 13 (V5o4y = 100%). No upper
plate advance contribution (Vaqy = 0%) in the total shortening leads to an quasi-isometric (aspect ratio of 1:1.5) zone of localized exhumation above the indenter

apex. AFT = apatite fission track.

3.1.2. Intermediate Rheological Coupling (Model 2)
The second reference experiment with intermediate mechanical coupling in the upper plate (model 2;

Figures 4, 6b, and S2) also includes steeply dipping shear zones crossing almost through the entire model
domain and rooting into the S line at an angle of ~60°. However, compared to the previous strongly coupled
model 1, zones of elevated strain rate (3-6 x 10> 1/s) corresponding to these proshear and retroshear are
much broader (tens of kilometers instead of some kilometers). In particular, due to the dominance of the
ductile mode of deformation in the lowermost crust, relatively high strain rate intensity in this part of the
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section could be interpreted as distributed ductile strain rather than as a fragment of continuous steep shear
zone crossing through the Moho (see interpretation sections on Figures 4b-4d).

In contrast to the previous experiment (model 1), most of the deformation here in model 2 is accommodated
by a thin low-angle decollement dipping <30°. Localized strain rates reach their highest values (>8 x 10"°
1/s) in the decollement above the indenter (Figure 4b). Toward the background subduction zones, this shal-
lowly dipping structure attenuates (to ~5-7 x 10> 1/s) but remains discernible both in plan view and cor-
responding vertical cross sections (see Figure 6, slice bl, and Figure 4d, and Figure S2c, profile Bl-
B2, respectively).

In the hanging wall above the background slab, elevated values (>4.5 mm/year) of the rock uplift rate
and associated young (<1 Myr) AFT ages are distributed along relatively wide (~150 km) bands parallel
to the S line. However, the highest rock uplift rates (>5 mm/year) are concentrated within a narrow
zone in the center of the model directly above the indenter (Figure 6, slice b2). Thus, even a small
amount of rheological decoupling in the overriding plate (as adopted in model 2) leads to a large change
in the mode of localized uplift such that vertical movements occur in the hanging wall of the shallowly
dipping decollements (Figures 4b-4d). This is in contrast to V-shaped wedges localizing vertical motion
between steep fault zones that occur in the previous case of a strongly coupled lithosphere (model
1; Figures 3b-3d).

3.1.3. Weak Rheological Coupling (Model 3)

The response of a weakly coupled overriding continent (model 3; Figures 5, 6c, and S3) to subduction of the
down-going rigid plate is the formation of a basal decollement dipping in retrodirection and rooting into an
underlying ductile lower crust. In contrast to the previous models 1 and 2, steeply dipping shear zones are
confined to the deepest part of the model box (40- to 80-km depth) corresponding to the mantle part of
the lithosphere and do not penetrate into the crust (see vertical sections on Figures 5b-5d). The lower crust
is subjected to distributed ductile deformation with strain rates typical for broad shear bands in the previous
models 1 and 2 (3-6 x 10™'° 1/s). Nevertheless, the rate of deformation can exceed 8 x 10~ 1/s in several
strongly localized Moho-parallel shear zones located in the lowermost part of the crust (Figures 5b-5d).
Similar to the previous experiments (models 1 and 2), the area of high localized strain rate (>8 x 107'?
1/s) in the model center (above the indenter) is laterally shifted toward the subducting slab (see plan view
in Figure 6c1).

The key feature of this weakly coupled reference experiment (model 3) is that the highest near-surface rock
uplift rates (>8 mm/year; Figure 6, slice c2) and corresponding youngest AFT ages (<1 Myr; Figure 6, slice
c3) are concentrated in a single elliptical area above the indenter apex. This result is in contrast to the pre-
vious models with strong (model 1) and intermediate (model 2) upper plate coupling where high vertical
velocities and associated young thermochronometric ages localize not only above indenter but also above
the background slab (Figures 6a and 6b).

