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Abstract 

Deformation at the boundary between the Cocos and Caribbean plates in 

Nicaragua is currently focused in the volcanic arc in the form of arc-parallel shearing. In 

the Middle Miocene, however, there was widespread subsidence with local uplift in the 

outer-forearc and inner-forearc broad uplift. To understand this complex deformation, 

we use numerical modelling to investigate the effect of inhomogeneous friction at the 

megathrust fault on strain localisation in the upper plate. A good fit is obtained when 1) 

the interface between the slab and upper plate is not situated at the current Wadati-

Benioff zone but rather is moved 50 km landward to where subduction may have been 

active in the early Tertiary, and 2) there is high stress accumulation between 15 and 25 

km depths and low stress accumulation updip and downdip of the thrust interface. The 

results are consistent with a high-velocity block being the remnant of an oceanic plateau 

that subducted in the Eocene and was later incorporated into the upper plate. We 

suggest that this geometry persisted into the Middle Miocene, before the slab broke off 

and the thrust interface jumped seaward.  

 

 

1. Introduction 

The present-day Nicaraguan forearc is segmented into various domains with 

distinct kinematics. To the east, it is bounded by an arc that exhibits shallow 
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earthquakes with NW-SE dextral shearing at 7 mm/yr along subvertical sinistral arc-

normal strike-slip faults (White and Harlow, 1993; La Femina et al., 2002; Cailleau et 

al., 2007). There is no consensus on the present deformation state of the inner forearc, 

80-170 km from the trench. Ranero et al. (2000) suggested that the offshore inner 

forearc is currently tectonically active. However, the inner forearc does not exhibit any 

motion and seems to be seismically quiescent (Larsson and Mattson, 1987; Weinberg, 

1992) (Fig. 1c). In contrast, the outer forearc, 0-80 km from the trench, shows 

distributed seismicity and normal faulting associated with uplift (Larsson and Mattson, 

1987; Ranero et al., 2000).  

Nearly the entire forearc is covered by the 10 km thick Sandino basin, which 

developed since the late Cretaceous (Weyl, 1980; Ranero et al., 2000) (Figs. 1c and 1d). 

During the Middle Miocene, parts of this basin were inverted: the eastern margin was 

uplifted and tilted along NW-trending folds and NE-trending dilatational joints, 

indicating compression normal to the trench (Weinberg, 1992; Ranero et al., 2000). A 

portion along the central axis of the basin was also deformed and uplifted (Fig. 1d). This 

period of partial inversion is associated with a change in sedimentation, from a deep 

water environment during the early stages to a widespread shallow marine setting 

(Ranero et al., 2000).  

Deeper structures down to 40 km depth have been constrained by seismic wide-

angle measurements, gravity, and MT data (Elming and Rasmussen, 1998; Walther et 

al., 2000) (Fig. 1c). Offshore, the data reveal a high-velocity block (block A in Figure 

1c), proposed as the remnant of an oceanic plateau that was subducted and incorporated 

into the upper plate during the Eocene and Oligocene (Walther et al., 2000). Block B 

(Fig. 1c) has been interpreted as either the lower crust of the oceanic plateau or 

dehydrated mantle. The structure of the thrust interface between the subducting slab and 
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the hanging wall was illuminated by the largest historic subduction earthquake in this 

region, which occurred in 1992 with a magnitude Ms 7.2. The downdip end of the 

rupture plane was 26 km deep (Ide et al., 1993), which corresponds approximately to 

the maximum depth of outer forearc seismicity; this indicates a possible relationship 

between the structure of the megathrust and forearc deformation. During coseismic 

subduction deformation, a tsunami may have been caused by movement on a splay fault 

rooting at 10 km depth (Satake, 1994); this would represent the updip limit of the 

coupling zone, as observed in the Nankai subduction zone (Fukao, 1979; Park et al., 

2002).  

Two scenarios have been proposed for the evolution of the Nicaraguan margin. 

