
 
 

Delft University of Technology

Sedimentation and viscosity controls on forearc high growth

Fernández-Blanco, David; Mannu, Utsav; Cassola, Teodoro; Bertotti, Giovanni; Willett, Sean D.

DOI
10.1111/bre.12518
Publication date
2020
Document Version
Final published version
Published in
Basin Research

Citation (APA)
Fernández-Blanco, D., Mannu, U., Cassola, T., Bertotti, G., & Willett, S. D. (2020). Sedimentation and
viscosity controls on forearc high growth. Basin Research, 33 (2021)(2), 1384-1406.
https://doi.org/10.1111/bre.12518

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1111/bre.12518
https://doi.org/10.1111/bre.12518


1384 |     Basin Research. 2021;33:1384–1406.wileyonlinelibrary.com/journal/bre

EAGE

1 |  INTRODUCTION

Orogenic wedges growing by accretion develop character-
istic cross-sectional shapes that result from the balance be-
tween basal traction in the subduction thrust and gravity, as 
modulated by orogenic wedge rheology and internal strain 
(Davis et  al.,  1983; Platt,  1986; Willett,  1992). The geom-
etry of the wedge front is controlled by brittle deformation 
and prescribed by the mechanical properties of the accret-
ing wedge and that of its surface of accretion (Dahlen, 1984; 

Davis et al., 1983). The geometry of the wedge rear, how-
ever, is less well understood, given its dependence on the 
non-linear ductile dynamics of the deeper sectors of the 
wedge (Pavlis & Bruhn, 1983).

Orogen rheology and surface processes markedly influ-
ence the first-order evolution of accreting orogenic wedges. 
Syntectonic erosion (e.g. Koons,  1990; Willett,  1999) and 
sedimentation (e.g. Erdős et  al.,  2015; Fillon et  al.,  2013; 
Willett & Schlunegger, 2010) affect the distribution of strain 
and the deformation patterns within the wedge. Higher 
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Abstract
Crustal rheology and surface processes strongly influence strain distribution and 
shape of orogenic wedges at their front but how they influence the wedge rear is 
still unclear. Here, we analyse the coupled control of viscosity and sedimentation 
on forearc high growth during advanced stages of subduction accretion. We use 
2D thermo-mechanical finite element models constrained with data of the south 
Anatolian margin. Our simulations show that forearc highs grow as a thermally-
activated viscosity drop in the lower crust induces ductile deformation and viscous 
flow. Initial viscosity and the amount of sediments in the forearc basin control non-
linearly the occurrence and timing of the thermally-activated viscosity drop, and 
thus of the growth of the forearc high. High sedimentation rates result in thicker 
forearc basins that stabilise the subduction wedge and delay the onset of uplift in the 
forearc high. Low viscosities promote earlier onset of forearc high uplift and lead 
to larger morphological variability along the subduction margin. Increasing either 
the sedimentation rate or viscosity may prevent forearc high formation entirely. The 
thermo-viscous forearc highs grow at an age set by wedge thermal state as a function 
of accretionary flux, wedge viscosity, and synorogenic sedimentation. Our models 
explain vertical motions in south Anatolia and potentially in other accretionary mar-
gins, like the Lesser Antilles or Cascadia, during the formation of their broad forearc 
highs.
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ductility results in structures otherwise absent, like backward 
thrusting sequences (Smit et al., 2003). How these factors and 
their feedback influence the development and evolution of 
topography in the wedge internal sectors are difficult to gen-
eralise and often overlooked, limiting our understanding of 
the dynamic interactions amongst surface and deep processes 
at the orogenic scale.

Forearc systems in accretionary margins have charac-
teristic trench-parallel structures and derived stratigraphies 
(Dickinson & Seely,  1979) (Figure  1). Forearc highs are 
plateau-like elevated areas developing in internal regions of 
some, albeit not all, forearc systems, and their formation may 
be explained by several mechanisms. Forearc highs may form 
by upward terrain growth during the forced mechanical ac-
cretion of material against areas with higher relative strength 
commonly referred to as backstops (e.g. Byrne et al., 1993; 
Kopp & Kukowski, 2003). Under this viewpoint, the strength 
contrast controls the formation of the forearc high, its struc-
ture, and the limits of the wedge (Kopp & Kukowski, 2003). 
Alternatively, forearc highs may uplift dynamically, supported by high temperatures and heat production in the deeper sec-

tors of large subduction wedges (e.g. Pavlis & Bruhn, 1983; 
Vanderhaeghe et  al.,  2003). In this context, forearc highs 
may grow by the thermal activation of viscosity in the lower 
crust, guided by sediment deposition in the forearc basin, and 
ductile deformation sustained by sediment accretion (Fuller 
et al., 2006).

In this paper, we focus on this thermo-viscous mech-
anism of crustal flow and forearc uplift, which has been 
recently argued to be consistent with the pattern of space-
time deformation exhibited by the Cyprus-Anatolia margin 
(Fernández-Blanco et al., 2020). We elaborate on this model 
to demonstrate the relationship between sedimentation rates 
and rheology with temperature, strain patterns, and growth 
of the accretionary wedge. We analyse how syn-accretion 
sedimentation in the forearc basin and the viscous state of 
the subduction wedge control the thermo-viscous uplift of 
the forearc high. We use 2D thermo-mechanical finite ele-
ment simulations that include critical wedge visco-plastic 
mechanics and isostatic compensation, as well as variations 
in sediment input, rheological behaviour, and thermal con-
ductivity. We build our models to be consistent with the 
geometry and geologic history of the Central Cyprus accre-
tionary margin. We perform a parametric study focused on 
how sedimentation rate and specific viscous rheological pa-
rameters influence the temperature distribution, strain rate, 
and localisation in the accretionary wedge internal sectors, 
and specifically under the forearc high area. For all simula-
tions, we focus on the wavelength and relative age of vertical 
motions in the upper crust. We find that the dynamic growth 
of forearc highs can take place non-linearly in time and can 
explain short-wavelength vertical motions in inland sectors 
of subduction wedges.

Highlights

• 2D FEM analysis of viscosity and sedimentation 
influence on forearc high growth.

• Forearc highs can grow without backstop at an 
age set by accretionary flux and wedge thermal 
state.

• High sedimentation rates lead to thicker forearc 
basins and later onset of the forearc high uplift.

• Low viscosities lead to larger morphological vari-
ability and earlier onset of forearc high uplift.

• Increasing either the sedimentation rate or viscos-
ity may prevent forearc high formation entirely.

F I G U R E  1  Accretionary margins in nature and models. Main 
morphotectonic features in (a) a generic accretionary margin with 
forearc high, in (b) models of subduction wedge accretion, and (c) 
their correlation to features in Central Cyprus. For natural examples, 
we use original definitions by Karig & Sharman (1975) and Dickinson 
and Seely (1979), and for numerical models a simpler nomenclature 
(e.g. Fuller, 1996). ‘Trench-fill basin’ and ‘accretionary forearc basin’ 
are the nature equivalents to ‘pro-wedge’ and ‘wedge-top’ basins in 
models, and the terms ‘residual’ and ‘intramassif forearc basins’ of 
Dickinson and Seely (1979) are in simulations the ‘landward’ and 
‘seaward’ forearc basins, respectively. Correlation with elements 
along the Central Cyprus margin is based in Fernández-Blanco 
et al. (2020) 

(a)

(b)

(c)
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2 |  FOREARC ELEMENTS OF 
ACCRETIONARY SUBDUCTION 
WEDGES

We define morphotectonic features of arc-trench regions for 
generic accretionary margins in nature and in simulations and 
relate them to elements along Central Cyprus (Figure 1). In 
nature, forearcs in accretionary systems exhibit a seaward 
area under mechanical accretion and an inland area where a 
forearc basin may be disrupted by a forearc high (Dickinson & 
Seely, 1979) (Figure 1a). Imbricate seaward-verging thrusts 
in the seaward sector increase topography landwards from 
the trench to the trench-slope break, where landward-verging 
thrusts result in landward-dipping slopes. A trench-fill basin 
develops above the trench and accretionary basins lay along 
the trench-slope region as ‘piggy-back’ basins carried atop 
thrust sheets. Landward, between the trench-slope break and 
volcanic arc, the forearc high may divide the forearc basin 
into residual and intramassif basins (Figure 1a).