3.1.4. Temporal Evolution of Reference Models 1-3

The rheological structure of the overriding lithosphere appears to be important not only in terms of the
resulting deformation/rock uplift patterns of the reference models 1-3 (Figures 3-6) but also for their tem-
poral evolution (Figures S1-S3). In the case of the intermediately coupled experiment 2, strongly localized
deformation and high rock uplift rates arise soon after the start of model (4 Myr) in the area above the central
indenter (Figure S2a). Further system development (6-8 Myr) results in the appearance of secondary, more
broadly distributed zones of high strain rate and uplift localization located over background segments of the
subducting slab (Figures S2b and S2c). In contrast, for the end-member cases of the lithospheric rheological
structure (models 1 and 3), initial strain localization along linear structures parallel to the plate margin and
associated surface uplift first occur in the lateral ends of the orogen (at 3-5 Myr; see Figures S1a and S3a),
whereas the indenter-centered zone of rapid deformation and large vertical velocities develops later, at
the mature stage only (5-10 Myr; Figures S1b and Slc and Figures S3b and S3c). However, only the strongly
coupled end-member (model 1) results in the final coexistence of both central and peripheral localized rock
exhumation (Figure 6, slices a2 and a3, and Figure S1, slice c1). In contrast, in the case of the weakly coupled
experiment (model 3), the rock uplift pattern evolves from linear trench-parallel bands over the areas distant
from the indenter (Figure S3, slice al) to an isolated curved ellipse in the hanging wall above shallow decol-
lement in the center of the model (Figure 6, slices c2 and c3, and Figure S3, slice c1).
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3.2. Effect of the Partitioning of Velocity Boundary Conditions (Models 4-6)

Models 4-6 explore the relationship between boundary velocities applied at the left (y = 0 km; subduction
and accretion) and right (y = 800 km; upper plate advance) sides of the model domain (see Figure 2) for
the case of a weakly coupled overriding lithosphere (Table 1). Models 4 (Figure 7a), 5 (Figure 7b), and 6
(Figure 7c) correspond to 0%, 50%, and 100% of upper plate advance (velocity at the right side; Vagqy) in
the total shortening (Vo = 30 mm/year), respectively.

The no upper plate advance experiment 4 (Vaqy = 0%; Figures 7a and S4a) produces a deformation and rock
uplift pattern that is similar to that of the corresponding reference model 3 (Vagy = 25%; Figure 6¢). The
main difference is the aspect ratio of the elliptical zone (ratio between its shortest and longest axes) of rapid
uplift (>8 mm/year) and youngest (<1 Myr) AFT ages above the indenter increasing from ~1:4 to ~1:3 as
upper plate advance decreases from 25% (model 3; Figure 6, slice c3) to 0% (model 4; Figure 7, slice al).
Another important aspect of this no upper plate advance case is that the shallowly dipping decollement
developing at the initial stage of orogen evolution (5 Myr) is not confined to the background slab section
(as in reference model 3—see Figure S3a) but crosses the entire width of the model domain forming a con-
tinuous initial linear band slightly bent by the subducting plate (Figure S5a).

Increasing the rate of upper plate advance to 50% (half upper plate advance case of model 5; Figures 7b and
S4b) leads to a significantly different system behavior: The localized uplift centered above the indenter
becomes several times smaller in area, whereas another well-defined yet very narrow (<50 km) zone of
young (<1 Myr) AFT ages spans the width of the model in the trench-parallel direction (Figure 7, slice
b1). The central decollement dipping in the retrodirection (see vertical profile A1-A2 on Figure 7b) is less
pronounced (localized strain rates of ~7-8 x 10~"° 1/s) compared to the no upper plate advance case (model
4; Figure 7a, profile A1-A2). Here compressional deformation is additionally accumulated along a comple-
mentary broad shear zone located toward the continent and dipping in the opposite, prodirection. This sec-
ond shallowly dipping zone of poorly localized strain (~4-7 x 107> 1/s) can be clearly identified on both
central and peripheral cross sections (compare Figure 7b, profiles A1-A2 and B1-B2, respectively). The ver-
tical section B1-B2 across the background subduction segment shows an almost symmetric deformation pat-
tern with an identical degree of development in both the retrodecollement and prodecollement shear zones
(Figure 7b, profile B1-B2) with positions remaining stable over the time scale considered (see Figure S6).