Ranero et al. (2000) studied shallow structures in the Nicaraguan forearc and favoured a 

subduction zone active from the Cretaceous to now. Uplift of the outer high and slope 

by subduction initiation is thought to have acted as a barrier to sediments (Ranero et al., 

2000). Widespread subsidence is attributed to basal erosion and local structures to 

possible transpression along margin-parallel strike-slip faults (Ranero et al., 2000). In 

contrast, Walther et al. (2000) use seismic wide-angle measurements to suggest a 

westward migration of subduction or subduction retreat. In their model, the subduction 

zone was previously located east of the high-velocity block A or plateau, and was active 

until the Eocene or Oligocene time. The arrival of a buoyant plateau blocked 

trenchward sediment transport to form the Sandino basin, caused subduction to 

decelerate and eventually caused the deep slab to detach and be replaced by a mantle 

sliver (Fig. 1c). The plateau subsequently accreted to the upper plate and a new 

subduction zone formed west of the plateau.  
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Goal of the study 

In this study, we seek to understand the enigmatic Middle Miocene phase of 

upper plate deformation and to reproduce subsidence associated with coastal and local 

uplift. We also want to constrain the source of forearc deformation and to test whether 

this deformation can be best explained by westward migration or retreat of subduction. 

Using finite element modelling, we investigate the relationship between strain 

localisation in the upper plate and possible frictional heterogeneities along the 

subduction thrust interface, which has not been previously investigated. We show that 

upper plate tectonic structures and changes in topography can provide insights into 

spatial and temporal variations of stress accumulation along the megathrust.  

 

 

2. Finite Element Method 

2a. Physical parameters 

We use the finite element program Abaqus (version 6.5). In our 2D models, we 

focus on deformation of the upper plate in response to downward motion of the slab. 

The zone of convergence therefore comprises a rigid subducting slab and a deformable 

overriding plate or hanging wall (Fig. 2). We use a 225 km radius of curvature, which 

fits the geometry of the present-day slab. The material of the upper plate is elastoplastic 

with the following characteristics: Young’s Modulus is 100 GPa, the density ρ is 2700 

kg/m³, the gravitational constant g is 9.81 m/s², Drucker Prager perfect plasticity has a 

yield stress of 20 MPa (e.g. Fuller et al., 2006; Sobolev and Babeyko, 2005), the 

dilatation angle is zero, and the angle of friction is 30.6° (equivalent to a 20° angle of 

Coulomb material or a 0.36 coefficient of friction). For plane strain and non-dilatant 

flow, the Drucker-Prager friction angle β is related to the Mohr-Coulomb friction angle 
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φ by the equation: tan β = sin φ * (3 0.5). The Drucker-Prager shear yield stress or 

cohesion is 1.63 times the Mohr-Coulomb cohesion (Abaqus user manual version 6.6). 

The results are similar to increasing the friction of the upper plate to 30° in Mohr 

Coulomb (friction 0.58) and the friction at the thrust interface proportionally. Interface 

frictions of 0.4, 0.3, 0.2 and 0.1 must be changed to 0.63, 0.48, 0.32 and 0.16 

respectively. Throughout the study, we refer to zones of high strain as faults, although 

we do not take strain weakening into account. The backarc is fixed horizontally, and the 

convergence along the thrust fault occurs at a rate of 91 mm/yr. 

A natural thrust interface is generally composed of a seismogenic zone above 

and below which stable sliding is favoured. The updip limit of the seismogenic zone is 

usually controlled by temperatures of 100-150°C and the downdip limit corresponds to 

either the 350°C isotherm or the Moho (Tichelaar and Ruff, 1993; Oleskevich et al., 

1999). Observed updip limits vary from 2-15 km, while downdip limits can vary from 

25-50 km. Although we do not simulate the seismic cycle, we use a similar 

segmentation of the thrust interface. Initially, we choose to divide the thrust interface 

into three segments of equal length with transitions at 15, 30 and 45 km depth. The 

friction of the thrust interface is varied by 0.1 from 0 to 0.4. The deepest segment, 

below 45 km, has zero friction in all models. Our next model has modified transition 

depths and curvature to better fit observations in Nicaragua. Our models test 

heterogeneities restricted to the thrust interface. We later discuss how segmentation 

affects Nicaragua. 

 

2b. Numerical method 

The finite element program used has several ways to introduce a frictional thrust 

fault. We choose to use a surface-to-surface contact and finite sliding. We note that the 
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contact interface obeys Coulomb frictional rheology, which is equivalent to modelling a 

subduction channel of plastic material. The friction of the contact interface μ is related 

to the angle of friction φ of the channel plastic material by φ=ATAN(μ).  

The elements used in Abaqus are 2D plane strain quadrilaterals with a mean size 

of 2 km². We use the automatic meshing provided by the software with quadrilateral-

dominated, free and advancing front techniques to construct the initial mesh and the 

ALE Arbitrary Lagrangian Eulerian adaptive meshing, which improves the mesh during 

deformation. To model deformation caused only by convergence and not gravitational 

forces, we combine two methods implemented in Wang and He (1996) and Ellis et al. 