In models, shear zones develop convex-up ‘structural 
highs’ enclosing convex-down ‘topographic depressions’. We 
identify both features with respect to the actively deforming 
sector of the wedge and by location along the model tran-
sect (Figure 1b). In model pro-wedge (seaward), topographic 
depressions lead to the pro-wedge and wedge-top basins 
(DeCelles & Giles, 1996). The area of active deformation is 
limited landward by the structural high, and farther towards 
the model retro-wedge, the growth of the forearc basin sets a 
stable area. When present, the forearc structural high defines 
forearc basins at its front and at its back, named the pro- and 
retro-wedge forearc basins (Figure 1b). We use negative-al-
pha basin both in nature and in models to refer to a basin that 
has a hypothetical critical slope dipping landward and no in-
ternal deformation, as it slides above the subduction thrust for 
as long as it is restricted and steadily infilled to its bounding 
highs (Fuller et al., 2006; Willett & Schlunegger, 2010).

First-order morphotectonic features in the current arc-
trench region of Central Cyprus correlate with the elements 
described above (Figure 1c). At the southern end of the over-
riding Anatolian plate, the northern end of the Levantine 
Basin may be seen as a trench-fill basin. Northward, the 
Troodos Ophiolite and the piggy-back Mesaoria wedge-top 
basin compound the trench-slope, and the Kyrenia Range is 
the trench-slope break. Farther north, the Cilicia Basin is a 
residual basin seaward of the Mut Basin, an intramassif basin 
within the modern Central Taurus forearc high (Figure 1c).

Surface uplift of the forearc high of the Central Cyprus 
subduction margin spans for an area of ~200  km  N-S and 
~350 km E-W and led to the modern Central Taurus Mountains 
of South Turkey (Figure  1). Surface uplift of the modern 
Central Taurus Mountains occurred since the latest Miocene 
(post-8Ma) (e.g. Cosentino et al., 2012; Meijers et al., 2018) 
with no regional fault at the surface (Fernández-Blanco 

et al., 2019). The underlying causes behind surface uplift in 
South Turkey remain debated, with several studies propos-
ing slab break-off (see Schildgen et al., 2014 for a review), 
and more recent work, suggesting crustal thickening (Meijers 
et al., 2018) and ductile flow following thermally-activated 
viscosity in the lower Anatolian crust (Fernández-Blanco 
et  al.,  2020). The latter mechanism is consistent with the 
thick Anatolian crust and lithosphere and the presence of the 
Cyprus slab under the modern Central Taurus Mountains (e.g. 
Abgarmi et al., 2017; Bakırcı et al., 2012; Delph et al., 2017), 
as well as the, coupled, short-wavelength vertical motions re-
ported for South Turkey and its offshore during plateau mar-
gin growth (Fernández-Blanco et al., 2019; Walsh-Kennedy 
et al., 2014).

3 |  METHODS: THERMO-
MECHANICAL FINITE ELEMENT 
MODELS

3.1 | Numerical model description

We used 2D thermo-mechanical finite element numerical 
models that simulate a transect whose specific geometry and 
parameters are selected to fit the Anatolian margin at the 
longitude of central Cyprus. Models simulate the thermo-
mechanical processes within a deforming forearc, subject to 
brittle and ductile deformation along with active sedimenta-
tion within wedge-top basins. Our models use the numerical 
formulation described by Fullsack (1995), Pope and Willett 
(1998), Fuller et al. (2006), Fuller et al. (2006), and include 
recent modifications for sedimentation, strain softening and 
healing, and material tracking (Cassola, 2013).

Our models have two nested and coupled domains 
(Figure 2) that solve for mechanical and thermal processes. 
The mechanical domain represents the crust of an accreting 
subduction zone and its internal deformation is calculated dy-
namically as a response to imposed motions at its boundaries. 
At the base of the mechanical domain, tangential velocities 
drive the accretion of incoming sediments. Imposed tangen-
tial velocities are coupled with the overlying crust through a 
frictional slip boundary condition, permitting complete de-
coupling depending on tangential and normal stresses. The 
lower boundary has a discontinuity point, S, that represents 
the contact between the subducting slab and the continental 
Moho (Figure 2). However, the importance of this boundary 
is reduced by the frictional slip permitted along the slab in-
terface. The thermal domain spans the mechanical domain 
and the underlying upper mantle, including the downgoing 
slab and upper-plate upper mantle. The velocity and geom-
etry of the slab are specified and thus serve as a kinematic 
component of the model, used for heat advection, but only 
as a boundary condition for the mechanical deformation. See 
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more detailed information on the thermal computation in the 
supplementary material. The slab and the lithosphere of the 
upper plate are permitted to deform by surface loading on 
the basis of a flexural isostasy model (Fernández-Blanco 
et al., 2020; Fuller et al., 2006). The mechanical model in-
cludes temperature-dependent rheology that sustains brittle/
frictional behaviour at low temperatures and a power-law vis-
cous behaviour according to an Arrhenius model relating the 
tensors of deformation rate, Dij, and stress, σij:

where Aμ and nμ are constants dependent on the material, Q 
is the activation energy, R is the molar gas constant, and T is 
the temperature. Strain resulting from this thermally-activated 
viscosity is thus neglectable under a certain temperature and is 
the main constituent of deformation above it. All materials have 
brittle, pressure-dependent yield stress, following a Coulomb 
criterion. See the supplementary material for more details on 
model formulation and relevant subroutines, including thermal 
computation.

3.2 | Model design and parameterisation

Models simulate 25 My of subduction and accretion along a 
transect of 550 km (Figure 2) that corresponds to the Central 
Cyprus margin (Fernández-Blanco et  al.,  2020). We use a 

convergence velocity, Vc = 35 mm/year, and a thickness of 
incoming material at the trench of d = 3 km. These two param-
eters are key to the accretionary flux and thus the growth rate 
of the accretionary wedge and its final size. Although modern 
values of these parameters are higher and lower, respectively, 
these values are good averages for the timeframe of interest. 
The present Vc of 9.3 ± 0.3 mm/year in Cyprus (Reilinger 
et al., 2006) is unrepresentative of the last 25 Ma, given that 
the underthrusting of Eratosthenes Seamount below south 
Cyprus probably results in a deceleration of the present-day 
velocity of subduction. Current sedimentary thicknesses be-
tween 10 and 15 km, found in the East Mediterranean (e.g. 
Makris & Stobbe, 1984), are probably the highest ever pre-
sent over the entire Neogene, given the increasing sediment 
supply from the Nile River and the narrowing of the Eastern 
Mediterranean Sea.

In the model pro-wedge (left side), the subducting litho-
sphere is 50 My old and has a thickness of 70 km kept con-
stant during the simulations. Since the accretion of material 
from the model pro-wedge thickens the mechanical domain 
as the models progress, we select an initial thickness of 
30 km in the retro-wedge of the mechanical domain which, 
given our chosen accretionary flux, results in a final thick-
ness at the end of the model comparable to observed thick-
nesses (Figure 3), that is, maximum values of 45 km near the 
‘S’ point. We chose a thickness of 80 km for the rest of the 
overriding lithosphere. The geometry of the slab is curved, 
from the horizontal to a final dip angle set at the base of the 
continental lithosphere. We chose this dip in models to be 40° 

(1)D�� =A��
n�

��
exp

(

−Q

��

)

F I G U R E  2  Model setup. Model setup, with the specification of thermal and mechanical parameters. S is the point where the subducting plate 
contacts the Moho of the upper plate. A set of velocities, V, are defined with regards to a fixed frame in the upper-plate interior: Vx and Vy are 
the components of velocity in horizontal and vertical directions, respectively, and Vmech is the 2-D velocity in the mechanical domain and is a 
free variable. Boundary conditions are a constant convergence velocity, Vc, applied to the left side, and the base of the subducting plate. Boundary 
between slab and upper plate has a frictional failure criterion, by which relative slip occurs on the boundary once the criterion is exceeded. The 
incoming sediments have a thickness of da. Ds is the flexural rigidity of the subducting plate and Do is that of the overriding plate. The internal 
friction angle is shown as φ, and the friction angle between plates is φb. Aμ is the coefficient of the power-law viscosity and nμ is its coefficient, 
with Q being the activation energy. HP = heat production, K = thermal conductivity, Cp = specific heat, C = cohesion and T = temperature. 
Material deforms viscously until yield stress is exceeded, at which point it deforms to satisfy the yield criterion 

(a)

(b)
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(based on the 45° reported in Fernández-Blanco et al., 2020), 
to obtain model slab dips of ~20° at the contact between the 
slab and the continental Moho.