The shallow decollement zone dipping in the prodirection becomes the principal structure localizing crustal
strain in the case of full upper plate advance model 6 (Vaqy = 100%; Figures 7c and S4c). In contrast to all
previous experiments, no particular zone of indenter-related localized surface uplift can be observed in this
model (Figure S4, slice c2). As a result, exhumation is poorly localized and AFT ages form a broad, straight
band with only small variations between the indenter and background slab sections (Figure 7, slice c1). The
temporal evolution of this experiment (see Figure S7) is characterized by a transition from slightly concave
(Figure S7a) to quasi-linear (Figure S7c) shape of the localized near-surface deformation (in plan view) due
to a slow lateral shift of the shallowly dipping shear zone accumulating most of the crustal deformation
toward the right side of the model in the subduction peripheral segments (see vertical profile B1-B2 on
Figure S7).

As shown by Nettesheim et al. (2018), increasing total convergence rate (Vo) up to 60 mm/year (instead of
30 mm/year) leads to higher maximum values of the vertical uplift (16 mm/year instead of 8 mm/year) with-
out a change in the relative distribution of deformation and surface uplift. Therefore, the magnitude of total
shortening plays a minor role in the resulting deformation and rock exhumation pattern in comparison to
the relationship between boundary velocities applied at the opposite sides of the model.

3.3. Effect of Indenter Configuration (Models 7-15)

We evaluate the effect of a narrower flexural bulge (150 km of the width in x direction instead of 300 km as
adopted in previous experiments) and different degrees of upper plate rheological (de)coupling in models
7-9 (see Figure S8). In these, the upper plate advance contribution (Vaq4y) in the total shortening (V) cor-
responds to a reference value of 25%.

Strongly and intermediately coupled experiments (models 7 and 8, respectively) result in narrow (~100-
150 km across) trench-parallel bands of anomalously young (<1 Myr) AFT ages, which are thinner

KOPTEV ET AL.

1920



nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Tectonics 10.1029/2018TC005455

(=75 km across, model 8; Figure S8, slice b3) or interrupted (model 7; Figure S8, slice a3) in the central part
directly above the narrow indenter. In contrast to corresponding models with reference indenter widths of
300 km (models 1 and 2), these narrow indenter experiments (models 7 and 8) show no isolated areas of
increased uplift but are rather characterized by a continuous straight line of rock exhumation, as indicated
by thermochronological ages (compare Figures 6a and 6b and Figures S8a and S8b). This strongly reduced
effect of a narrower indenter on upper plate deformation is in agreement with findings reported by
Nettesheim et al. (2018) for half upper plate advance (Vagy = 50%) experiments.

In contrast, the weakly coupled narrow indenter experiment (model 9; Figure 8c) reproduces all the key fea-
tures typical for the corresponding reference model 3 with indenter width of 300 km (Figure 6c). The area of
high vertical velocities (>8 mm/year) and young AFT ages (<1 Myr) in the center of the model remains in
the same spatial location, and its elliptical shape becomes more isometric: The ellipse aspect ratio decreases
from ~1:4 to ~1:2 with the indenter narrowing from 300 to 150 km (compare Figure 6, slice c3, and Figure 8,
slice ¢3). Correspondingly, deformation and rock uplift patterns for a wider indenter (model 10; 450 km, see
Figure 8a) are elongated with an aspect ratio of ~1:6 for the central area of fast uplift. Figure 8 shows a com-
parison of all three investigated indenter widths.

The combined impact of a narrower indenter width (150 km) and different magnitudes of subduction (Vgyp)
and upper plate advance (Va4,) components is presented in models 11-13 (Figure 9). These simulations are
characterized by weakly coupled rheological structure of the overriding plate. As in the experiments with a
reference indenter width (models 5 and 6 presented in section 3.2, see Figures 7b and 7c and Figures S4b and
S4c), high upper plate advance (Vaqy = 50% and 100%; models 12 and 13, respectively) does not lend to loca-
lized uplift above the indenter (Figures 9b and 9c). Accordingly, a decrease in the upper plate advance from
values of the reference case (Vagy = 25%) to 0 (Vaqvy = 0%) contributes to a more isometric configuration of
the uplift area (compare models 3 and 4 with Vg, = 25% and Va4, = 0% shown in Figures 6¢ and 7a, respec-
tively). In model 11 (Figure 9a), we combine the narrowing effects of both the reduced upper plate advance
component (Va4 = 0%) and narrower indenter shape (150-km width) that result in an almost circular rock
exhumation pattern (ellipse aspect ratio ~1:1.5) that is in agreement with the localized bull's-eye surface
deformation reported in syntaxial orogens (see Bendick & Ehlers, 2014, and references herein). This isolated
indenter-centered area of anomalously high rock uplift rates (>8 mm/year) persists up to the depth of 15-
20 km (Figure S9), whereas the corresponding thermal anomaly is shallower and completely disappears
by 10-km depth (Figure S10).