(2006). We first perform a run with no motion of the subducting slab and a Poisson ratio 

of 0.5 (incompressible) (Wang and He, 1996). The gravity ramps up from zero to its 

maximum value over 100,000 years. This allows the contact between the slab and the 

upper plate to stabilise and to have negligible deformation of the upper plate under the 

gravitational load, i.e. no subsidence and no sliding along the fault. The resulting 

stresses s11, s22, s33 and s12 correspond to hydrostatic pressures ρgz, where z equals 

depth (Fig. 3). We enter these stresses as initial conditions into a second process with a 

Poisson ratio of 0.25 (Ellis et al., 2006). Gravity in the upper plate is entered 

progressively in a new first step. In a second step of 200,000 years, the slab subducts. 

 In the first part, we parametrically study the effect of varying friction with depth 

on the kinematics of deformation in the hanging wall. We then explore different models 

to determine conditions that reproduce the kinematics of Middle Miocene forearc 

deformation in Nicaragua.  

 

 

 



 
 

7

152 

153 

154 

155 

156 

157 

158 

159 

160 

161 

162 

163 

164 

165 

166 

167 

168 

169 

170 

171 

172 

173 

174 

175 

176 

 

3. Results of the parametric study 

 We present theoretical models with segments of various frictions (Figs. 3-5, 

Table 1). The structures obtained are a combination of two end-members: (1) a pop-up 

and (2) a system of antithetic faults (antithetic relative to the megathrust).  

 A pop-up structure represents a system with two symmetric thrust faults 

rooted at the same depth (Fig. 3); the seaward-oriented thrust forms first and is always 

dominant. The two branches of maximum strain are similar to those found in other 

analogue or numerical simulations (Braun and Beaumont, 1995; Beaumont et al., 1996; 

Buiter et al., 2006). The seaward thrust fault separates the outer forearc zone of net 

subsidence from the inner forearc zone of net uplift.  

Pop-up structures are the most common feature in our models. Their root may be 

related or unrelated to segmentation of the plate interface, depending on the friction and 

geometry used, i.e. depth and length of the patches. The pop-up roots at the end of the 

frictional patch, when the friction is high (here equal to 0.4; Fig. 3 left). A short and 

shallow patch of 0.3 friction also leads to a pop-up structure rooted at the end of the 

high-friction patch (model U03M00L00, Table 1). Pop-ups may also root within the 

frictional patch. For lower frictions, such as 0.2 and 0.3 with a 45 km-long patch, pop-

up structures propagate from a depth much shallower than the end of coupling (Fig. 3 

right). Using a frictional interface down to 45 km, thrust faults arise at depths that 

become shallower with decreasing friction: 30 km for μ=0.4 (Fig. 4), 15 km for μ=0.3 

(Fig. 3) and 4 km for μ=0.2 (Table 1), explained below.  

Multiple thrust fault systems can arise when the first and deepest pop-up stops 

developing; this allows shallower pop-ups to form (Figs. 3, A1). The change from 

sticking to sliding depends not only on the shear stress along the interface but also on 
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the pressure on the fault, which is a function of friction and normal stress. The deep 

portion of the thrust interface initially accumulates more shear stress than the shallower 

portion and may thus slide at an early stage as e.g. in Figure 3 in the right panel. Shear 

stress stops accumulating at the deep interface, and therefore strain above this segment 

stops accumulating. However, increasing stress and strain at shallower levels may lead 

to a new pop-up (Fig. A1).  

A combination of pop-ups rooting at 30 or 40 km and a landward fault rooting at 

45 km was produced in four cases, with high (μ=0.4) friction along the deep segment 

and friction >= 0.2 for the upper and intermediate ones (Fig. 4, Table 1). In contrast, 

antithetic thrust faults are obtained when the deep high-friction segment is sandwiched 

between segments of low 0-0.2 friction (Fig. 5). The antithetic thrust faults root at the 

updip and downdip end of the high-friction segment. Local uplift is observed in the 

subsidence zone, and the topography at the landward and wider zone of uplift is tilted. 

The amount of subsidence and uplift is about 2-4 mm/yr, i.e. one order of magnitude 

lower than the values found in models with pop-up structures. Why is there localized 

deformation parallel to the frictional interface? Why don’t we have one pop-up with a 

large root? Our interpretation follows.  