Flexural rigidity is set at 2.4 × 1023 N·m for both plates, 
but variations of flexural rigidity values of up to four orders 
of magnitude do not produce substantial changes. The density 
of the crust is 2.8 g/cc, and is an average value that includes 
continental and oceanic crusts, and sedimentary cover. For 
the mantle and an overlying layer of water, arbitrarily chosen 
to be 7 km, we use densities of 3.3 g/cc and 1.03 g/cc, respec-
tively. Cohesion is set at c = 1,000 Pa primarily to assure sta-
bility of steep slopes of near-surface sediments (<3 km), and 
the parameter has little influence at deeper levels of the crust, 
given the dominance of the frictional term. An internal fric-
tion angle φ = 27° in the crust, and a friction angle φb = 8° 
at the contact between overriding and subducting plates are 
low in order to include fluid pressure effects that are not 
accounted for explicitly, thus implying fluid pressure ratios 
within valid ranges at accretionary wedges (Fuller, 2006, and 
the references therein).

3.3 | Model strategy

Our models simulate a transect along any accretionary mar-
gin that runs orthogonal to the main transport direction of 

the incoming material, where contractional structures de-
velop. Although valid for accretionary subduction wedges 
elsewhere, we chose a model geometry and history that is 
comparable to the Anatolian subduction margin in Central 
Cyprus. We construct a Base Model in which the main pa-
rameters are the preferred values for the S-N transect along 
the Central Cyprus subduction (see Figure  3). Subsequent 
models are presented as perturbations about this Base Model. 
Simulations are constrained by the present-day thickness and 
geometry of sedimentary units, and geological and plate-
scale observations at the end of the simulation. However, off-
section sources of material in the Anatolian margin, such as 
the mountainous areas to the north and northeast, and other 
potentially important three-dimensional effects that might 
occur in the area are not taken into account.

Our Base Model for Central Cyprus best represents the 
time evolution of crustal vertical motions since the Early 
Miocene along the transect. To select our Base Model, we 
attended to the overall agreement of large-scale structure 
evolution and vertical motions through time, as well as final 
geometry, with particular attention to the uplifted region 
and domains to the south and north of it. Based on our Base 
Model, the values of maximum sedimentation rate and vis-
cosity for the parameter space have been selected through a 
model calibration procedure. We subsequently estimate the 
sensitivity of the model to changes in each parameter, which 

F I G U R E  3  Transects along the Anatolian maring in Central Cyprus. Upper-crust and crustal-scale geological transects running N-S (650 km 
at around 33°30′ E). The transects stretch from the Levantine Basin to the Tuz Gölü Basin across the Cyprus arc-trench, the island of Cyprus, 
the Cilicia Basin, the Central Taurus Mountains, and the Central Anatolian interior. The upper-left panel is a location map. Panel a is a transect 
across Central Cyprus and Anatolia, simplified from Stephenson et al. (2004), that has a topo-bathymetry with three times vertical exaggeration. 
EMed = East Mediterranean; CTM = Central Taurus Mountains; TGB = Tuz Golu Basin; CPM = Central Pontides Mountains; BkS = Black 
Sea. Panel b is the upper sector of the transect (up to 10 km depth), shown with a vertical exaggeration of 7, and Panel c is the crustal cross-
section for the area. These transects integrate upper crustal studies (Calon et al., 2005a, 2005b; Çiner et al., 2008; Fernández-Blanco et al., 2013; 
McCay, 2010; Robertson, 1998; Stephenson et al., 2004) with the interpretation of several geophysical studies (Ates et al., 1999; Mart & Ryan, 
2002; Abgarmi et al., 2017; Delph et al., 2017; Ergün et al., 2005; Koulakov & Sobolev, 2006; Mutlu & Karabulut, 2011; Özeren & Holt, 2010), as 
detailed in Fernández-Blanco (2014). CVP = Central Volcanic Province 

(a)

(b)

(c)
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are presented as a set of model suites. In the Sedimentation 
Rate Suite, we study the effect of the selected value of the 
maximum sedimentation rate. In the Viscosity Suite, we 
study the rheological parameters of activation energy, Q, the 
power-law viscosity pre-exponential, Aμ, and the power-law 
exponent, nμ, by systematically varying their values.

4 |  RESULTS

4.1 | Regional transect from the 
Mediterranean to Anatolia

We integrated tectono-sedimentary studies with our own data, 
and interpreted geophysical data from on- and offshore stud-
ies synthesised into crustal transects at 33°30′ E (Figure 3). 
Transect A in Figure 3 spans from the African continental 
shelf to the Black Sea, and is a simplification of the lith-
ospheric-scale transect shown in Stephenson et  al.,  (2004). 
Crustal and upper-crustal cross-sections in panels b and c 
offer two original views of transects in Fernández-Blanco 
et al. (2020), which integrate and interpret geophysical stud-
ies in the area of interest.

To constrain the crustal geometries, we reconstruct sec-
tions at the upper-crustal and full-crustal scale that span 
from the Eratosthenes Seamount, in the East Mediterranean 
Sea, to the interior basins of Central Anatolia. We use a 
collective interpretation of available geophysical data (e.g. 
Ergün et  al.,  2005; Koulakov & Sobolev,  2006; Mutlu & 
Karabulut, 2011; Özeren & Holt, 2010) along a transect, which 
is integrated with the TransMed transect VII (Stephenson 
et al., 2004), and accounts for tomographic constraints from 
Bakırcı et al. (2012) and Biryol et al. (2011). We reproduce 
the tectonostratigraphy of Miocene and younger rocks and 
upper-crustal structures along the transect (Figure 3b,c) inte-
grating own findings (Fernández-Blanco, 2014; Fernández-
Blanco et  al.,  2013, 2019) with regional studies (Calon 
et al., 2005a, 2005b; Çiner et al., 2008; Harrison et al., 2004; 
McCay & Robertson,  2013; Robertson,  1998a, 1998b; 
Stephenson et al., 2004). We assembled the interpretation of 
these areas as shown in the original studies, and interested 
readers can find details there.

This integrative effort, which expands and is complemen-
tary to that presented in Fernández-Blanco et al. (2020), al-
lows us to constrain four key features; (a) the shape of the 
subducting slab and the geometry of its contact with the 
continental crust; (b) the overall distribution of crustal thick-
nesses; (c) the relative age and cutting relationships of main 
structures, and; (d) the position, continuity, and geometry of 
Miocene rocks.

The African plate, composed of the Eratosthenes conti-
nental fragment and surrounding oceanic crust, subducts 
northwards below the thickened continental crust in the south 

Anatolian margin. The Cyprus slab reaches an angle of ~20° 
at the contact with the Anatolian Moho (Figure 3c), and ~45° 
near the contact with the base of the Anatolian lithosphere 
(Fernández-Blanco et al., 2020) (Figure 3a). The overriding 
Anatolian lithosphere varies from ~110  km where its base 
contacts the slab, to ~85 km at the northern tip of the transect.

