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Abstract—The South Limón fold-and-thrust belt, in the back-

arc area of southern Costa Rica, is characterized by a 90� curvature

of the strike of the thrust planes and is therefore a natural labora-

tory for the analysis of curved orogens. The analysis of curved fold-

and-thrust belts is a challenge because of the varying structural

orientations within the belt. Based on seismic reflection lines, we

created a 3-D subsurface model containing three major thrust faults

and three stratigraphic horizons. 3-D kinematic retro-deformation

modeling was carried out to analyze the spatial evolution of the

fold-and-thrust belt. The maximum amount of displacement on

each of the faults is (from hinterland to foreland); thrust 1: 800 m;

thrust 2: 600 m; thrust 3: 250 m. The model was restored

sequentially to its pre-deformational state. The strain history of the

stratigraphic horizons in the model was calculated at every step.

This shows that the internal strain pattern has an abrupt change at

the orogenic bend. Contractional strain occurs in the forelimbs of

the hanging-wall anticlines, while a zone of dilative strain spreads

from the anticline crests to the backlimbs. The modeling shows that

a NNE-directed transport direction best explains the structural

evolution of the bend. This would require a left-lateral strike-slip

zone in the North to compensate for the movement and thereby

decoupling the South Limón fold-and-thrust belt from northern

Costa Rica. Therefore, our modeling supports the presence of the

Trans-Isthmic fault system, at least during the Plio-Pleistocene.

Key words: Fold-and-thrust belt, kinematic modeling, active

margin, Central America, Costa Rica, Cocos Ridge.

1. Introduction

Southern Central America is a complex Late

Mesozoic/Cenozoic island-arc system. The Costa

Rican part of the island arc can be subdivided into a

northern and a southern arc segment (SEYFRIED et al.

1991). The southern Costa Rican arc segment is

influenced by flat subduction of the Cocos Ridge

(CORRIGAN et al. 1990; GARDNER et al. 2013), which

results in deformation and uplift on the upper-plate

forearc (MORELL et al. 2008, 2012) (Fig. 1). Early

work on the bivergent southern Costa Rican land-

bridge was carried out by GREB et al. (1996). The

structural evolution of the forearc fold-and-thrust belt

(Fila Costeña) has been comprehensively studied

during the last decade (MENDE 2001; FISHER et al.

2004; SITCHLER et al. 2007; MORELL et al. 2008, 2012,

2013; GARDNER et al. 2013). The onshore and off-

shore back-arc fold-and-thrust belt (South Limón

belt) was analyzed by MENDE (2001) and BRANDES

et al. (2007a, b, c; 2008); the latter focuses on basin

dynamics (burial history and temperature evolution)

and the architecture of the fold-and-thrust belt. An

important structural feature in the area is the bend of

the South Limón fold-and-thrust belt to the north-

west, close to the city of Puerto Limón, where the

strike of the thrusts changes through 90� (Fig. 2).

This bend was first illustrated by PROTTI and

SCHWARTZ (1994). BRANDES et al. (2007c) analyzed

the sediment distribution on the offshore part of the

South Limón fold-and-thrust belt and suggested that

most of the deformation took place during the

Pleistocene. Initial movements could have started

already in the Late Pliocene (BRANDES et al. 2007c),

but evidence is limited.

Kinematic evolution of fold-and-thrust belts is

commonly analyzed in 2-D cross sections. The con-

struction of 2-D balanced sections has evolved into a

key technique in the analysis of contractional tec-

tonics (e.g., DAHLSTROM 1969, 1990; COOPER and

TRAYNER 1986; DEPAOR 1988; WU et al. 2005; TAN-

NER et al. 2011). However, plane strain is typically
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assumed. The analysis of fold-and-thrust belts in map

view (e.g., AFFOLTER and GRATIER 2004) and 3-D

(e.g., TANNER et al. 2003, SALA et al. 2014) also

underwent considerable progress in the last decades.

A 3-D approach integrates lateral geometric varia-

tions obtained from map and depth views into the

cross section-based structural restoration (TANNER

et al. 2003). According to HINDLE and BURKHARD

(1999), only 3-D restoration of a curved fold-and-

thrust belt can provide reliable information on true

displacement and the amount of internal strain.

This study presents the 3-D structural analysis of

the north-western bend of the South Limón fold-and-

thrust belt, based on a 3-D model built from inter-

secting 2-D seismic reflection lines (Fig. 2). Our aim

is to understand the kinematic evolution of the

structure.