 First, when friction is high from the trench to 45 km depth, each node along 

the thrust interface moves toward the downdip limit (Fig. 6). Since the wedge tip is free 

to move, node displacement is about the same in the upper segments and the elements 

are not sheared. At the downdip limit, however, node displacement must decrease to 

zero, because the frictionless deep segment does not move with the slab. Consequently, 

the area near the downdip limit undergoes maximum shearing. Deformation (or non-

deformation) of elements along the megathrust is transmitted to the upper plate. The 

wedge tip remains relatively undeformed while the short area of high shear causes a 
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pop-up to form. A similar process likely occurs when a high-friction segment is 

sandwiched between low-friction or frictionless segments (Fig. 6). At the updip limit 

there must be an increase of nodal displacement. Along the high-friction patch, the 

maximum principal plastic strain seems to fluctuate because it does not take into 

account length changes (see animations in appendix). The increase of logarithmic strain 

or increment of strain, however, is continuous. 

 There are two ways to accommodate shortening by strain localisation in the 

upper plate: a) pushing a piece of crust upward (pop-up) or b) block rotation similar to 

bookshelf faulting. We suggest that the parallel fault system results from a combination 

of these two types of deformation, which may explain the lack of symmetry and the tilt 

of the basin (Fig. 1d). Block rotation may be enhanced by material redistribution from 

the updip limit to the downdip limit along the high-friction patch (Fig. 6). Since we do 

not simulate erosion and accretion, the redistribution of material can be only limited 

here. 

We tested the effect of low intermediate friction between upper and lower 

segments of high friction (U04M01L04, Fig. 7); this causes a dominant pop-up rooted at 

the downdip end of the upper segment at 15 km depth and an antithetic fault system 

along the lower segment (from 30 to 45 km) similar to the previous model 

(U02M02L04; Figure 4, right). Finally, models with 0.2-0.3 friction below 15 km have 

no strain localisation, as do models with friction at the interface < 0.1, as predicted for 

the "pure subduction" mode described in Beaumont et al. (1999) (Table 1). No strain 

localisation means that the deformation remains essentially elastic. Plastic deformation 

starts at the surface, but there is insufficient stress at depth to form a fault; after a certain 

period of time, no further elastic or plastic deformation occurs in the entire upper plate. 

Finally, we note that increasing the mantle density to 3500 kg/m³ below 45 km depth 
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adds loading to the frictionless part of the thrust interface but does not affect these 

parametric results. 

 

4. Comparison to Nicaraguan structures  

The formation of the Sandino basin started in the late Cretaceous and may have 

been associated with uplift near the trench (Ranero et al., 2000). Walther et al. (2000) 

favour passive accumulation of sediments in deep-water behind a plateau arriving near a 

former trench. Local uplift in the basin and broad coastal uplift were not active at that 

time. During the Middle Miocene, subsidence was margin-wide and local uplift 

occurred in the centre of the basin during overall subsidence (Ranero et al., 2000). Here, 

we test a possible relationship between Middle Miocene kinematics and coupling at the 

subduction thrust interface. The above models with two antithetic faults (Fig. 5) are 

reminiscent of the structures in Nicaragua. We find that we must significantly change 

the location of the subduction thrust fault and slightly alter the geometry of the model to 

imitate the Nicaraguan deformation (i.e., slab dip and the size of the high-friction 

patch).  

In order to reproduce the Nicaraguan faults, we use the spacing between the two 

thrust faults, the distance from the trench and the horizontal extent of the outer-forearc 

uplift zone as constraints (Fig. 8). In Nicaragua, the spacing is about 30 km, excluding 

the model with two segments of high friction (which produces 100 km spacing; 

U01M04L04). The distance from the trench to local uplift is about 120 km, removing 

the model with a shallow high-friction segment (which produces only 70 km; 

U01M04L00). Regarding the last models (U01M01L04, U02M02L04), the first uplifted 

zone (first strain peak) is located 30-40 km from the trench (Fig. 8a). For deeper 

coupled zones, the two strain peaks migrate landward. The first peak may better 
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correlate with the location of basin uplift, but the second strain peak is observed in the 

backarc and cannot explain coastal uplift. In addition, the modelled large outer forearc 

uplift zone cannot be reconciled with observed local uplift. Decreasing the length of the 

high-friction segment at depth raises this zone significantly due to increasing interplay 

between the stress fields at the updip and downdip limits of the high-friction segment. 

Therefore, we conclude that the pattern of forearc deformation observed in Nicaragua 

cannot be reproduced using the present geometry of the subduction zone. 