Models 14 and 15 (Figures S11a and S11b) complete the comparison of the narrow indenter geometry by
investigating upper plate rheology effects under no upper plate advance (Vaqy = 0%) conditions. This series
of models 14, 15, and 11 is analogous to the comparison of models 7-9 (with reference upper plate advance of
Vadv = 25%) shown in Figure S8 with strong, intermediate, and weak coupling, respectively, and results in a
similar trend (Figure S11). For intermediate or strong coupling (models 14 and 15) rock exhumation evolves
into continuous, linear zones elongated parallel to the trench. No localized exhumation over the indenter
apex can be seen, this remains a feature solely found in case of a weakly coupled lithosphere (model 11;
Figures 9a and S11c).

4. Discussion

4.1. Summary of Numerical Results

Variations in the rheological coupling of the overriding continental plate lead to different structural styles of
deformation. These styles range from steeply dipping shear zones cutting the entire model domain from the
upper crust down to the lithospheric upper mantle (strongly coupled model 1; Figure 3) to thin shallow
decollements dipping in the retrodirection (weakly coupled model 3; Figure 5). The intermediate case com-
bines both of these two major types of localized deformation (intermediately coupled model 2; Figure 4).

The common point of all reference experiments (models 1-3) refers to the elongated areas of strong strain
localization and associated focused rock uplift situated directly above the indenter apex (Figure 6).
However, only the strongly coupled (model 1) and weakly coupled (model 3) end-member cases include
well-developed faulting (localized strain rate of >8 x 10™'> 1/s) above the background subducting plate,
whereas the intermediate model 2 shows an attenuated rate of deformation (~5-7 x 10> 1/s) outboard
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of the indenter (compare Figure 6, slice al; Figure 6, slice c1; and Figure 6, slice b1). The relatively weak and
broad strain rate localization at the peripheral segments of the intermediately coupled lithosphere (model 2)
stem from the distribution of strain between both shallowly dipping decollements and steep shear zones (see
corresponding vertical cross sections on Figures 4d and S2c, profile B1-B2). Nevertheless, localized fast rock
uplift associated with these two structures (see gray arrows on Figure 4d) occurs in well-defined yet relatively
wide (~150 km) trench-parallel bands in both the near-surface vertical velocities (>4.5 mm/year; Figure 6,
slice b2) and predicted AFT ages (<1 Myr; Figure 6, slice b3). In contrast, the model with a weakly coupled
rheological structure (model 3; Figure 6, slice c1) develops a well-established decollement (localized strain
rate of >8 x 107" 1/s) above the background slab sections, but no associated localized rock uplift
(Figure 6, slice c2) or concentrated young AFT ages (Figure 6, slice c3) can be observed there. This feature
distinguishes the weak rheological coupling in the overlying continent (model 3; Figure 6c), which is the
only of the three tested configurations that favors an isolated region of high vertical rock uplift rates
(>8 mm/year) over the central convex-upward-shaped bulge without any particular localization above the
background down-going plate.

For this weakly coupled lithosphere, additional parameters were investigated. Increasing the component of
upper plate advance from reference value of Vg, = 25% (model 3; Figure 6¢) to Vagqy = 50% (model 5;
Figure 7b) and Vaqy = 100% (model 6; Figure 7c) disfavors localized surface uplift over the flexural bulge.
On the contrary, no upper plate advance (Vaqy = 0%, model 4 in Figure 7a) leads to a more symmetric shape
of the indenter-centered ellipsoidal zone of high exhumation rates (ellipse aspect ratio increases from 1:4 to
1:3 with decreasing upper plate advance V4, from 25% to 0%; see Table 1). Additionally, the final configura-
tion of the region of rapid exhumation is directly controlled by the shape of the indenter. Figure 8 compares
results for deformation and rock uplift patterns for wide (450 km; model 10), reference (300 km; model 3),
and narrow (150 km; model 9) indenter widths. A wide indenter (450 km; Figure 8a) results in an elongated
center of uplift with an aspect ratio of ~1:6, while narrowing of the indenter to 300 km width (Figure 8b) and
to 150-km width (Figure 8c) leads to narrower ellipses with aspect ratios of ~1:4 and ~1:2, respectively. The
combined effect of a narrow indenter (150-km width), shortening accommodated by subduction and accre-
tion only (no upper plate advance; Va4, = 0%), and a weakly coupled lithosphere (model 11, see Figure 9a)
gives rise to a quasi-isometric (ellipse aspect ratio ~1:1.5) indenter-centered area of rock exhumation similar
to the bull's-eye pattern observed in some syntaxial orogens (Bendick & Ehlers, 2014).