1.1. Salients, Oroclines and Syntaxes

Curved fold-and-thrust belts were recognized first

by SUESS (1908) and ARGAND (1924), and have been

studied worldwide. In the context of curved fold-and-

thrust belts, a specific terminology has been devel-

oped. The term salient is used to describe orogens

that are convex to the foreland (MACEDO and MAR-

SHAK 1999; Fig. 3a). Salient development is

controlled by the pre-deformation geometry of the

sedimentary basin or the interaction of the fold-and-

thrust belt with an indenter, strike-slip faults, or other

Figure 1
a Tectonic map of Costa Rica. The South Limón fold-and-thrust belt is located behind the island arc and extends along the southeastern

Caribbean coast (modified after BARBOZA et al. 1997; FERNANDEZ et al. 1997). The plate tectonic map of the Caribbean region (insert on the left

side) is modified after ROSS and SCOTESE (1988), DONNELLY (1989), MESCHEDE and FRISCH (1998), and DEMETS (2001). Red box shows location

of detailed study area. Numbers are modern, absolute plate vectors (in cm year-1). b Crustal-scale cross section of southern Costa Rica

(modified after FISHER et al. 2004, MORELL 2016) that shows the bivergent structure of the active margin. c Lithologic log of the South Limón

Basin (modified after CAMPOS 2001 and BRANDES et al. 2008). The rheological contrast between the platform carbonates of the Senosri

Formation and the overlying shales of the Uscari Formation defines the depth of the detachment of the South Limón fold-and-thrust belt

3342 C. Brandes et al. Pure Appl. Geophys.



Figure 2
Seismic lines and well locations in the eastern coastal area of the Costa Rican back-arc. The bold lines indicate the locations of the seismic

sections used in this study. The position and geometry of the Moı́n basement high is shown as isolines in two-way travel time (modified after

BRANDES et al. 2007a, b, c, 2009). The trace of the cross section in Fig. 7 is shown. The South Limón fold-and-thrust belt is closely related to

the Moı́n basement high and the Trans-Isthmic fault system. Focal mechanisms of MARSHALL and FISHER (2000) imply strike-slip movements

along the Trans-Isthmic fault system that transform into reverse movements in the area of the South Limón fold-and-thrust belt
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obstacles (MARSHAK 2004). A segment that is concave

to the foreland is called a recess (VAN DER PLUIJM and

MARSHAK 2004) (Fig. 3a). The transformation of an

initially straight orogen front into a curved one is

called oroclinal bending (CAREY 1955, 1958). Oro-

clinal bending usually involves two deformation

phases: the first creates the fold-and-thrust belt and

the second bends it. A syntaxis is an abrupt bend in an

otherwise geometrically straight orogen (GATES et al.

2004). MARSHAK (2004) used the term recess to

describe a syntaxis (Fig. 3a).

HINDLE and BURKHARD (1999) divide curved fold-

and-thrust belts into the three groups: oroclines,

primary arcs and Piedmont glaciers (Fig. 3b–d).

Strain within an orocline is constant along strike, as

it is for a so-called Piedmont glacier; however, in

the latter, strain increases toward the foreland.

Within a primary arc, strain is concentrated at the

edges of the fold-and-thrust belt. Based on CAREY

(1955, 1958), oroclines are defined as initially

straight fold-and-thrust belts that were later modified

by bending. CAREY (1958) assumes that a fold-and-

thrust belt initially forms under pure shear shorten-

ing, which is then followed by bending. Primary

arcs and Piedmont glaciers can be distinguished on

the basis of transport directions within the deform-

ing wedge. In map view, primary arcs show uniform

transport directions, whereas Piedmont glaciers have

diverging transport directions HINDLE and BURKHARD

(1999) (Fig. 3c, d).

The curvature of fold-and-thrust belts can be also

explained in terms of either pure bending, radial

thrusting, curve-parallel simple shear, uniform dis-

placement/uniform shortening or transport-parallel

simple shear, according to FERRILL and GROSHONG

(1993).

2. Geological Setting

The geology of Central America is influenced by

the interaction of the oceanic Cocos, Nazca, and

Caribbean Plates, and the continental North and

South American Plates (Fig. 1). The Cocos and

Nazca Plates are remnants of the oceanic Farallon

Plate. They are subducted beneath the Caribbean

Plate along the NW–SE trending Central America

trench. The present-day subduction velocity off Costa

Rica, relative to the Caribbean Plate, is

8.5 cm year-1 (DEMETS 2001). The geological evo-

lution of southern Costa Rica has been studied by

many authors. Studies were carried out on many

different topics, such as the arc-related sedimentary

basins (CORRIGAN et al. 1990; ASTRORGA et al. 1991;

Figure 3
Conceptual models for curved fold-and-thrust belts. a The term

salient is used to describe orogens that are convex to the foreland; a

segment concave to the foreland is called a recess (based on

MARSHAK 2004). b An orocline is an initially straight fold-and-

thrust belt that was later bent. c Primary arc and d Piedmont glacier

(after HINDLE and BURKHARD 1999). Primary arcs and Piedmont

glaciers have different internal transport directions. In map view,

primary arcs show uniform transport directions, whereas Piedmont

glaciers have diverging transport directions
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SEYFRIED et al. 1991; AMANN 1993; BOWLAND 1993;

VON EYNATTEN et al. 1993; CAMPOS 2001; BRANDES

et al. 2007a, b, c) and offshore geophysics (RANERO

and VON HUENE 2000; BARCKHAUSEN et al. 2003) but

detailed knowledge of the back-arc area and the

related fold-and-thrust belts is still limited.