In the late Miocene a depression formed near the arc, possibly due to increasing 

dip of the slab (Weinberg, 1992) (Fig. 1b). We therefore test the effect of a shallower 

dip of the subducting plate using a flat slab dipping 11° (Fig. 8b). Our results do not 

support this interpretation, as they are similar to the above models. We can fit the 

forearc deformation, however, by translating the subducting plate interface landward by 

50 km, and by using a geometry of the slab that follows that of the high velocity blocks 

(Fig. 8c). The new model reduces the distance between the first predicted peak and the 

observed local uplift and decreases the extent of deformation in the basin, (i.e. it causes 

more localized strain). The second predicted peak remains near the coast. No strain 

localization occurs when we test lower friction of the middle segment equivalent to the 

hanging-wall friction (0.36). A higher-friction patch is required to reproduce the 

kinematics observed in Nicaragua. 

 

 

5. Discussion 

Based on seismic wide-angle measurements, Walther et al. (2000) suggested 

subduction and accretion of a plateau followed by slab detachment and subduction 

retreat. Below, we discuss modelling results, in particular the significance of high 
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friction and the predicted segmentation of the thrust interface, and whether our results 

and other observations support the interpretation of Walther et al. 

 

High basal friction 

We used basic Coulomb friction at the plate interface. The rigid plate sticks to 

the upper plate until shear stress at the interface reaches a shear stress limit that depends 

on the normal stress and friction. Beyond this value, the slab slides at a constant shear 

stress and no more stress accumulates. This means that in our models, plastic 

deformation occurs at the very initiation of subduction and that high stress along the 

thrust interface or high frictional contact is required for more shear stress to accumulate 

prior to slip. The 0.1 Myr deformation timescale in our modelling is much lower than 

the 10 Myr of observed deformation in Nicaragua. Moreover, the 0.4 high coefficient of 

friction contrasts with actual values of friction thought to be as low as 0.1-0.001 based 

on the lack of a heat flow anomaly on faults (Lachenbruch and Sass, 1980) or on 

thermomechanical models of convergence (Sobolev and Babeyko, 2005). We therefore 

discuss whether this discrepancy is due to processes not included in our model or 

whether the high friction is consistent with plateau accretion and subduction retreat. 

The arrival of a buoyant plateau, as proposed by Walther et al. (2000) (Fig. 1c), 

may have been accompanied by a significant decrease in convergence, which would 

allow stress accumulation over a much longer time. However, the total amount of 

deformation would not exceed the 0.4-0.6 km of uplift and subsidence found in our 

modelling (Fig. 8). Other mechanisms occurring at the thrust interface and surface could 

decrease basal stresses, subsidence and uplift rates and lengthen the deformation time. 

For example, sedimentation in the basin, which was not taken into account in our 

models, could reduce or delay strain localisation (Fuller et al., 2006).  
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Our model simulates one seismic cycle of long duration, of the order of 0.1 Myr; 

this is due to the high friction required to obtain strain localisation. Wang and Hu 

(2006) simulated earthquake cycles and focused on accretionary prisms within 10 km of 

the trench. Thrust faults in the prism or outer wedge developed during coseismic 

deformation. The inner wedge (the forearc above the seismogenic zone) was found to be 

stable, undergoing no compressive failure at any time during the earthquake cycle. 

Therefore, dynamic Coulomb wedge theory with low friction cannot explain the 

structures found in Nicaragua.  

Sobolev et al. (2006) combined subduction with rollback and 2-3 cm/yr 

westward drift of the South American plate. In their models, high friction >=0.1 leads to 

major deformation in the upper plate and slab break-off after 3 Myrs, which is plausible 

for Nicaragua (see discussion below). They found one zone of strain localisation and 

uplift 200 km from the trench, rooted at 100 km depth at the contact between the slab 

and the lithosphere-asthenosphere boundary of the upper plate. In Nicaragua, however, 

two zones of uplift are observed within 100 km of the trench in the forearc. We suggest 

therefore that high friction may be related to the arrival of a buoyant plateau and may 

have initiated strain localisation in the forearc and eventually slab detachment in 

Nicaragua. High shear stress at the thrust interface and a high strain rate in the upper 

plate may have occurred during a transient period. A long duration of deformation at a 

low strain rate may be driven by a component of regional stress added to the stress from 

subduction.  