It is also worth noting that regardless of indenter width and the contribution of upper plate advance to total
shortening, all experiments with a strongly (models 1, 7, and 14) and intermediately (models 2, 8, and 15)
coupled overriding plate do not show a spatially localized bull's-eye-like rock uplift above the flexural bulge
(see Figures 6, S8, and S11).

4.2. Conditions for Producing a Symmetric Zone of Rapid Exhumation

Based on the results presented, we find that a bull's-eye-like exhumation pattern characterized by a quasi-
symmetric (aspect ratio close to ~1:1.5) shape of localized uplift can be reproduced by subduction of an
indenter-shaped plate only with an appropriate combination of all three controlling parameters: boundary
velocities (amount of upper plate advance), width of the flexural bulge, and rheological structure of the over-
riding continent (see “best fit” model 11 shown on Figures 9a and 10a).

In more detail, the relationship between subduction and upper plate advance components of the total short-
ening may control the resulting shape of the ellipse outlining the boundary of rapid uplift: Increasing the
upper plate advance fraction from 0% to 25% leads to a small elongation of the ellipse and a decrease in
the ellipse aspect ratio (from ~1:1.5 to ~1:2 in the case of the models with a relatively narrow indenter width
of 150 km—see Figures 9a and 8c, respectively). On the other hand, an increase in upper plate advance to
50-100% leads to the development of decollements dipping in the opposite direction that prevent localization
of indenter-centered rock uplift (Figures 7b and 7c). These tendencies persist for the models with various
indenter configurations (from 300 to 150 km wide; see Figures 7 and 9, respectively, and Table 1).

Second, the initial shape of the indenter plays an important role as well since even under the appropriate
boundary conditions (upper plate advance of 25%) a wider indenter (450 km width) provides a considerably
elongated zone of localized uplift (aspect ratio of ~1:6) that is too asymmetric to be classified as a bull's-eye
structure (Figure 8a).
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Figure 10. Comparison between modeled and observed spatial distributions of thermochronological cooling ages. (a) Predicted apatite fission track (AFT) ages
for model 11 characterized by weakly coupled rheological structure and no upper plate advance contribution (Vaqy = 0%) in the total shortening and relatively
narrow indenter width (150 km). (b—d) measured thermochronological cooling ages: (b) the Southeast Alaska (Arkle et al., 2013; Benowitz et al., 2011, 2012;
Ferguson et al., 2015; Haeussler et al., 2008; O'Sullivan et al., 1997; Plafker et al., 1989; Spotila et al., 2004); (c) the Olympic Mountains of the Cascadia subduction
zone (Brandon et al., 1998; Currie & Grist, 1996; England et al., 1997; Johnson et al., 1986; Reiners et al., 2002); and (d) the South American subduction zone
(Andriessen & Reutter, 1994; Avdievitch et al., 2018; Barnes et al., 2008; Gunnell et al., 2010; Juez-Larré et al., 2010; Maksaev & Zentilli, 1999; McInnes et al., 1999;
Noury et al., 2016; Schildgen et al., 2007, 2009; Wipf, 2006; Wipf et al., 2008). White circles indicate the concentric zones of vertical advection (bull's-eye pattern) in
the modeled (a) and observed (b, c) AFT ages fields. No localized bull's-eye pattern characteristics associated with focused exhumation are detected in the
overriding plate of the South American subduction zone (d).