Crustal thicknesses vary along the transect (Figure  3c). 
In the African plate and in the southern end of the transect, 
changes in crustal thickness can be inferred from gravimetric 
anomalies (Ergün et al., 2005) and models of the Moho depth 
(Koulakov & Sobolev, 2006). Crustal thicknesses have aver-
age values of ~28 km below the Eratosthenes Seamount and 
are minimum (~25 km) below the trench. Geophysical mod-
els show an increase in Moho depth northward, from ~28 km 
at 34°30′N to >40 km at 37° N, that we relate with slab steep-
ening. The slab dips 20° at the contact with the continental 
Moho and maintains a similar dip until 36°30′ N, where it 
steepens (see Figure  2 in Fernández-Blanco et  al.,  2020). 
Maximum overriding crustal thicknesses of ~45  km at the 
point of contact between the African slab and the Anatolian 
Moho, below the Central Taurus Mountains, suggest crustal 
thickening in relation to subduction. We use the interpreta-
tion of Pn tomography inferring a decrease in crustal thick-
ness to ~35 km in the Central Anatolian interior (Mutlu & 
Karabulut,  2011) over gravity data (Özeren & Holt,  2010) 
suggesting a crust up to ~10 km thicker.

South-verging thrusts divide the area along the transect 
into present-day sedimentary basins and structural highs 
(Figure  3b). The thrusts become older when progressing 
northward along the section, and have been linked with the 
Cyprian subduction megathrust, directly in the south (e.g. 
Calon et al., 2005a, 2005b; Stephenson et al., 2004) and in-
directly in the north (Fernández-Blanco et al., 2019). Thrusts 
are active at the trench (e.g. Stephenson et al., 2004), Pliocene 
or younger in North Cyprus (e.g. McCay, 2010), mid-Plio-
cene in the Cilicia Basin (Aksu et al., 2005), and pre-Mio-
cene in the Mut Basin (e.g. Çiner et  al.,  2008). Pliocene 
contractional structures are seen in the Cilicia Basin, but no 
evidence of any Miocene or younger thrust system is known 
for the Mut Basin or for the transition between both basins. 
This transition is marked instead by monoclinal flexure along 
a kink-band fold that accommodates ~4 km of relative verti-
cal displacement between coeval Miocene rocks with mini-
mum shortening (<1%) (Fernández-Blanco et al., 2019). The 
aforementioned evidence is compatible with tectonic forcing 
from the south and northward dissipation of strain across the 
subduction margin.

From south to north, Miocene rocks outcrop in four 
different localities: the Mesaoria Basin in Cyprus, the off-
shore Cilicia Basin, the Mut Basin on the Central Taurus 
Mountains, and the Tuz Gölü Basin, in the plateau interior 
(Figure 3b). Basin terminations in all four Miocene basins are 
erosive and controlled by post-depositional tectonic contacts, 
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with the exception of the southern margin of the Mesaoria 
Basin, where these rocks pinch out. The middle and upper 
Miocene sequences infilling these basins are composed Ba
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F I G U R E  4  Flow-law behaviour of natural and simulated 
materials. Plot of effective viscosity versus temperature for natural 
and modelled materials under a constant strain rate (ϵ = 10–14). Panel 
a shows the flow law behaviour of olivine (+wet, +dry), in the upper 
right panel, as well as granite, quartz, plagioclase (An75), and quartzite 
(purple, blue, green, and orange, respectively, in the main panel) 
alongside that of our Base Model material (black in both panels), and 
the ranges of parameter values in the viscous suites, which are shown 
in orange (for Aμ), in green (for nμ) and in lilac (for Q) in the main 
panel. The table at the bottom shows the values and studies used. Panel 
b shows the flow law behaviour of the models shown in Figure 12; 
V1 (green); V2 (purple); V3 (orange); V4 (blue) and the Base Model 
material in black 

(a)

(b)
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mostly of shallow-water limestones and thus allow for a 
first-order estimation of vertical kinematics relative to sea 
level since the end of the Miocene. Rocks above pre-Mio-
cene substratum in the asymmetrical Mesaoria Basin thin 
southward and are disrupted to the north by the imbricate 
thrusts verging south that uplift the Kyrenia Range (Calon 
et al., 2005a, 2005b; McCay, 2010). In contrast, the transition 
between rocks at ~−2 km in the Cilicia Basin and at ~2 km in 
the Mut Basin is a broad monocline that occurs in the absence 
of surface-reaching faults (Fernández-Blanco et  al.,  2019). 
North of the Mut Basin, Miocene rocks in Central Anatolia 
are at relatively lower elevations (<1 km).

4.2 | Base Model for Central Cyprus

Our Base Model uses a maximum sedimentation rate of 
0.5 mm/year and viscous parameters values of Q = 170 kJ/
mol, Aμ = 6.46 × 10–6 MPa-n/s, and nμ = 2.65. The complete 
list of parameter values used in our Base Model is shown in 
Table 1. Under a given strain rate, the crustal material of our 
Basic Model yields viscosities similar to those of quartzite, 
over a wide range of temperatures (see Figure 4).

The time evolution of the mechanical domain of the Base 
Model is shown in Figure 5 and the correlation amongst tem-
perature, viscosity, and deformation in the area where the 

F I G U R E  5  Base Model. Mechanical model evolution in time steps, with zoom-ins into the area where the forearc high develops. Times 
represented are, from top to bottom: 25 Ma, 15 Ma, 10 Ma, 5 Ma, and present. Strain rate is shown in vivid colours ranging from blue (low; −14.0 
log10 s

−1) to red (high; −12.5 log10 s
−1). The mesh of black lines records cumulative deformation in the basement since model onset. The individual 

lines on top of the basement (white in main panels and black in zoom-in views) represent isochrones of deposited and subsequently deformed 
sediment 

(a)

(b)

(d)

(e)

(c)
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forearc high develops is shown in Figure  6. The geometry 
of the mechanical domain at the moment of model initia-
tion (25 Ma) has a roughly flat topography (Figure 5a). In 
the model retro-wedge (right of the figure), we set a topo-
graphic barrier to confine the deposition of sediments within 
the model and avoid model instability. The curved geometry 
below the mechanical domain at the model pro-wedge (left of 
the figure) is set by the down-going slab, which is not shown 
in the figure. Overall, the temperature is low and viscosity 
is high along the entire mechanical domain (top panel in 
Figure 6).

At 10 My after model onset, a large forearc (negative-al-
pha) basin has developed (Figure 5b). Horizontal isochrones 
cover the centre and retro-wedge of the model. Topography 
has started to develop in the model pro-wedge in relation to 
two shear zones, marked by warmer colours in the second 
invariant of the strain rate. A small asymmetric wedge-top 
basin develops between the shear zones that are translated 
towards the retro-wedge (towards the right) as the shear zones 
migrate. The subducting slab becomes steeper, while the base 
of the crust becomes more horizontal. Both factors influence 
the extent of strain around the ‘S’ point, at the base of the 
wedge.

After 15 Ma in model time, further deepening and thicken-
ing in the forearc basin leads to increasing strain accumulation, 

and temperatures, at the base of the crust (Figure 5c). As the 
sediments accumulate in the forearc alpha-basin, the initial 
development of a frontal branch of a shear zone rooted at the 
‘S’ point leads the basement-basin contact to dip towards the 
model pro-wedge. As the model progresses, the wedge-top 
basin migrates towards the retro-wedge and the shear zones 
become wider and more pronounced. Another wedge-top 
basin starts to develop in the model pro-wedge. The tem-
perature has increased in the frontal and deepest sectors of 
the mechanical domain thereby decreasing viscosity (middle 
panel in Figure 6).

At 20 Ma, two shear zones branch out from the ‘S’ point 
and produce a broad uplifting bulge above it, in the cen-
tral-right area of the model (Figure 5d). The shear zones de-
limit the uplifted area of the forearc high, which dips gently 
towards the left side of the model. The basement further tilts 
pro-wedge ward (left), and isochrones mark the onset and 
development of a monoclinal fold. Overall, horizontal iso-
chrones on top of the bulge transition to isochrones dipping 
away from the bulge to its sides creating a broad anticlino-
rium. Onlap relationships take place on both sides of the 
bulge with larger angles in the model pro-wedge.