These studies show that processes at the subduction interface are more complex 

than expected and that various frictional conditions may operate at different depths, 

times and subduction setting.  
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Segmentation of the thrust interface 

Beyond our discussion of friction, our models show that a higher stress level 

accumulates at 15-25 km depth, 50 km horizontally from a past trench in Nicaragua. 

The significance of the predicted segmentation of the thrust interface is unclear. We 

note a striking similarity between the estimated transition depths of the Middle Miocene 

subduction zone at 15 and 25 km and the currently observed structure of the subduction 

zone. The predicted past depth of coupling is 25 km depth, which is like the current 

depth of the seismogenic zone derived from aftershocks of the 1992 earthquake (Ide et 

al., 1993). The updip limit of the past coupling zone is estimated at 15 km depth in our 

models, similar to the 10 km derived from a model of a shallow fault responsible for the 

coseismic tsunami in 1992 (Satake, 1994). This would mean that the structures in the 

upper plate are influenced by heterogeneities at the thrust interface due to metamorphic 

reactions, as modeled in our study, rather than by the structure of the upper plate, which 

has changed through time (Fig. 1c). 

 

Other evidence in favour of subduction retreat 

The best fitting model implies that the initial megathrust fault was located 50 km 

landward of the current subduction zone during the Middle Miocene. Independent 

observations and studies favour subduction retreat. The current seismic quiescence of 

the Sandino basin and the outer-forearc seismic activity observed within 80 km of the 

trench supports a shift of subduction. Seaward migration of the volcanic arc seems to 

have also occurred in the Pliocene (Weinberg, 1992). Seismic data show a Wadati-

Benioff zone down to 200 km only, consistent with recent subduction of a new slab 

(Burbach et al., 1984; Larrson and Mattson, 1987; Protti et al., 1993; Engdahl et al., 

1998; Rogers et al., 2002). From geomorphic analysis and tomographic images, Rogers 
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et al. (2002) estimated that the slab broke off 9-6.7 Ma ago (in late Miocene) and the 

modern slab started subducting 3.8 Ma ago (in Pliocene) consistent with the observed 

length of the slab. Slab break-off was probably accompanied by mantle upwelling 

through the slab gap and uplift and formation of the more than 1000 m high plateau in 

Central America (Rogers et al., 2002). Slab break-off can be attributed to younging and 

increasing buoyancy of the incoming Cocos oceanic plate during the 19-10 Ma 

superfast spreading at the East Pacific rise (Wilson, 1996; Wortel and Spakman, 2000; 

Rogers et al., 2002). The accretion of a buoyant plateau probably facilitated slab tearing. 

  

 Complex modelling is required for more definitive results. Our modelling 

strategy does not allow us to model the evolution from the Miocene margin geometry 

to the current margin geometry since the slab is rigid and cannot deform in response to 

hanging wall deformation. We concentrated on reproducing the Miocene kinematics. A 

more complex model must also take into account material heterogeneities in the upper 

plate, e.g. mantle properties and the volcanic arc, sedimentation, horizontal stresses 

induced by collision of a plateau and the trench-parallel component of convergence that 

may induce transpression as suggested by Ranero et al. (2000).  

 

6. Conclusion 

We investigated the effect of various frictional characteristics on upper plate 

deformation. Varying the depth, length and friction of segments along the megathrust 

causes very different structures to arise in the upper plate, ranging from symmetric to 

antisymmetric thrust fault systems. The Middle to Upper Miocene structures in the 

Nicaraguan forearc could be explained by high stress accumulation from 15 to 25 km 

depth along an older subduction zone located 50 km landward of modern subduction. 
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This study supports the idea that an oceanic plateau accreted to the continental Chortis 

block during the Miocene, at which time, the slab broke off and the subduction zone 

jumped seaward.  
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Figure captions 

Figure 1 - A) Central America where the Cocos plate converges with the Caribbean 

plate with an obliquity of 10° relative to the trench-normal direction. Today the 

forearc moves trench-parallel and northwest at 7-14 mm/yr, which may be 

related to oblique subduction and seems to be accommodated by shearing and 

NE-sinistral strike-slip faults or bookshelf faults along the volcanic arc (De 

Mets, 2001; Turner et al., 2007). B) Close-up of Nicaragua from above. Coastal 

uplift in the Middle Miocene was followed by formation of a depression. Today, 

active shearing characterises deformation in the volcanic arc. Data regarding 

deep on-shore structures were obtained by wide-angle seismic profiles, two 

boreholes Corvina and Argonaut Ar and land-stations (Walther et al., 2000). C) 

Deep onshore structures in Nicaragua (modified from Walther et al. (2000)). 

