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Abstract
Southern Central America is a Late Mesozoic/Cenozoic island arc that evolved in response to the

subduction of the Farallón Plate beneath the Caribbean Plate in the Late Cretaceous and, from the

Oligocene, the Cocos and Nazca Plates. Southern Central America is one of the best studied con-

vergent margins in the world. The aim of this paper is to review the sedimentary and structural

evolution of arc-related sedimentary basins in southern Central America, and to show how the arc

developed from a pre-extensional intra-oceanic island arc into a doubly-vergent, subduction oro-

gen. The Cenozoic sedimentary history of southern Central America is placed into the plate tec-

tonic context of existing Caribbean Plate models. From regional basin analysis, the evolution of the

southern Central American island arc is subdivided into three phases: (i) non-extensional stage dur-

ing the Campanian; (ii) extensional phase during the Maastrichtian-Oligocene with rapid basin sub-

sidence and deposition of arc-related, clastic sediments; and (iii) doubly-vergent, compressional arc

phase along the 280 km long southern Costa Rican arc segment related to either oblique subduc-

tion of the Nazca plate, west-to-east passage of the Nazca–Cocos–Caribbean triple junction, or the

subduction of rough oceanic crust of the Cocos Plate. The Pleistocene subduction of the Cocos

Ridge contributed to the contraction but was not the primary driver. The architecture of the arc-

related sedimentary basin-fills has been controlled by four factors: (i) subsidence caused by tectonic

mechanisms, linked to the angle and morphology of the incoming plate, as shown by the fact that

subduction of aseismic ridges and slab segments with rough crust were important drivers for sub-

duction erosion, controlling the shape of forearc and trench-slope basins, the lifespan of sedimen-

tary basins, and the subsidence and uplift patterns; (ii) subsidence caused by slab rollback and

resulting trench retreat; (iii) eustatic sea-level changes; and (iv) sediment dispersal systems.
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1 | INTRODUCTION

A major question in geoscience is to understand the evolution of conti-

nental crust (Polat, 2012), which represents the most complete archive

for earth history (Hawkesworth et al., 2010). The formation of continental

crust played a main role in the evolution of the earth by modifying the

composition of mantle and atmosphere as well as by providing habitats

for life (Hawkesworth & Kemp, 2006). Subduction margins are the key

locality to study how continents grow by terrane accretion (e.g. Korsch,

Kositcin, & Champion, 2011; Tetreault & Buiter, 2012) and by magmatic

rock emplacement (Polat, 2012). Sedimentary basins also provide archives

for reconstructing the development of subduction margins. Their
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sedimentary fill records the spatial and temporal evolution of the arc-

trench system that is preserved on geological time scales (Ingersoll &

Busby, 1995). Basin analysis (Busby, Smith, Morris, & Fackler-Adams,

1998) and studies of basin subsidence (Angevine, Heller, & Paola, 1990;

Brandes, Astorga, Littke, & Winsemann, 2008; Struss, Artiles, Cramer, &

Winsemann, 2008; Xie & Heller, 2009) are powerful tools to unlock these

archives exposed along subduction margins, as also shown by Noda (2016).

Modern subduction margins are largely characterized by com-

pressional mature and convergent arc-trench systems that developed

at long-lived subduction zones, whereas early-stage systems are rare

among modern arcs. Consequently, island-arc evolution has to be

reconstructed from the geological record in order to understand the

growth of continents at convergent margins (Busby, 2004; Vannucchi,

Morgan, & Balestrieri, 2016).

The southern Central American island arc is one of the best studied

subduction margins in the world and can therefore act as natural labora-

tory for analysing the development of arc-trench systems. Much

research has been carried out since the 1980s, in the form of numerous

publications in regional journals and unpublished master and PhD theses

that collectively provide a large data set covering the onshore and off-

shore geology and geophysics. This excellent data set from different

forearc and backarc basins in southern Central America forms the basis

for this study of the sedimentary record of this island arc, which is

located in a key position along the western edge of the Caribbean Plate.

The objective of this paper is to review and synthesize the sedi-

mentary and structural evolution of island arc-related sedimentary

basins in southern Central America. Linking onshore and offshore

geology will lead to a more comprehensive understanding of the

basin development and the evolution of the subduction margin.

We will address three major questions related to the Central

American arc system:

1. What are the first order, tectonic controls on basin evolution in

Central America?

2. What controls the contractional doubly-vergent style of the Cen-

tral American island arc in southeastern Costa Rica?

3. Can the evolution of the Central American island arc serve as a gen-

eral model for the long term (> 100 Ma) evolution of all island arcs?