At the end of the model run, during the last 5 Ma, vertical 
motions in the forearc are prominent (Figure 5e). The bulge 
divided the forearc basin in two, a pro- and a retro-wedge 
sub-basin, sea- and land-wards, respectively, and onlap re-
lationships to its sides develop further. The deflection of the 
slab proceeds towards higher angles (~40°) at the ‘S’ point 
and the base of the wedge has smaller angles farther towards 
the retro-wedge. The basement of the pro-forearc basin deep-
ens, while uplift continues in the forearc high. An area with 
low values in the second invariant of strain rate develops in 
the uppermost ~5 km of the forearc high. Maximum tempera-
tures and minimum viscosities occur in the deepest sectors of 
the mechanical domain, while viscosity minima set the shear 
zones regions in shallower sectors (bottom panel in Figure 6).

4.3 | Sedimentation Rate Model Suite

Sedimentation in the models is ‘fill-to-spill’ and areas be-
tween structural highs that are capable of accommodating 
sediments are filled to capacity. In doing this, we assume the 
availability of sufficient sediment throughout the model run. 
We set each model with a different maximum sedimentation 
rate that remains constant throughout the model run (Tables 1 
and 2, and Figure 7).

Models show that as the maximum sedimentation rate 
increases, the strain becomes greater in and around the ‘S’ 
point and is distributed in shear zones to its sides. The sub-
ducting lithosphere becomes steeper towards the model ret-
ro-wedge, while the base of the crust further deflects towards 
the ‘S’ point. This is, increasing sedimentation leads to an ‘S’ 

F I G U R E  6  Temperature, viscosity, and deformation during 
forearc high growth. Correlation amongst temperature (in °C, shown 
as black dashed lines), viscosity (in Pa·s, shown as gradient colours 
between blue -low- and yellow -high-), and the deformation mesh 
of the mechanical model (as a grid for the basement and originally-
horizontal isochrones for the sedimentary cover, both in light white) in 
the area where the forearc high develops in three-time steps: 25 Ma, 10 
Ma, and present 
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point that subsides relative to the geoid. However, whereas 
models with more sediment in the system show a decreasing 
surface uplift, models with a higher maximum sedimentation 
rate that surpasses a threshold, exhibit larger surface uplift 
(see videos Sr0–Sr12 in supplementary materials).

As sedimentation increases, thicker forearc basins de-
velop that tend to stabilise the margin and translate deforma-
tion towards the basin margins. This leads to limited forearc 
uplift (Figure 7, right). The uplifted region above the ther-
mally-activated viscosity becomes broader, and the points 
of maximum uplift and maximum deposition move land-
ward (see videos Sr8 and Sr10 in supplementary materials). 
Similarly, vertical displacements are smaller. This effect is 
recorded as angular discordances in the basin chronolines, 
showing onlap relationships in models with faster forearc 
high growth. Increasing sedimentation also results in relative 
vertical displacements between subsided and uplifted areas 
that are consistently larger and occur in narrower (horizon-
tally shorter) distances, that is, larger amplitudes in the main 
subsidence-uplift pair (forearc high - pro-basin).

With low maximum sedimentation rates (Figure 7, left), the 
initial forearc basin is thin and imposes no restrictions to forearc 
high surface uplift, which occurs earlier with respect to model 
onset, that is, forearc high is older, and both downward/upward 
vertical motions take place over shorter periods (see videos Sr2 
and Sr4 in supplementary materials). In general, with lower 
sedimentation rates the margin is more susceptible to the in-
fluence of the other parameters; for example, the incoming 
sediment at the trench markedly affects the structural evolution 
of the margin, which exhibits sharper shear zones that migrate 
towards the retro-wedge of the model faster and structural highs 
and lows that are larger in amplitude.

4.4 | Viscosity Model Suite

The combination of parameters in Equation (1) determines 
the effective viscosity of a thermally-activated viscous mate-
rial, defined as the proportionality constant between strain 
rate (Dij) and stress (σij). With a non-linear stress depend-
ence, the relationship is complicated, but for a given stress 
level, the effective viscosity determines whether or not the 
material will flow at a significant rate (see Figure 4) over the 
geologic timescale of interest. By changing these parameters, 
we can investigate how changes in the effective viscosity af-
fect deformation in the deep wedge. As a general principle, 
any decrease in the effective viscosity encourages the flow 
of the deep crust, and under horizontal compression, leads 
to crustal thickening and forearc uplift. Table 2 and Figure 4 
show the range of values explored.

The pre-exponential viscosity parameter Aμ directly 
scales the effective viscosity and thereby becomes an ex-
plicit control of forearc deformation. Within the parameter 
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range investigated (Table 2; Figure 4), lower values produce 
a deeper initial forearc basin, but delays the time of forma-
tion of the forearc high with respect to our Base Model. Aμ 
affects the amount of relative differential motion between the 
subsiding and the uplifting sectors of the forearc high and the 
age of the motions. Forearc high growth cannot counteract 
the primary subsidence signal (Figure 8, left). Subsidence in 
the initial forearc basin decelerates with time until the forma-
tion of the structural high leads to accelerating subsidence 
in the pro-basin and protracted decelerating subsidence in 
the retro-basin (see video A2 in supplementary materials). 
Higher values of Aμ result in the rise of pronounced forearc 
high that develop in relation to broader shear zones, that is, 
more diffuse strain, and at earlier times than our Base Model. 
Forearc high formation outpaces the primary subsidence sig-
nal imposed by sediment loading and surface uplift in the 
forearc high area is eventually larger than the subsidence re-
corded since forearc basin onset (Figure 8, right). The rate of 
the motions after forearc high development accelerates with 
time in both forearc high and pro-forearc basin, resulting 

in differential motions that become larger with time in the 
forearc high pro-wedge, in contrast to its retro-wedge, where 
the rate of subsidence remains roughly constant (Figure  8; 
video A6 in supplementary materials).

The parameter nμ exerts control on the age, wavelength, 
and rate of the relative differential motions in the forearc high 
area, as it does on strain localisation. Changes in nμ result in 
a different average viscosity, so the behaviour is similar to 
Aμ, but it also has effects through the greater strain locali-
sation that occurs with a higher exponent. Lower values of 
nμ within the parameter spectrum studied (Table 2; Figure 4) 
result in the onset and protracted development of the initial 
forearc basin that thickens at a decelerating rate of subsidence 
(Figure 9, left). The protracted growth of the initial forearc 
basin renders difficult the surface uplift of the forearc high, 
which cannot outpace subsidence (see video n2 in supple-
mentary materials). Higher values of nμ produce an early 
uplift at older times than our Base Model. The forearc high 
forms soon after the model onset, dividing an underdevel-
oped initial forearc basin. Uplift rates accelerate with time 

F I G U R E  7  Variations in maximum sedimentation rates. Forearc high development with changes in the maximum sedimentation rate. (a) 
Insets of the forearc high area for models with maximum sedimentation rates of 0.1 mm/year (left column) and 0.9 mm/year (right column) at 
15 Ma (top row), 5 Ma (middle row), and 0 Ma (bottom row). The individual black lines on top of the basement represent isochrones that reflect 
deformation since their successive inception in time, and thus the overall geometric relationships expected for strata. A thicker black line marks 
the basement-infill contact. (b) Line trace of the bottom of the crust and top of the basement in models with changes in sedimentation rates after a 
complete run. Vertical reference frame is taken from the ‘S’ point at the base of the crust. The dimmed grey box shows the approximate location of 
the zoom-in view in panel a. Upper panels are at 1:1 scale and the bottom panel is at 1:2 scale 

(a)

(b)
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in the forearc high and its width remains roughly constant 
(Figure 9, right). While the subsidence rates in the pro-wedge 
basin initially accelerate and then slow down at younger 
times, the retro-basin records the opposite trend in subsid-
ence rates, with an older deceleration and a younger accelera-
tion (Figure 9; video n6 in supplementary materials).