Southern Central America is characterized by the

northeastward subduction of the Cocos Plate. An

important feature of the Cocos Plate is the NE–SW-

trending, aseismic Cocos Ridge, which is interpreted as

the trace of a hot spot (e.g., WALTHER 2003). The entire

Cocos Ridge is more than 1000 km long, 250–500 km

broad, and rises ca. 2 km above the ocean floor. The

timing of the onset of ridge subduction is still in debate.

ABRATIS and WÖRNER (2001) assume that the Cocos

Ridge has been subducting since 8 Ma, whereas other

studies propose a much younger history, depending on

the method used: 3.6 Ma (COLLINS et al. 1995) and

3–2 Ma (MACMILLAN et al. 2004). The studies of

MORELL et al. (2012), GARDNER et al. (2013), and

LONSDALE and KLITGORD (1978) support the assumption

that the front edge of the ridge arrived at the trench later

than 3 Ma. In the most recent modeling study, ZEU-

MANN and HAMPEL (2015) derive an onset of Cocos

Ridge subduction at *2 Ma.

The Limón back-arc basin belongs to the southern

Central American arc-trench system and is situated

beneath the present-day coastal plain and continental

shelf of eastern Costa Rica (Fig. 3). Its northern

boundary is the Hess Escarpment. To the west and to

the south the basin is fronted by the volcanic arc. The

eastward extent is defined by the 200 m bathymetric

contour line of the Caribbean Sea and by the extent of

the Limón fold-and-thrust belt, respectively (Fig. 3).

The fill of the Limón Basin consists of Upper Cre-

taceous to Pleistocene deep marine to continental

volcaniclastic rocks (SHEEHAN and PENFIELD 1990;

COATES et al. 1992; AMANN 1993; BOTTAZZI et al.

1994; FERNANDEZ et al. 1994; MCNEILL et al. 2000;

MENDE 2001; CAMPOS 2001; COATES et al. 2003)

(Fig. 4). Deposition of shallow-water carbonates

occurred during Late Cretaceous, Eocene and Oli-

gocene times on local structural highs. The Limón

Basin can be subdivided into a northern and a

southern sub-basin, separated by the E-W trending

Trans-Isthmic Fault System.

2.1. Geology and Stratigraphy of the Limón Back-

Arc Basin

The South Limón Basin contains approx.

6–10 km-thick sedimentary rocks that were deformed

by NE-directed folding and thrusting during the Late

Neogene (BOTTAZZI et al. 1994; MENDE 2001). The

resulting fold-and-thrust belt is called the South

Limón fold-and-thrust belt in this study. Stratigraphic

information for the South Limón Basin is based on

onshore outcrops and well data. The oldest sediments

consist of *1280 m-thick pelagic limestones and

intercalated volcaniclastic rocks of Late Campanian

to Maastrichtian age (Changuinola Formation,

Fig. 1). The Changuinola Formation is overlain by

up to 3000 m-thick Paleocene to Lower Eocene,

coarse-grained, volcaniclastic turbidites, debris flow

deposits, lava flows and tuffs of the Tuı́s Formation,

which represent a prograding deepwater apron system

(MENDE 2001). An early contractional deformation

phase during Eocene to Oligocene times resulted in

the uplift of the Moı́n High (BRANDES et al. 2009) and

the formation of significant tectonic and topographic

relief, as implied by the coeval deposition of

150-200 m-thick shallow-water limestones of the

Las Animas Formation on local structural highs

(AMANN 1993; MENDE 2001), and of 700–900 m-thick

hemipelagic mudstones, calcareous turbidites, and

carbonate debris flow deposits of the Senosri Forma-

tion in adjacent basin areas (MENDE 2001). During the

Late Oligocene a basin-wide unconformity formed,

probably caused by uplift of the island arc in

combination with a major sea-level fall (SEYFRIED

et al. 1991; AMANN 1993; KRAWINKEL et al. 2000).