Blocks A and B have been interpreted as an accreted oceanic plateau and its 

lower crust respectively. Walther et al. suggested that block B was initially 

larger, reaching depths greater than 40 km, and was later partially detached and 

replaced by a mantle sliver. Block B may also be interpreted as serpentinized 

mantle (Walther et al., 2000). In the sedimentary basin, layers are as defined by 

Ranero et al. (2000). The white dots are the 1975-1982 hypocentres from 

Larsson and Mattson (1987). D) Closeup of basin sedimentary layers and 

Middle Miocene deformation phase from Ranero et al. (2000). There was coeval 

subsidence, local uplift and coastal uplift (the object of this study). We 

investigate whether this could be associated with coupling along the megathrust. 

 

Figure 2 - Modelling set-up. Left: We start our model with no deformation by 

implementing gravitational forces as an initial stress field. The plate interface is 
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divided into three segments of various frictions with an additional frictionless 

lowermost segment (white). U, M, L for upper, middle and lower segments. 

Right: deformed grid after 200,000 years showing pop-up structure obtained 

with high 0.4 friction of U and M segments and frictionless L segment (model 

U04M04L00). The mean element size is 2 km². 

 

Figure 3 - Symmetric faults or pop-up structures, left for a segment with high 0.4 

friction from zero to 30 km depth (model U04M04L00, see Table), right for a 

segment of 0.3 friction down to 45 km (model U03M03L03). a) Change of 

topography after 200,000 years. b) Maximum in-plane plastic strain showing 

two symmetric thrust faults rooting at the end of coupling. The geometry of 

upper plate is presented undeformed. c) Relative tangential motion or slip 

between the slab and upper plate using basic Coulomb friction model. Zero slip 

means that the plates or portions of the plates still stick together after 200,000 

years. The upper plate above the sticking segment accumulates strain. Maximum 

slip is observed along the frictionless part of the fault and corresponds to the 

accumulated downgoing motion of the slab. Intermediate values of slip means 

that the plates or portions of plates stuck for a while but now slide past each 

other. 

 

Figure 4 - Two examples combining pop-up and antithetic faults after 200,000 years 

(see also Table). “Antithetic” is relative to the megathrust. Left model 

U04M04L04, right model U02M02L04.  

 

Figure 5 - Antithetic faults. Left model U01M04L00, right model U01M04L04.  
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Figure 6 - Deformed grids for a model with a pop-up and a model with antithetic thrust 

faults showing the significant change of element dimensions along the high-

friction patch (see text for explanations). 

 

Figure 7 - Model with intermediate low friction within segments of high friction 

(U04M01L04). The structures are similar to those in the previous model 

U02M02L04 in Figure 4 right, except that a pop-up forms at shallow depth. 

 

Figure 8 - Comparison with Nicaragua. Dotted red lines are blocks defined by Walther 

et al. (2000) (see corresponding Fig. 1). a) Strain localization resulting from the 

geometry of the subduction zone observed today. The friction is 0.1 from 0 to 30 

km, 0.4 from 30 to 45 km and zero at greater depths (model U01M01L04). 

There are discrepancies between the modeled and observed structures. The 

modeled seaward zone of uplift is too broad and too far from the local uplift in 

Nicaragua. Ar is the location of a borehole giving constraints on basin 

deformation and where local uplift is observed (Ranero et al., 2000). b) Shallow 

dip of slab simulated by a flat slab. Frictions 0.1 and 0.4 are applied from 0 to 

25 km and 25 to 30 km, respectively. c) A good fit with the features in 

Nicaragua is obtained with a thrust interface on top of blocks A and B. Frictions 

0.1 and 0.4 are applied from 0 to 15 km and 15 to 25 km, respectively. The 

horizontal distance between the two uplifted zones is restrained to about 30 km 

and the first uplift is kept local and about 120 km from the trench. Results are 

consistent with the idea that regions of high velocities show the remnant of an 

ophiolitic plateau that subducted in the Eocene and was later incorporated into 
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the upper plate. The thrust interface has therefore jumped seaward with time in 

accordance with the sense of volcanic arc migration. 