Finally, we find that the rheological structure of the overlying lithosphere appears to be the most important
controlling parameter for the localization of deformation. Strong-to-intermediate mechanical coupling
between the upper crust and lithospheric mantle is incompatible with an axisymmetric bull's-eye exhuma-
tion pattern (Figures 3, 4 and 6a and 6b), even in the case of a considerably narrower indenter (Figures S8a
and S8b) and no upper plate advance (Figures S11a and S11b). In contrast, a weakly coupled rheological pro-
file isolates and concentrates rock uplift within a single indenter-centered zone (Figure 6¢). Its geometry is
further modified by the contribution of upper plate advance in the total shortening (Figure 7a), the indenter
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shape (Figure 8c), or both of them (Figure 9a). This is in agreement with a worldwide estimate of the litho-
spheric strength envelope showing that the upper continental crust is, in general, mechanically decoupled
from the mantle within active subduction and collision zones (see Figure 4a in Tesauro et al., 2012).

To summarize, the subduction of a flexural bulge is a necessary but insufficient condition for spatial locali-
zation of anomalous exhumation rates within isometric (~1:1.5 aspect ratio) and small (~100-km diameter)
bull's-eye regions. We suggest that other appropriate initial and boundary conditions including mechanical
decoupling in the overriding lithosphere, relatively narrow indenter, and the dominance of subduction
shortening are also required.

4.3. Rheology and Structure of the Continental Lithosphere in Orogen Syntaxes

As shown above, rheological properties of the overriding continental lithosphere may be a crucial parameter
for the resulting deformation pattern in orogen syntaxes since even relatively small variations in mechanical
coupling of the upper crust and lithospheric mantle cause large changes in the way upper plates strain is
localized. The transition from strongly to intermediately/weakly coupled lithosphere switches the deforma-
tion mode from steep dipping shear zones that penetrate the entire model domain to shallowly dipping
decollements rooting into the ductile lower part of the crust. The latter appears to be favorable for localized
uplift above an indenter with concentrated vertical movements in the hanging wall. This uplift could be
expressed at the surface through a characteristic bull's-eye structure under conditions of not only an appro-
priate degree of decoupling but also from a relatively narrow indenter configuration and small fractions
(<25%) of upper plate advance. Despite the importance of the indenter geometry and velocity boundary con-
ditions, our models identify a rheologically decoupled overlying lithosphere to be the key causal factor for
spatially focused, rapid exhumation as it is observed in many transition zones of syntaxial orogens.

The long-term strength of lithosphere described by the Brace-Goetze yield-stress envelopes (Brace &
Kohlstedt, 1980; Goetze & Evans, 1979) varies as a function of depth according to the plastic (e.g., Mohr-
Coulomb failure criterion) and viscous (e.g., power law dislocation creep) deformation laws (see the numer-
ical methods section in supporting information). The continental crust can provide a very large variety of
possible rheological profiles due to variations in its structure and composition (Figure 2b) compared to ocea-
nic crust. Considerable contrasts in rheological strength profiles between different segments of the continen-
tal part of the lithosphere have been reported by both geological observation and theoretical studies (see
Burov, 2011, and references therein). The principal reason for this high diversity resides in the ductile parts
of the crust, which are strongly influenced by the crustal thermal structure. That, in turn, is usually not well
constrained because of the high uncertainty in (1) a region's thermal history (continents may have under-
gone several major thermal events), (2) current thermal thickness of the continents (defined by the depth
of the 1330 °C isotherm), and (3) the distribution of radiogenic heat production in the crust that can contri-
bute up to 50% of the continental surface heat flux. Moreover, unlike largely rock-independent brittle
strength (Brace & Kohlstedt, 1980; Byerlee, 1978; Kohlstedt et al., 1995; Yamato & Brun, 2017), viscous para-
meters are also conditioned by rock type that may refer to either “strong” (wet granite flow law) or “weak”
(dry diabase flow law) lower crust (Carter & Tsenn, 1987; Ranalli, 1995)—see supporting information Table
1. As shown in a review by Burov (2011), rheological decoupling should always occur in felsic-dominated
crust (except for extremely thin, <20 km, rifted crust). In contrast, other crustal compositions (including a
mafic lower crust) might result in strongly coupled lithosphere but only if the thermotectonic age is very
old (>750 Myr). This means that a certain degree of the mechanical decoupling between the crust and litho-
sphere is the typical case of the rheological structure of continents except for old cratonic regions and thus
can be applied for a broad range of possible geodynamical settings around the world. According to the global
map of lithospheric strength (Tesauro et al., 2012), the lowest values of the integrated strength of the conti-
nental lithosphere (<2.0 x 10** Pa-m) and associated decoupled rheological structure are mostly found in
collisional belts and subduction zones. This ties into the principal findings of our study showing that
bull's-eye rock exhumation at orogen syntaxes can be developed only in a weak, decoupled overriding plate.