Subsequently, carbonate ramps built up on top of the

uplifted areas. These carbonate ramps are overlain by

up to 2000 m-thick shallow-water volcaniclastic

sediments of the Upper Oligocene to Upper Miocene

Uscari Formation, interpreted as delta-influenced

shelf deposits (AMANN 1993; MENDE 2001). The

Uscari Formation is overlain by the shallow-water

limestones and volcaniclastic rocks of the 400–1800

m-thick Rı́o Banano Formation (AMANN 1993; BOT-

TAZZI et al. 1994; MENDE 2001). The South Limón

fold-and-thrust belt developed in the Neogene. On the

fold belt, wedge-top basins formed (BRANDES et al.

2007a), which were filled by shallow marine and
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continental deposits of the Plio-Pleistocene Suretka

Formation (AMANN 1993; BOTTAZZI et al. 1994;

MENDE 2001).

3. Database and Methods

This study is based on nine two-dimensional seis-

mic reflection lines that were acquired during onshore

and offshore campaigns in the 1970s and 1980s and

made available by the Costa Rican Ministry of

Environment and Energy (MINAE) (Fig. 2). Strati-

graphic and lithological information for the seismic

interpretation was derived from well 1 located close to

the NE–SW-trending seismic sections and well 2 on

the top of the Moı́n High (Fig. 2). The latter well

penetrates Pleistocene to Miocene sandstones, shales,

and limestones. To correlate the major reflectors on the

five NE–SW-trending sections (lines a–e), four NW–

SE-trending cross-lines (lines f–i) were used. The

interpretation of the seismic sections has been pre-

sented by BRANDES et al. (2007c).

Figure 4
Construction of the 3-D model using the 2-D seismic reflection lines. All thrust traces from the individual seismic sections form a prominent

bend in the fold-and-thrust belt. The thrusts were linearly splined to form 3-D fault surfaces. The fault surface of thrust 3 is shown as a set of

isolines

3346 C. Brandes et al. Pure Appl. Geophys.



3.1. Model Building

We constructed a 3-D subsurface model in the

software package 3DMoveTM by placing the seismic

sections in their correct geographical positions

(Fig. 4a, b) and interpolating traces of stratigraphic

horizons and their cutoffs at faults. The model

contains three major listric thrust faults, which we

name, from the trailing- to the leading-edge, thrusts 1,

2 and 3, respectively. In Fig. 4a, b we show, based on

thrust 3, how the thrust traces from the individual

seismic sections form the prominent bend in the fold-

and-thrust belt. The thrusts were first linearly splined

to form 3-D fault planes and then the traces of three

stratigraphic horizons (base Pleistocene and two intra

Miocene reflectors) were taken from the interpreta-

tion and meshed into 3-D surfaces with a spline

algorithm. The limited coverage of seismic data

caused a small triangular hole (approx. 2 km edge

length) in the model (Fig. 5a1 and a4). However, this

did not negatively affect the modeling. The resulting

3-D structural model was consistent and robust for all

further analysis.

All faults detach at one level, at ca. 5 km depth below

sea level. The detachment depth is controlled by a

lithological contrast between the underlying platform

carbonates of the Senosri Formation and the incompetent

shales of the Uscari Formation BRANDES et al. (2007b, c).

Above all thrust faults, hanging-wall anticlines were

developed (Fig. 5b). These structures can be classified as

fault-propagation folds (SUPPE and MEDWEDEFF 1990;

BRANDES and TANNER 2014), based on: (a) the offset along

the thrusts decreases up-dip of the fault and (b) the

position of the anticlines near to the fault tip. They are not

fault-bend folds, because the slight bend in, e.g., thrust 1

(Fig. 5b) is minor and could not cause the observed

anticline amplitude by pure fault-bend folding.

The structural restoration was performed with

3DMoveTM, using the fault-parallel flow algorithm

(ZIESCH et al. 2014). This method constructs flow

paths for all particles of the hanging wall. The flow

paths are at all times parallel to the fault plane in the

transport direction. Fault-parallel flow is a suitable ap-

proach for thrusts with cutoff angles below 30�
(ZIESCH et al. 2014). With the use of the strain toolbox

in MoveTM, we recorded the dilatation strain history

of the stratigraphic horizons in the model during the

sequential restoration.

4. Structural Analysis

In map view the traces of the thrust planes in

the model are convex to the foreland. In the east

the thrusts strike NW–SE and curve to strike NE–

SW in the west, i.e. there is a 90� bend in the strike

of the thrust planes (Figs. 2, 4, 5a, 6a, b). The

seismic lines show that there is displacement on all

of the thrusts, as shown by displacements of the

seismic reflectors, irrespective of their orientation.