 

Appendix 

Figure A1 - Details of model U03M03L03 that has a friction of 0.3 down to 45 km 

depth (see also figure 3 after 200 000 years). The grey area beyond 130 km 

horizontal distance from trench corresponds to the frictionless segment of the 

thrust interface. a) Maximum in-plane plastic strain in the upper plate at three 

time steps, at about 3.8, 11 and 97 kyrs. Two areas of plastic strain begin at the 

surface and at the end of the high-friction patch at 45 km depth respectively, 

migrate to the wedge tip and become localised with time. b) Plastic strain on the 

surface at various time steps, c) Plastic strain along the thrust interface between 

slab and upper plate. d) State of the contact between slab and upper plate, i.e. 

sticking when the slip is zero or sliding when the slip becomes non-zero. e) 

Shear stress along the thrust interface. The shear stress is always zero in the 

frictionless segment. The shear stress limit is the product of the normal stress 

and the coefficient of friction. f) Pressure or normal stress on the thrust fault. 

There may be some small variations of normal stresses and thus of shear stress 

limit with time due to the deformation of the upper plate. There is therefore a 

feedback between the process in the upper plate and at the thrust interface. 

When the shear stress exceeds the shear stress limit, portion of the upper plate 

becomes uncoupled from the slab and accumulates no more strain which 

explains why there is no strain localization at the end of the high-frictional patch 

for this case. In other coupled portions, shear stress at the interface and plastic 

strain continues to increase which allows localisation. 
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579  
Transition depths  Frictions Structures 
Two segments   

U04M00L00 Pop-up roots at 15 km 
U03M00L00 Pop-up roots at 15 km, at 5 km 
U02M00L00 Pop-up roots at 4 km  

15km  

U01M00L00 No localisation 
U04M04L00 Pop-up roots at 30 km 
U03M03L00 Pop-up roots at 15 km, at 5 km 
U02M02L00 Pop-up roots at 4 km 

30km  

U01M01L00 No localisation 
U04M04L04 Pop-up at 40 km, landward thrust at 45 km 
U03M03L03 Pop-up roots at 15 km, at 5 km 
U02M02L02 Pop-up roots at 4 km  

45km 

U01M01L01 No localisation 
Three segments   

U04M03L0 
U04M02L0 
U04M01L0 

Pop-up at 15 km 

U03M04L0 Pop-up at 30 km, at 5 km 
U03M02L0 
U03M01L0 

Pop-up at 15 km, at 5 km 

U02M04L0 Pop-up at 30 km, at 4 km 
U02M03L0 
U02M01L0 

Pop-up at 4 km  

U01M04L0 Landward thrust to pop-up at 15 km and landward 
thrust at 30 km 

15-30km 

U01M03L0 
U01M02L0 

No localisation 

   
U04M03L03 
U04M02L02 
U04M01L01 

Pop-up at 15 km 

U03M04L04 Pop-up at 40 km, landward thrust at 45 km 
U03M02L02 
U03M01L01 

Pop-up at 15 km, pop-up at 5 km 

U02M04L04 Pop-up at 40 km, landward thrust at 45 km, pop-up at 
2 km 

U02M03L03 
U02M01L01 

Pop-up at 5 km 

U01M04L04 Landward thrusts at 15 km and 45 km, diffuse strain 
along segment 

15-45km  

U01M03L03 
U01M02L02 

No localisation 

   
U04M04L03 
U04M04L02 
U04M04L01 

Pop-up at 30 km depth 
 

U03M03L04 Pop-up at 30 km and 13 km, landward thrust at 45 km 
U03M03L02 
U03M03L01 

Pop-up at 13 km, at 5 km  

30-45km  
  

U02M02L04 Pop-up at 5 km and 2 km, landward to seaward thrust 
at 30 km, and landward thrust at 45 km 
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U02M02L03 
U02M02L01 

Pop-up at 5 km  

U01M01L04 Landward to seaward thrust at 30 and landward thrust 
at 45 km  

 

U01M01L03 
U01M01L02 

No localisation 
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Table 1 - Structures arising from various frictions at two or three segments after 200 

000 years. The 1st column indicates the transition depths at which there are changes of 

friction. The 2nd column gives the names of the models and the frictions at each 

segment: U Upper segment 0-15 km, M Middle segment 15-30 km, L Lower segment 

30-45 km. The deepest segment from 45 km to 150 km depth is always frictionless. All 

numbers in the last column are the depths from which faults or systems of faults 

propagate. White lines represent typical pop-up structures. Yellow lines are for resulting 

antithetic thrust faults relative to the megathrust fault. Blue lines are a combination of 

pop-up and antithetic fault. Green lines show models without strain localisation. In a 

pop-up, the seaward-oriented thrust forms first and is always the dominant fault 

compared to the landward-oriented thrust fault. 
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