Nevertheless, despite the progress in understanding the long-term strength of lithosphere (Burov, 2011;
Tesauro et al., 2012, 2013), rheological parameters remain highly uncertain, and many additional sources
of independent data are needed for further specification on the rheological profiles in different continental
settings. They include seismic, petrologic, and gravitational data, as well as seismicity and surface heat flow
distributions. Effective elastic thickness estimates provide a direct proxy for integrated strength of the
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lithosphere (Burov & Diament, 1995). Results of numerical and analog modeling also represent an indepen-
dent class of constraints on the choice of the crustal rheology, since they allow identification of the surface
and subsurface deformation patterns formed in response to different rheological models. In particular, the
numerical experiments presented in this study assess the effects of the rheological structure of the overriding
plate on the deformation and surface uplift patterns in the context of the subduction of a flexural bulge.

4.4. Link to Previous Studies

In most previous numerical modeling studies, contractional stresses and deformation at convergent plate
boundaries have been investigated through 2-D vertical sections (e.g., Billen, 2008; Burov & Yamato,
2008; Ficini et al., 2017; Gerya et al., 2004, 2008; Grove et al., 2009; Yang et al., 2018) or by global (e.g.,
Bird, 1998; Bird et al., 2008; Coblentz et al., 1994; Koptev & Ershov, 2010; Lithgow-Bertelloni & Guynn,
2004; Naliboff et al., 2012; Wu et al., 2008; Yang & Gurnis, 2016) and regional (e.g., Coblentz &
Richardson, 1996; Liu & Bird, 2002a, 2002b; Rajabi et al., 2017; Richardson & Reding, 1991) spherical shell
models. Less common in previous work are 3-D modeling studies, and their focus is on subduction initiation
(Gerya et al., 2015; Stern & Gerya, 2018), subduction obliquity (Plunder et al., 2018), lateral transition from
oceanic subduction to continental collision (Li et al., 2013; Menant et al., 2016; Moresi et al., 2014; Pusok
et al., 2018; Pusok & Kaus, 2015; Sternai et al., 2014) and the related impact of slab detachment in orogenic
belts (Capitanio & Replumaz, 2013; Replumaz et al., 2014; Duretz et al., 2014; see also analogue laboratory
experiments by Faccenna et al., 2006), opposing continental subduction zones (Liao et al., 2017), or subduc-
tion of cylindrical plates (e.g., Koons et al., 2010; Schellart et al., 2007) without particular focus on the effects
of the subducting plate's internal 3-D geometry.

In contrast, Bendick and Ehlers (2014) investigated the impact of subducting plate geometry on upper-plate
deformation. They attributed rapid localized exhumation (a bull's-eye pattern of surface deformation)
reported in many transition zones between adjacent plate boundary segments around the world (e.g., the
Southeast Alaska and the Cascadia subduction zone—see, e.g., Enkelmann et al., 2017; Brandon et al.,
1998) to convex-upward-shaped flexural bulges of the subducting plate. However, the models in Bendick
and Ehlers (2014) employed a simplified purely viscous rheology, which excludes brittle strain localization
that has been shown to be important for the deformation and topographic evolution of the orogens (see, e.g.,
Vogt et al., 2017, 2018).

In view of the recent conceptual and methodical advances in our understanding of the rheological stratifica-
tion of the lithosphere (Burov, 2011, and references therein), Nettesheim et al. (2018) investigated the sub-
duction of an indenter-shaped plate with a layered viscoplastic upper plate. These models provided the
basis on which this study was designed. However, their study focused on the effects of velocity conditions
and variations in erosional efficiency. It did not consider the degree rheological coupling between the upper
and lower crust, the parameter we found to be of high importance but restricts itself to the configuration of
our intermediately coupled models 2, 8, and 15. Moreover, Nettesheim et al. (2018) did not reproduce the
concentric bull's-eye-like (with a characteristic diameter of ~100+ km) rock uplift as observed in extreme
syntaxial orogens (Bendick & Ehlers, 2014).