Figure 6b shows the along-strike heave on all three

thrusts in map view. This illustrates that the max-

imum heave on all three faults is in the middle of

the bend of the fold-and-thrust belt, implying that it

is not a lateral/frontal ramp system, but rather a

true array of curved faults. Correlating the maxi-

mum heave from thrust to thrust gives the vector of

the main transport direction (azimuth N018�),
which we chose as the transport direction to retro-

deform the model.

4.1. Structural Restoration

Based on the match of stratigraphic cutoffs (base

Upper Miocene), we first determined the maximum

amount of displacement on each of the faults (thrust

1: 800 m; thrust 2: 600 m; thrust 3: 250 m; see

Fig. 7). We assumed foreland propagation of the

deformation front, i.e. thrust 1 moved first and was

followed by thrusts 2 and 3; i.e., each successive

thrust was moved by a smaller amount than the

previous one.

In 3D-MoveTM the fault-parallel flow algorithm

can be implemented in 3-D, albeit with a constant

transport direction. The structural restoration

involved first restoring the hanging wall of fault 3,

then that of fault 2, and finally that of fault 1. In each

case the footwall and hanging-wall cutoffs of the base

Miocene were matched. Throughout the restoration

process, we tracked the strain evolution of all

hanging-wall objects.
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4.2. Strain Modeling

3-D kinematic modeling can also provide infor-

mation on the strain distribution within a model. The

strain is displayed as an attribute on a stratigraphic

surface, in this case the base of the Pleistocene and

coded according to color (Fig. 8). We will first

Figure 5
a The bend of South Limón fold-and-thrust belt as 3-D subsurface model in 3D MoveTM. The structural model contains three thrusts and their

related hanging-wall anticlines. The 2-D traces of three stratigraphic horizons (base Pleistocene and two intra Miocene reflectors) were taken

from the interpreted seismic sections and meshed into 3-D surfaces using a spline algorithm. a1, a4 Due to missing data there is a triangular

hole in the model. b Interpreted seismic section of the South Limón fold-and-trust belt. The basal detachment lies at the base of the Middle

Miocene deposits, controlled by a lithological change from limestones to overlying shales

3348 C. Brandes et al. Pure Appl. Geophys.



describe the strain history in terms of retro-deforma-

tion, in which the youngest fault was retro-deformed

first and the oldest fault was retro-deformed last. We

invert this sequence to discuss the model in terms of

forward deformation. During the retro-deformation,

the amount of strain measured is the inverse of that

produced during forward deformation. In addition, if

the different phases of a strain path are reversed in the

correct order (because strain is not commutative), the

magnitude of finite strain within any fault block is

identical after either retro- or forward deformation.

4.3. Structural Restoration

4.3.1 Thrust 1

Restoration of the leading-edge hanging-wall anticline

results in a strain pattern nearly strike-parallel to thrust

1, irrespective of the thrust strike, with an abrupt

change at the orogenic bend. Contractional strain is

manifested on the forelimb of the hanging-wall

anticline, while a zone of dilative strain spreads from

the anticline crest to the backlimb (Fig. 8a). Strain

magnitudes are 5 % and greater. Not only is the

hanging-wall of the active thrust deformed, but it also

affects the hanging walls of thrusts 1 and 2. This can be

seen especially in the region of the bend, where strain is

characterized mainly by extension. A linear ENE-

WSW trending zone of dilative strain is the most

pronounced element. There are also subordinate,

WNW-ESE striking, dilative-strain zones (Fig. 8a).

4.3.2 Thrust 2

During the subsequent retro-deformation step, the

strain pattern remains the same as before. However,

due to the fact that the spacing between the thrusts is

smaller, the strain is further distributed over the

second and third hanging-wall anticlines. The dilative

strain in hanging-wall anticline 1 follows the trend of

Figure 6
a Isoline map of the basal detachment surface. The detachment has a maximum depth of 5200 m. b Heave map for all three thrusts. This map

shows that the maximum heave is in the middle of the bend of the fold-and-thrust belt, implying that it is not a lateral-frontal ramp system, but

rather a true array of curved faults. Correlating the maximum heave from thrust to thrust gives the vector of the main transport direction

(azimuth N018�)
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Figure 7
Structural restoration. A cross section (parallel to the transport direction), extracted from the 3-D model (see Fig. 2 for location), showing the

present-day situation (a) and the three retro-deformation steps (b–d). The structural restoration involved first restoring the hanging wall of

fault 3, then that of fault 2, and finally that of fault 1. In each case, the footwall and hanging wall cutoffs of the base of the Miocene were

matched. Based on the structural restoration we estimate a horizontal shortening of 9 %, see Table 1 for shortening derived from the

individual retro-deformation steps

Table 1

Shortening of the cross section shown in Fig. 7

Length (in km) Shortening (in km) Shortening (in %)

Present-day 26.3

Step 1 26.6 0.3 1.14

Step 2 28.1 1.8 6.84

Step 3 28.7 2.4 9.13

Step one after restoration of thrust 3, step two after restoration of thrust 2, step three after restoration of thrust 1

3350 C. Brandes et al. Pure Appl. Geophys.



the hinge line (Fig. 8b). Strong modifications of the

strain distribution occur in the bend. Previous ENE-

WSW striking zones of dilative strain are now

overprinted by dilative N–S trending strain zones.