Within the parameter spectrum investigated (Table  2; 
Figure  4), the activation energy, Q, influences the occur-
rence and shape of uplift in the forearc high. Relatively low 
values result in a lower average effective viscosity that leads 
to an uplift that is larger and occurs at earlier stages than in 
our Base Model. Uplift of a convex up area blocks the de-
velopment of the initial forearc basin, while inducing a sec-
ond uplift in the model retro-wedge (Figure 10, left). Surface 
uplift in the forearc high outpaces the primary subsidence, 
and uplift rates accelerate with time. Subsidence rates in the 
forearc lows to the sides of the forearc high also accelerate 
with time (see video Q2 in supplementary materials). The 
width of the pro-basin decreases with time, while that of the 
retro-basin increases until it stabilses. Higher Q values accel-
erate the subsidence rates in the initial forearc basin, as the 

basin becomes slightly narrower. Higher Q values effectively 
negate the thermal activation mechanism, thus viscosity re-
mains low, and deformation under the forearc basin is almost 
fully inhibited (Figure  10, right). Even with an underfilled 
forearc basin, deformation never propagates landward of the 
active, critical wedge, and never approaches the S-point at the 
upper plate contact (Figure 10, right; video Q6 in supplemen-
tary materials).

5 |  DISCUSSION

Models in this paper are based on the mechanism of 
forearc high uplift by deep crustal flow presented by Fuller 
et al. (2006), expanded and applied to the Anatolian mar-
gin by Fernández-Blanco et  al.  (2020). In these models, 
sediment accretion and syn-accretion sedimentation in the 
forearc basin lead to higher temperatures at deeper lev-
els of orogenic wedges. Increased temperatures change 
the deformation mechanics in the lower crust from brit-
tle to viscous. The thermal weakening of the lower crust 

F I G U R E  8  Variations in Aμ. Forearc high development with changes in the viscosity parameter Aμ. (a) Insets of the forearc high area for 
models with Aμ = 2.37 × 10–6 MPa–n/s (left column) and Aμ = 10.88 × 10–6 MPa–n/s (right column) at 15 Ma (top row), 5 Ma (middle row), and 
0 Ma (bottom row). The individual black lines on top of the basement represent isochrones that reflect deformation since their successive inception 
in time, and thus the overall geometric relationships expected for strata. A thicker black line marks the basement-infill contact. (b) Line trace of 
the bottom of the crust and top of the basement in models with changes in the value of the viscosity parameter Aμ after a complete run. Vertical 
reference frame is taken from the ‘S’ point at the base of the crust. The dimmed grey box shows the approximate location of the zoom-in view in 
panel a. Upper panels are at 1:1 scale and the bottom panel is at 1:2 scale 

(a)

(b)
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results in ductile flow, and thickening and shortening of 
the wedge that leads to the dynamic growth of the forearc 
high through sustained accretionary growth. Models in 
this paper show how the sedimentation rate in the forearc 
basin, the rheological characteristics of the crust, and the 
initial thermal and viscous state of the wedge control the 
timing and geometry of early large-wavelength subsidence 
and subsequent short-wavelength uplift-subsidence of the 
forearc high-seaward basin pair.

5.1 | Thermo-viscous wedge geometry and 
forearc high growth

Subduction geometry and rheological parameters set the 
orogen cross-sectional shape and the non-linear growth 
of topography at the wedge rear. In the convergence di-
rection and sense, the orogen has a critical, positive-alpha 
topography from trench to trench-slope break, a struc-
tural high at the trenchward edge of the forearc basin. 
Arcward of the trench-slope structural high, the wedge 

is argued to be subcritical and the growing wedge taper 
is maintained by sedimentation rather than deformation 
(Fernández-Blanco et al., 2020; Fuller et al., 2006; Willett 
& Schlunegger,  2010). When the available accommoda-
tion space is filled with sediments, a wide negative-alpha 
basin develops that halts strain in the underlying wedge 
and sustains stable-wedge sliding above the decollement 
(Fuller et al., 2006; Willett & Schlunegger, 2010). In the 
negative-alpha basin, sediment thickness and thermal resis-
tivity contribute to increased temperatures. Increased tem-
peratures activate viscous flow in the lower crust leading 
to shortening, thickening, and uplift of a forearc high in 
the rear of the wedge, between the arc and the trench-slope 
forearc high, often directly within a pre-existing forearc 
basin (Fernández-Blanco et al., 2020). This thermo-viscous 
forearc high forms once temperatures increase to the point 
that viscous thickening occurs at significant rates under the 
regional compressive stresses.

The subsequent margin exhibits two structural forearc 
highs. The outer high at the trench-slope break bounds the 
forearc basin trenchward, and the second, inner high occurs 

F I G U R E  9  Variations in nμ. Forearc high development with changes in the stress exponent of viscosity, nμ. (a) Insets of the forearc high 
area for models with nμ = 2.85 (left column) and nμ = 2.85 (right column) at 15 Ma (top row), 5 Ma (middle row), and 0 Ma (bottom row). The 
individual black lines on top of the basement represent isochrones that reflect deformation since their successive inception in time, and thus the 
overall geometric relationships expected for strata. A thicker black line marks the basement-infill contact. (b) Line trace of the bottom of the crust 
and top of the basement in models with changes in the value of the viscosity parameter nμ after a complete run. Vertical reference frame is taken 
from the ‘S’ point at the base of the crust. The dimmed grey box shows the approximate location of the zoom-in view in panel a. Upper panels are 
at 1:1 scale and the bottom panel is at 1:2 scale 

(a)

(b)
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within or landward of the initial forearc basin. Our simulations 
suggest that the outer forearc high can grow without a mate-
rial-strength backstop, solely as a function of the geometrical 
characteristics of the slab and wedge itself. The curvature of 
the subducting slab controls where sediment is detached from 
the oceanic plate and accreted into a critical wedge, and thus 
determines where and if the overriding wedge shifts from 
critical to stable. This transition between the critical, deform-
ing wedge and the forearc basin where sedimentation stabi-
lises the wedge, sets the location of the initial, outer forearc 
high. A late-stage, inner forearc high may initiate landward of 
this point in response to the thermal activation of crustal flow 
at the location where sediment blanketing leads to high tem-
perature. This thermo-viscous forearc high is a consequence 
of more diffuse, viscous deformation within the region of 
highest temperature within the upper plate crust.

A particular set of mechanical conditions are required for 
this mechanism. First, the forearc must be under compres-
sion. Second, the initial forearc must be strong enough to 
support this compression without deformation, other than 

accretion-driven wedge contraction. Finally, wedge thicken-
ing must be sufficient to heat the lower crust and decrease 
crustal viscosity to the point that deformation occurs at sig-
nificant rates, leading to uplift in the forearc. Although these 
conditions are specific, our models show that they are well 
within the range of plausible; the uplift of the forearc high oc-
curs for a wide range of values of thermal conductivity, vis-
cosity, and sedimentation rate, and becomes more probable 
with time, as the forearc system enlarges and becomes more 
mature (Fernández-Blanco et  al.,  2020). The deep wedge 
thermal structure facilitates or hinders viscous deformation, 
and is of primary importance. If accretionary flux and con-
vergence velocity are continuous and sufficient, a thermally 
activated viscosity drop at the base of the crust results in cou-
pled, counteracting uplift and subsidence at the surface.