4.5. Model Limitations and Perspectives

The extremely high erosional efficiency adopted in this study has a twofold effect: On one hand, it leads to
unloading the topographic stresses that amplifies strain localization (Roy et al., 2016) in shear zones and
decollements. On the other hand, it promotes an overestimation of the rock uplift that becomes close to
the rock exhumation under nearly total erosion (England & Molnar, 1990). As a result, the absolute values
of predicted AFT ages (<1 Myr within bull's-eye structures) are younger compared to observed ones
(Figure 10). Nevertheless, a modeled bull's-eye-like age pattern (Figure 10a) resembles the known isometric
structures with a characteristic size of ~200 km as observed in the Southeast Alaska (Figure 10b) and the
Olympic Mountains (Figure 10c). In contrast, despite thick and mechanically weak crust in the central
Andes (Capitanio et al., 2011; Kley & Monaldi, 1998; Sobolev & Babeyko, 2005), no concentric uplift is
reported in the South American subduction zone (Figure 10d), possibly because of a relatively small concav-
ity of the subducting plate (see Figure 1d) and considerable upper plate advance component due to acceler-
ated westward drift of the South American plate during the past 30 Myr (Russo & Silver, 1996; Silver et al.,
1998) and finally perhaps due to the limited exhumation magnitudes in the region due to the arid to hyper
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arid climate in the region. However, despite the lack of localized exhumation observed in the Arica bend of
the central Andes due the arid climate, the long-wavelength topography of the region is highest at the Arica
bend, before decreasing slightly to the south, away from the bend (Starke et al., 2017). This regional trend of
decreasing elevations away from the Arica bend that is consistent with the high rock uplift rates predicted
here above the bend causes higher elevations (in the absence of erosion).

Our generalized model setup does not aim to reproduce a specific region due to the restricted size of the
model domain, the simplified erosional model, and the rigid slab rheology. However, this modeling
approach can be used as an additional constraint for forthcoming geophysical studies because a comparison
of the modeling results with observed structural features may help to discriminate the range of possible rheo-
logical (and thus compositional and thermal) characteristics that are permissible for a given geodynamic and
geotectonic environment.

5. Summary and Conclusions

We presented results from numerical experiments that explore the three-dimensional response of a rheolo-
gically stratified overriding continental lithosphere to subduction of a rigid plate having a curved forward
bulge. In this study, we have tested three controlling parameters (see Table 1): (1) rheological structure of
the upper plate, (2) partitioning of velocity boundary conditions, and (3) indenter width. From this, we draw
the following conclusions:

1. The rheological structure of the overriding plate plays a key role in the resulting deformation pattern:
Strong rheological coupling favors steep dipping thrust-sense shear zones cutting the entire crust and
the upper mantle; weakly coupled lithosphere, in contrast, localizes most of the deformation along shal-
lowly dipping decollements rooting into ductile lower crust.

2. In the strongly coupled experiments, localized uplift within small V-shaped wedges squeezed between
steep oppositely dipping shear zones is represented in plan view as narrow bands of rapid rock exhuma-
tion elongated perpendicular to the subduction direction and crossing through the entire model domain.
In contrast, a rheologically decoupled lithosphere shows an isolated elliptical area of the highest rock
uplift rates related to vertical movement in the hanging wall of the shallow retrodipping decollement
developed in the continental crust over a central convex-upward-shaped indenter.

3. Increasing the component of upper plate advance in the shortening (i.e., the boundary velocity defining
material influx in the direction opposite to that of the subduction of the down-going slab) disfavors loca-
lized surface uplift above an indenter. In contrast, shortening accommodated by subduction and accre-
tion only (no upper plate advance case; Vaqy = 0%) results in a more isometric geometry of the
indenter-centered zone of high exhumation rates.

4. In the case of a weakly coupled continental lithosphere, the resulting aspect ratio of the elliptical zone of
high uplift rate is conditioned by the indenter geometry. In particular, an extremely narrow indenter
(150-km width) results in a considerably more isometric shape of the final ellipse compared to that of
a reference (300-km width) and wide indenter (450-km width) experiments.

5. Experiments with an appropriate combination of the upper plate rheological structure (weakly coupled
upper crust and lithospheric mantle), velocity boundary conditions (limited upper plate advance), and
indenter shape (narrow width) excites a bull's-eye-like exhumation pattern that resembles the concentric
structures of vertical advection observed at orogen syntaxes in such regions as the Southeast Alaska and
the Cascadia subduction zone (western USA).
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