4.3.3 Thrust 3

In this step, the strain pattern in hanging-wall

anticline 3 drastically changes and increases. Zones

of dilative strain parallel to the former hinge line are

dissected and strongly replaced by anastomosing

zones of contractional strain, as indicated by the blue

colors (Fig. 8c). This affects the whole backlimb of

hanging wall 3 up to 10 km from the front of thrust 1.

Strain zones in the bend are more curvilinear and

thicker than in Fig. 8b.

5. Discussion

All seismic lines, irrespective of their orientation

to the bend, show that there is displacement on all the

thrusts. Following this observation, the structural

modeling was carried out with a tectonic transport

direction to the NNE that bisects the two major strike

directions of the thrusts. The retro-deformation pro-

duced reasonable geometries once the fault slip was

restored. With this one direction we produce a

Figure 8
Strain distribution within the South Limón fold-and-thrust belt. a Situation after the restoration of thrust 3. b Situation after the restoration of

thrust 2. c Situation after the restoration of thrust 1. The strain is displayed as a color-coded attribute on the base Pleistocene horizon, with

dilative strain in red and contractional strain in blue. Green colors indicate low to zero strain. Strain values are dimensionless. The strain

history is shown in terms of retro-deformation, in which the youngest fault was retro-deformed first and the oldest fault was retro-deformed

last. The strain modeling shows contractional deformation concentrated on the forelimbs of the anticlines, whereas dilative deformation

characterizes the anticlinal crests and backlimbs. As a result of the close thrust spacing strain not only affects the hanging-wall anticline of the

active thrust, but also the hanging walls above it. The strain distribution in the bend area is similar to the general pattern in the hanging-wall

anticlines and follows the same trend as the orogenic bend, i.e. from NW–SW in the west to SW–NE in the east
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reasonable restoration of the 3-D model, which

indicated the validity of our method. This implies that

the assumption of a NNE-directed transport in the

bend area is suitable to explain the structural evolu-

tion, i.e., it is a primary arc (in the terms of HINDLE

and BURKHARD 1999). This interpretation is supported

by the heave map (Fig. 6b); for example, in that

heave on thrust 3 is nearly constant parallel to strike

(around the bend of the fold-and-thrust belt). Our

modeling shows this part of the offshore South Limón

fold-and-thrust belt, with the bend to the northwest,

probably evolved in one single deformation phase.

Therefore, it is not an orocline in the sense of CAREY

(1955, 1958).

Analyzing salients (GRAY and STAMTAKOS 1997;

MUKUL and MITRA 1998) and syntaxes (BUTLER et al.

1989; GATES et al. 2004) is an important step toward

understanding the geodynamics of fold-and-thrust

belts (POBLET and LISLE 2011). In many cases curved

fold-and-thrust belts are regarded as oroclines, such

as the Patagonian-Fuegian Andes (DALZIEL and

ELLIOT 1973) and the Cantabrian Arc (GUTIÉRREZ-

ALONSO et al. 2012). The curved Panama Deformed

Belt in the southeast part of the South Limón fold-

and-thrust belt has been considered an orocline with

three main deformation stages (MONTES et al. 2012).

MARSHAK (2004) showed that curvatures of fold-and-

thrust belts can be caused by the interaction of the

propagating belt with subsurface obstacles. Based on

this model, BRANDES et al. (2007c, 2009) proposed

that bending of the thrust planes was the result of the

interaction of the northwestward-propagating fold-

and-thrust belt with the Moı́n basement high in the

subsurface (Figs. 1, 2).

The South Limón fold-and-thrust belt has been

interpreted as the western prolongation of the North

Panama deformed belt (SILVER et al. 1990; GOES et al.

1993). The latter was caused by the collision of

Panama with South America around 25–23 Ma

(FARRIS et al. 2011). Using a basin modeling study,

BRANDES et al. (2008) showed that the subsidence in

the South Limón basin increased at around 23 Ma,

which may indicate the onset of fold-and-thrust belt

formation in the back-arc. This fits the data of FARRIS

et al. (2011).