An implication of this model is that the forearc high uplift 
is not necessarily localised by a strong, deep backstop (e.g. 
Byrne et al., 1993), and its rather is keyed to the thermal struc-
ture of the forearc. In our models, the upper plate mantle is 
taken as non-deforming and thus serves as a type of backstop 

F I G U R E  1 0  Variations in Q. Forearc high development with changes in the activation energy, Q. (a) Insets of the forearc high area for 
models with Q = 150 kJ/mol (left column) and Q = 190 kJ/mol (right column) at 15 Ma (top row), 5 Ma (middle row), and 0 Ma (bottom row). The 
individual black lines on top of the basement represent isochrones that reflect deformation since their successive deposition in time, and thus the 
overall geometric relationships expected for strata. A thicker black line marks the basement-infill contact. (b) Line trace of the bottom of the crust 
and top of the basement in models with changes in the value of the viscosity parameter Q after a complete run. Vertical reference frame is taken 
from the ‘S’ point at the base of the crust. The dimmed grey box shows the approximate location of the zoom-in view in panel a. Upper panels are 
at 1:1 scale and the bottom panel is at 1:2 scale 

(a)

(b)
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where force balance requires a mechanical resistance to op-
pose the subducting plate. This resistance maintains the sense 
of compression across the domain but it does not localise de-
formation, despite the onset of viscous deformation near the 
S-point boundary. This is largely coincidental, for the highest 
temperatures and the lowest viscosities are located near the 
S-point, and given that temperature and its changes are the 
necessary condition for the resulting temporal evolution of de-
formation and forearc uplift. In this sense, the thermo-viscous 
forearc high can be regarded as an integral part of an accre-
tionary wedge that develops at an advanced stage of wedge 
growth (e.g. Pavlis & Bruhn, 1983) as a function of the accre-
tionary flux, wedge viscosity, and synorogenic sedimentation.

5.2 | Synorogenic sedimentation controls on 
forearc high growth

Variations in the sedimentation rate significantly influence 
the growth of the margin (Figure 7). Synorogenic sedimenta-
tion and growth of the main forearc basin increase the tem-
perature of the lower crust through the thermal resistance of 
the sedimentary pile. The increased thickness of the overbur-
den increases the temperature of the underlying crust, and 
if the sediments have low thermal conductivity, this ‘ther-
mal blanketing’ effect becomes more prominent. The effect 
is transient; while the low temperature of basinal sediments 
tends to lower the geothermal gradient, the gradient is even-
tually restored by diffusive heating in the basin, which results 
in high temperatures in the lower crust.

Sedimentation and deformational crustal thickening both 
contribute to the progressive thermal activation of ductile strain 
in the lower crust and ultimately propel the growth of a forearc 
high. When sediment input is small, there is no sediment load-
ing of the critical accretionary wedge and the resultant defor-
mation leads to the development of structural highs along the 
margin. A broad forearc high develops with small flanking 
basins (Figure 7, left). As sedimentation increases, long-wave-
length subsidence takes place at model initial stages and the 
onset of the forearc high growth is delayed (Figure 7, right). 
Models with higher maximum sedimentation rate have a larger 
sediment load and thus suppress the deformational growth of a 
forearc high, and retain protracted long-wavelength subsidence.

Our models of accretionary margins show that if the 
amount of incoming sediments at the trench remains con-
stant, variations in the sedimentation rate control the growth 
rate and thus the occurrence of surface uplift in the forearc 
high regions. With a high sediment flux and large accom-
modation space, the mass flux by sediment deposition can 
be the largest flux in the system. These results lead to the 
counterintuitive postulation that regional subsidence in the 
forearc basin can be the main cause behind surface uplift in a 
new forearc high internal to the basin.

5.3 | Wedge rheology controls on forearc 
high growth

Variations in initial wedge viscosity markedly influence the 
growth of the margin (Figures 8 to 10). Wedge viscosity and its 
thermally-controlled dynamic state lead to different degrees of 
strain localisation that in turn control the occurrence, age, wave-
length, and rate of uplift in the wedge. Higher initial wedge vis-
cosities, achieved through some combination of low Aμ, low nμ, 
and/or high Q, limit the viscous flow, delaying or preventing 
the uplift of the forearc high, and lead to stable wedges that 
widen and thicken only by sedimentation and subsidence in the 
forearc. In contrast, under the same accretionary flux, lower ini-
tial wedge viscosities, achieved through some combination of 
high Aμ, high nμ, and/or low Q, facilitate ductile flow and the 
uplift of the forearc high by shortening and thickening. We thus 
infer that low viscosity at initial stages of wedge growth has 
similar effects as high temperatures in the evolution of the inter-
nal sectors of the wedge, and both parameters act to accelerate 
the morphologic evolution of mature wedges.

As suggested by previous studies (Vanderhaeghe 
et al., 2003), lowering the initial viscosity of the wedge results 
in larger decoupling of the lower crust, and increasing the extent 
of the viscous flow landwards. Our models further suggest that 
this effect is to a large extent controlled by syn-accretion sed-
imentation. Lower initial wedge viscosity results in a broader 
and more pronounced forearc high, sharply bounded by a sea-
ward and a landward basin that continue to subside by the sed-
imentary load. Sedimentation in these bounding forearc lows 
controls the extent of viscous flow and thus that of the uplift in 
the forearc high. Accommodation space in the negative-alpha 
basin at the front of the forearc high is controlled by the high in 
its proximal basin edge and by tectonic uplift of the slope-trench 
break in its distal basin edge (Willett & Schlunegger, 2010). In 
contrast, accommodation space in the forearc basin at the back 
of the forearc high is solely controlled by the forearc high. As 
a result, accommodation space increases at a faster pace in the 
seaward basin, in turn leading to an extra sedimentary load that 
translates the viscous flow of the lower crust farther landward. 
This effect, facilitated by lower viscosity and larger decoupling 
of the negative-alpha region, increases the volume of viscously 
deforming rock in the lower crust and leads to lateral growth of 
the forearc high into a plateau.

5.4 | Coupled control of sedimentation and 
viscosity on forearc high growth

The interplay between sedimentation and viscosity is illus-
trated by the range of models presented in this paper and 
summarised in Figure 11. Although specific rheological pa-
rameters affect deformation differently, the first-order effect 
of rheology can be expressed through an average effective 
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viscosity of the lowermost crust of the upper plate, where 
deformation through thermal activation initiates (Fernández-
Blanco et al., 2020). Models in Figure 11 show the influence 
of viscosity on structural style, from early, intense crustal 
thickening and forearc uplift with a localised forearc basin 
(Figure 11, lower left) to a broad basin blanketing both upper 
plate, slab, and the interface, without deformation in the lower 
crust (Figure 11, upper right). In this latter example, the ma-
terial is too strong or too cold to sustain deformation, despite 
the thermal effects of sediment deposition. The end result is a 
wide, negative-alpha basin with no mechanical backstop sup-
porting the critical wedge (Figure 11, upper right). In the op-
posite extreme (Figure 11, lower left), the crust is very weak, 
deformation is extensive throughout the forearc, and basins 
are small and structurally controlled. The accretionary wedge 
backthrusts over the upper plate upper mantle, which subse-
quently acts as a low-angle mechanical backstop.

The sedimentation effect is more subtle as it depends on 
the interplay with the rheology (Figure 11, upper left to lower 
right diagonal). For most of the rheology models consid-
ered in this contribution, high sedimentation leads to ther-
mal weakening and broad zones of deformation (Figure 11, 
lower right). Low sedimentation produces a smaller loading 
effect on the critical wedge that leads to brittle-dominated 
deformation that spans a broader zone, even in the absence 
of thermally-activated viscous deformation (Figure 11, upper 
left). Between end-member models, when sedimentation is 
sufficient to suppress brittle deformation and insufficient to 
increase temperatures, minimal deformation results in mod-
els that appear much like the strong rheology case, shown in 
the upper right.

Forearc high growth thus interacts with sedimentation 
through two competing processes. First, sedimentation pro-
vides a mechanical load to the accretionary wedge, deter-
mining whether the wedge deforms critically, and uplifts the 
forearc high, or is held in a sustained sub-critical or stable 
state with no internal deformation. Second, the sediments 
deposited in a wedge-top or forearc basin act as a thermal 
insulator that heats the underlying crust and eventually leads 
to thermal weakening, thereby increasing deformation, in-
cluding uplift. Therefore, sedimentation can either suppress 
deformation (loading) or increase deformation (heating). It 
is thus not surprising that the response to sedimentation is 
highly complex and nonlinear, and that a varied set of struc-
tures and basin architectures develop depending on the in-
terplay between deformation and sedimentation (Figure 11).