A transition from marine to continental deposits

occurred at the end of the Late Miocene. During the

Plio-Pleistocene wedge-top basins were filled with

coarse alluvial sediments (Suretka Formation). These

deposits contain granodiorite clasts derived from the

rising Talamanca Range (AMANN 1993). Young and

ongoing deformation is indicated by strongly tilted

deposits of the Suretka Formation in the Rı́o Cerere

(AMANN 1993), the recent opening of the Bocas del

Toro Bay (GREB et al. 1996) and the 1991 Limón

earthquake (PROTTI and SCHWARTZ 1994). MORELL

(2016) postulates that Cocos Ridge subduction is the

first-order driver for the South Limón fold-and-thrust

belt, based on the supposition that shortening

decreases eastwards. However, we speculate that this

decrease in the shortening could also be a function of

the bend in the fold-and-thrust belt that we describe

here.

Following MARSHAK (2004), the curvature of fold-

and-thrust belts can be also the result of an interaction

with strike-slip faults. A NNE-directed tectonic

transport of the South Limón fold-and-thrust belt

requires a left-lateral strike-slip zone to compensate

the movements and thereby decoupling the South

Limón fold-and-thrust belt from the North Costa

Rican arc segment.

For the South Limón fold-and-thrust belt

transport-parallel simple shear can be ruled out,

because the offset along the thrusts is mainly

constant even along strike of the bend. Based on

the model of FERRILL and GROSHONG (1993), uni-

form displacement/uniform shortening (NNE

directed in the bend and NE directed in the main

part of the fold belt) would be therefore a suit-

able kinematic classification for the South Limón

fold-and-thrust belt.

5.1. Implications for the Geology of Costa Rica

There is a left-lateral fault zone in central Costa

Rica; the so-called Trans-Isthmic fault system that

has been analyzed over the last 25 years by studies

that argue for (SEYFRIED et al. 1991; KRAWINKEL and

SEYFRIED 1994; MARSHALL and FISHER 2000) and

against (FERNÁNDEZ ARCE 1996), both its presence and

kinematic timing. Some authors have interpreted the

Trans-Isthmic fault system as an old structure that

was already present during the early stages of island-

arc evolution (SEYFRIED et al. 1991).
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From the seismic lines it is evident that there is

displacement on all of the thrusts, irrespective of their

orientation. To allow movements in the structural

modeling that were evenly distributed on all thrusts,

we believe a transport direction that bisects the two

major strike directions of the thrusts is required, and

therefore we chose an azimuth of N018� for the thrust

transport vector. This transport direction is almost

identical to the plate vector of the Cocos Plate, as shown

by NAIF et al. (2013; Fig. 2). The results show that our

modeling is able to correctly restore the 3-D geometry of

the South Limón fold-and-thrust with a single NNE-

directed tectonic transport. Such a transport requires a

left-lateral strike-slip zone that decouples the fold-and-

thrust belt from the North Costa Rican arc segment and

indicates that the Trans-Isthmic fault system must be

present at this time. The results of our modeling are

consistent with the model of FAN et al. (1993), where the

South Limón fold-and-thrust belt interacts with a diffuse

east–west trending, left-lateral strike-slip zone in the

area of Puerto Limón and fits fault plane solutions from

MARSHALL and FISHER (2000; Fig. 2) that imply that the

back-arc thrusting is compensated inland along the

Trans-Isthmic fault system by strike-slip motion.

Further evidence for the presence of the Trans-

Isthmic fault system can be found in the work of

PINDELL and KENNAN (2009) where lateral escape

tectonics in Panama is postulated that also require an

east–west trending fault zone in Costa Rica.

5.2. Implications for Subseismic-Scale Deformation

Structures

In many fold-and-thrust belts, subseismic-scale

deformation structures are manifested as fracture sets.

The curvature of anticlines is a proxy for fracture

density (LISLE 1994; FISHER and WILKERSON 2000).

Therefore, the analysis of strain distribution over time

(Fig. 8) has the potential to predict the fracture

distribution within the analyzed part of the South

Limón fold-and-thrust belt. In general, this modeling

shows contractive strain of the forelimbs and dilative

strain on the backlimbs of the hanging-wall anti-

clines. The contraction in a narrow strip on the

leading edge of each hanging-wall anticline partially

changes into dilative strain on the anticlinal crests.

The final step (i.e. after the restoration of the whole

model) shows that both contractional and extensional

strain zones exist as a tiled pattern (Fig. 8c). This is a

result of the curvilinear nature of the hinge of

anticline 1. Note that although strain in anticlines 2

and 3 is limited to the limbs, the strain of anticline 1

transgresses the hinge line, which might be caused by

pronounced listric geometry of the thrust 1. We

suggest that mean strains above 4 % are likely to

cause permanent brittle deformation (VAN DER PLUIJM

and MARSHAK 2004; LOHR et al. 2008). Furthermore,

we propose that the strain distribution can be

interpreted as a direct proxy for fracture intensity

(LISLE 1999; LOHR et al. 2008).

6. Conclusions

The evolution of the bend in the South Limón

fold-and-thrust belt can be modeled with a simple

NNE-directed transport, implying one deformation

phase, i.e., the bend is not an orocline, but rather a

primary arc. The pronounced bend is most likely an

effect of the interaction of the fold belt with the

Trans-Isthmic fault system and the Moı́n basement

high in the subsurface. The strain modeling shows

contractional deformation concentrated on the fore-

limbs of the anticlines, whereas dilative deformation

focuses on the anticlinal crests and backlimbs. Due to

the close thrust spacing, strain not only affects the

respective hanging-wall anticline of the active thrust,

but also the ones above it. The strain distribution in

the bend area is similar to the strike of the hanging-

wall anticlines and follows the trend of the bend.
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BARBOZA, G., FERNÁNDEZ, A., BARRIENTOS, J., and BOTTAZZI, G.

(1997), Costa Rica: Petroleum geology of the Caribbean margin,

Leading Edge 16, 1787–1794.

BARCKHAUSEN, U., RANERO, C.R., VON HUENE, R., CANDE, S.C., and

ROESER, H.A. (2003), Revised tectonic boundaries in the Cocos

Plate off Costa Rica: Implications for the segmentation of the

convergent margin and for plate tectonic models, Journal of

Geophysical Research 106, 19207–19220. doi:10.1029/

2001JB000238.

BOTTAZZI, G., FERNANDEZ, A. and BARBOZA, G. (1994), Sedimen-

tologı́a e historiatectono-sedimentaria de la cuenca Limón Sur. In

Seyfried H. & Hellmann W. (eds.) Geology of an Evolving

Island Arc, The Isthmus of Southern Nicaragua, Costa Rica and

Western Panamá, Profil 7, pp. 351–389.

BOWLAND, C.L. (1993), Depositional history of the western

Colombian Basin, Caribbean Sea, revealed by seismic stratig-

raphy. GSA Bulletin 105, 1321–1345. doi:10.1130/0016-

7606(1993)105\1321:DHOTWC[2.3.CO;2.

BRANDES, C., and TANNER, D.C. (2014), Fault-related folding: a

review of kinematic models and their application, Earth Science

Reviews 138, 352–370. doi:10.1016/j.earscirev.2014.06.008.

BRANDES, C., ASTORGA, A., and WINSEMANN, J. (2009), The Moı́n

High, East Costa Rica: Seamount, laccolith or contractional

structure? Journal of South American Earth Sciences 28, 1–13.

doi:10.1016/j.jsames.2009.02.005.

BRANDES, C., ASTORGA, A., LITTKE, R., and WINSEMANN, J. (2008),

Basin modelling of the Limón Back-arc Basin (Costa Rica):

burial history and temperature evolution of an island-arc related

basin system, Basin Research 20, 119–142. doi:10.1111/j.1365-

2117.2007.00345.x.

BRANDES, C., ASTORGA, A., BACK, S., LITTKE, R., and WINSEMANN, J.

(2007), Fault controls on sediment distribution patterns, Limón

Basin, Costa Rica, Journal of Petroleum Geology 30, 25–40.

doi:10.1111/j.1747-5457.2007.00025.x.

BRANDES, C., ASTORGA, A., BACK, S., LITTKE, R., and WINSEMANN, J.

(2007), Deformation style and basin-fill architecture of the off-

shore Limón Back-arc basin, Marine and Petroleum Geology 24,

277–287. doi:10.1016/j.marpetgeo.2007.03.002.

BRANDES, C., ASTORGA, A., BLISNIUK, P., LITTKE, R., and WINSE-

MANN, J. (2007), Anatomy of anticlines, piggy-back basins and

growth strata: a case study from the Limón Fold-and-thrust belt,

Costa Rica. In: NICHOLS, G., WILLIAMS, E., and PAOLA, C. (eds)

Sedimentary Processes, Environments and Basins: A Tribute to

Peter Friend, IAS Special Publication 38, pp. 91–110, Blackwell

Science, Oxford. doi:10.1002/9781444304411.ch5.

BUTLER, R.W.H., PRIOR, D.J., and KNIPE, R.J. (1989), Neotectonics

of the Nanga Parbat Syntaxis, Pakistan, and crustal stacking in

the northwest Himalayas, Earth and Planetary Science Letters 94,

329–343. doi:10.1016/0012-821X(89)90150-7.

CAMPOS L. (2001), Geology and basins history of middle Costa

Rica: an intraoceanic island arc in the convergence between the

Caribbean and the central pacific plates, Tübinger Geowis-
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