5.5 | The Anatolian margin and the forearc 
high uplift in South Turkey

The analysis of the structures observed along the regional 2D 
geologic transect of the central Cyprus arc suggests shortening 

from the trench to south Turkey (Figure 3). The type, dis-
tribution, relative age, and geometry of these contractional 
structures are compatible with their development in relation 
to a wide accretionary subduction system (e.g. Dickinson & 
Seely, 1979) (Figure 1). Our simulations can reproduce the 
overall geometry and the main contact relationships as well 
as the main vertical tectonic events of the south Anatolian 
upper plate and are also consistent with other geologic obser-
vations. These include early continuity and later disruption 
of Miocene basins in the presence of brittle, regional-scale 
accommodating structures in the seaward regions, that 
is, the trench, the trench-slope, and the trench-slope break 
areas, and broad monoclinal flexure above ductile strain in 
the otherwise largely undeformed landward forearc basin 
region (Figures 1, 3 and 5) (Fernández-Blanco et al., 2020). 
Therefore, mechanical accretion from Cyprus dominates 
deformation in the Mesaoria Basin and the Kyrenia Range, 
in Central Cyprus, while ductile deformation at deeper lev-
els controls the growth of the Central Taurus Mountains, in 
south Turkey, and thus the evolution of the basins of Cilicia 
and Mut (Figures 1 and 12).

South Turkey surface uplift and growth of the modern 
Central Taurus Mountains since  ~  8  Ma (e.g. Cosentino 
et al., 2012; Meijers et al., 2018) and concomitant offshore 
subsidence (Walsh-Kennedy et  al.,  2014) developed the 
monoclinal flexure of Miocene rocks (Fernández-Blanco 
et al., 2019) as it divided the forearc basin into the landward 
uplifted Mut Basin, and the seaward subsided Cilicia Basin. 
Such coupled, short-wavelength vertical motions can be ex-
plained by the mechanism for thermo-viscous forearc high 
formation during the accretionary evolution of the south 
Anatolian margin along Central Cyprus (Figures 5 and 12). 
The wavelength of uplift in the Central Taurus Mountains 
(Fernández-Blanco et al., 2019; Walsh-Kennedy et al., 2014) 
and the presence of the Cyprus slab under the range (e.g. 
Abgarmi et  al.,  2017; Bakırcı et  al.,  2012) agree well with 
thermo-viscous forearc models but is inconsistent with mod-
els involving slab break-off (e.g. Schildgen et al., 2014). The 
location of maximum uplift above the area of maximum 
thickness in the Anatolian crust (Figure 3), the absence of ac-
commodation structures along the uplifted area (Fernández-
Blanco et al., , 2019), and the low seismicity along the margin 
(Imprescia et  al.,  2012) are other observations compatible 
with broad upwarping due to deep crustal thickening beneath 
the modern Central Taurus Mountains.

The south Anatolian margin has a few unique character-
istics that differentiate it from other accretionary margins 
worldwide. Arguably, foremost is the presence of the Troodos 
Ophiolite, emplaced within the forearc region. Its emplace-
ment predates the tectonic events of this paper, but it could 
affect the mechanics of the wedge given its high strength 
relative to accreted sediments. Its position in the forearc is 
nevertheless primarily in the undeforming, ‘stable’ section of 
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F I G U R E  1 1  Sedimentation rate and viscosity controls on wedge and basin morphology. Changes in wedge morphology and basin 
architecture as a function of maximum sedimentation rate and crustal viscosity shown along two axes that cross on the Base Model. The top-left to 
bottom-right diagonal shows models with varying sedimentation rates between 0 mm/year in the top-left and 10 mm/year in the bottom-right, with 
a fixed rheology model (Base Model -Figure 4). The bottom-left to top-right diagonal shows models as a function of rheology, parameterised by 
effective log viscosity at 350°C and strain rate of 10–14 of 14.48 Pa·s in bottom-left to 16.38 Pa·s in the top-right. Effective viscosity models, V1 to 
V5, are shown in Figure 4b. Light white lines show the deformation mesh of the mechanical model. A grid represents the basement and originally-
horizontal lines are isochrones for the sedimentary cover, and their contact (top of the basement), is shown with thicker stroke. Isotherms are in 
dashed black lines, with numbers in °C. Figure shows the model sectors with morphological variations, between 150 km and 500 km, and excludes 
far sides, where wedge morphology is similar 

F I G U R E  1 2  Conceptual evolution of 
the Anatolian margin in Central Cyprus 
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the wedge, so it seems not to have affected tectonic processes 
trenchward or arcward.

Although every accretionary margin has its unique char-
acteristics based on accretion history, volcanism, thermal 
conditions of the slab, and other variables, commonalities 
also exist. The thermo-viscous forearc high uplift presented 
here provides an explanation for the growth of broad, anoma-
lously uplifted hinterland areas in other accretionary margins. 
These include the Kodiak and Eastern Aleutian islands, in 
the Alaskan margin; the Olympic Mts, in the Cascadia mar-
gin; the Nankai margin, and the Makran region, in southern 
Iran. These margins are mature and have arc-trench gaps of 
~300 km, with large accretionary wedges and wedge-top ba-
sins, and forearc highs at >50 km of the trench-slope break. 
All these margins are also consistent with the principle char-
acteristic of the viscous forearc model, a transient evolution, 
with a long history of sedimentation across a forearc, and the 
compartmentalisation of deformation between basins and 
structural highs.

6 |  CONCLUSION

Our integration and interpretation of data in a transect along 
the Central Cyprus subduction suggest its evolution by sub-
duction accretion since the Early Miocene. Simulations with 
2D thermo-mechanical finite elements of accreting subduc-
tion wedges aimed at reproducing the first-order geology 
and vertical tectonic motions along the transect show that; 
(a) frictional-mechanical deformation driven by sediment 
accretion sets the time sequence of structures and the topo-
bathymetry in the trench, trench slope, and seaward areas of 
the forearc, and (b) viscous-thermal deformation dominates 
in landward areas of the forearc and controls forearc high 
growth and its shape.

The resultant geometry of our models includes closed 
wedge-top basins, including a large forearc basin that is 
later disrupted by the forearc high. Sedimentary filling 
of the wedge-top basins determines if, and how fast the 
accretionary wedge grows landward, and the growth by 
the deformation of an initial, brittle forearc high above 
a curved slab, with no need for a mechanical backstop. 
Sedimentation in the forearc basin results in the heating of 
the crust underneath, and if continued, a thermally-induced 
viscosity drop in the lower crust leads to weakening and 
ductile flow resulting in the uplift of a new forearc high, 
driven by ductile deformation. The occurrence, geome-
try, and timing of vertical motions along the accretionary 
margin and in the forearc high vary in relation to sediment 
availability, deposition rates, and viscosity, through its de-
pendence on temperature. While low sedimentation rates 
lead to thin forearc basins and results in forearc high up-
lifting at earlier times of margin accretion, progressively 

higher sedimentation rates result in more pronounced basin 
thickening, delaying surface uplift through brittle growth 
mechanisms. Similarly, lower viscosities produce prom-
inent rounded-shaped forearc highs developing at earlier 
model run times, while increasing viscosities result in the 
uplift of an area that develops at progressively younger 
times and has an increasingly flatter and broader top sur-
face. Very large sedimentation rates and/or higher viscos-
ities stabilise the accretionary wedge and halt forearc high 
growth.

Models corroborate that ductile deformation, lead by ther-
mally-activated viscosity at the base of the Anatolian crust 
and yielded by the accretion of sediments incoming in the 
Cyprus Arc, is a viable mechanism driving the surface up-
lift that raised the modern Central Taurus Mountains. Our 
simulations reproduce upper plate deformation structures and 
modern sedimentary architectures along Central Cyprus and 
can be extrapolated to other accretionary margins with simi-
lar morphologies and vertical motions in time.
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