2 | GEOLOGICAL SETTING

The geology of Central America is presently characterized by the interac-

tion of five lithospheric plates, including the oceanic Cocos, Nazca, and

Caribbean plates and the continental North and South American plates

(Figure 1). The Cocos and Nazca Plates, remnants of the oceanic Farallón

FIGURE 1 Geological map of Southern Nicaragua, Costa Rica, and western Panama, modified after Astorga (1997), Barboza, Barrientos, and

Astorga (1995), Campos (2001), Coates, Collins, Aubry, and Berggren (2004), Donnelly (1989), Fernandez et al. (1997), J. J. Krawinkel (2003),
Meschede and Frisch (1998), and Ross and Scotese (1988)
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Plate, are subducted beneath the Caribbean Plate along the northwest–

southeast trending Middle American trench. The present-day subduction

velocity off Costa Rica, relative to the Caribbean Plate, is 8.5 cm/yr

(DeMets, 2001). The Cocos Plate is characterized by a large northwest–

southeast trending aseismic ridge, the Cocos Ridge, which is interpreted

as representing a hotspot trace (e.g. Walther, 2003). The Cocos Ridge is

more than 1 000 km long, roughly 200–250 km wide, about 2 km shal-

lower than the adjacent basin. The 2 000 m bathymetric contour line is

taken as the edge of the Cocos Ridge (Morell, 2016; Tomascak, Ryan, &

Defant, 2000). The most recent studies (Vannucchi, Morgan, Silver,

& Kluesner, 2016; Zeumann & Hampel, 2015, 2016, 2017) support an

onset of ridge subduction in the Early Pleistocene at around 2 Ma.

2.1 | Plate tectonic evolution of the Caribbean
region

The tectonic evolution of the southern Central American island arc is

strongly connected to the geodynamics of the Caribbean Plate. The

Caribbean Plate has an east–west extent of about 3 000 km. Its

northern and eastern boundary is with the North American plate and

its southern boundary with the South American Plate. Its boundaries

to the west and southwest are with the Cocos and Nazca Plates. In

contrast to other oceanic plates with an average crustal thickness of

6–8 km, the Caribbean Plate is 15–20 km thick (Burke, Fox, & Sen-

gör, 1978; Diebold & Driscoll, 1999). There has been controversial

discussion about the origin and evolution of the Caribbean region

during the last two decades. All published ideas can be reduced to at

least two different models summarized on Figure 2. Each model is

based on a number of geological and geophysical observations. Com-

prehensive reviews of the different plate tectonic models either favor

the inter-American model (James, 2006) or the Pacific model (Mann,

1999; Mann, Rogers, & Gahagan, 2007; J. Pindell et al., 2006; Pindell,

Maresch, Martens, & Stanek, 2012). The most recent quantitative

kinematic reconstruction of the Caribbean region since the Early

Jurassic supports a modified Pacific model (Boschman, van Hinsber-

gen, Torsvik, Spakman, & Pindell, 2014).

2.1.1 | Pacific model

The Pacific model (Figure 2a) suggests an origin of the Caribbean Plate

in the Pacific region and postulates a drift of the plate to its recent posi-

tion (Astorga, 1994, 1997; Hoernle et al., 2002; Kerr, Iturralde-Vinent,

Saunders, Babbs, & Tarney, 1999; Mann, 1999; Mann et al., 2007; J.

Pindell et al. 2006, 2012; J. L. Pindell et al., 1988; J. L. Pindell & Kennan,

2009; Ross & Scotese, 1988). It is assumed that the Caribbean Plate

represents an oceanic plateau (e.g. Kerr, Tarney, Marriner, Klaver, et al.,

1996; Kerr, Tarney, Marriner, Nivia, et al., 1996; Hoernle et al., 2002),

which was carried eastward with the Farallón Plate behind the east and

northeast-facing Great Arc of the Caribbean (Burke, 1988). The data-

bases for this assumption are petrological and geochemical similarities

of the basalts of the Caribbean crust and the well known oceanic pla-

teaus in the western Pacific. Also a similarity in the crustal structure and

in the acoustic characteristics of the Caribbean crust and the oceanic

plateaus was found (Bowland & Rosencrantz, 1988; Diebold & Driscoll,

1999; Mauffret & Leroy, 1997).

Cloos (1993) argued, based on isostasy calculations that oceanic

plateaus with a crustal thickness greater than 17 km cannot be sub-

ducted. Therefore previous work assumed that the Caribbean Plate

could not be subducted because of its thickness and buoyancy and

therefore pushed the subduction zone eastward and moved succes-

sively into the gap between the North and South American Plate.

However, more recent work of Mann and Taira (2004) shows that

80 % of the crustal thickness of the Ontong Java Plateau is sub-

ducted, therefore the previous buoyancy argument for the emplace-

ment of the Caribbean Plate is probably not applicable.

2.1.2 | Inter-America model

This model (Figure 2b) implies that the Caribbean Plate evolved near

its recent position between the North American and the South Amer-

ican plates (Frisch, Meschede, & Sick, 1992; James, 2009; Meschede,

1998; Meschede & Frisch, 1998; Meschede, Frisch, Chinchilla

Chavez, López Saborio, & Calvo, 2000). During the break-up of

Pangea, the North and South American plates were separated by a

northwest–southeast striking rift-system that included both the Gulf

of Mexico and the Caribbean. In Late Jurassic times this rift evolved

FIGURE 2 Plate tectonic models for the evolution of the Caribbean

Plate. (a) Pacific model for the evolution of the Caribbean Plate.
According to this model, the Caribbean Plate was formed in the
eastern Pacific and later drifted into the gap between North and
South America (J. L. Pindell et al., 1988; J. Pindell, Kennan, Stanek,
Maresch, & Draper, 2006). (b) In situ model for the Caribbean Plate.
Following this model, the Caribbean Plate evolved in place during the
separating of North and South America. Modified after Meschede
and Frisch (1998)
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into a spreading center forming oceanic crust of the Proto-Caribbean

Plate. During the Cretaceous, a mantle-plume established and

induced a widespread basaltic volcanism, which affected the whole

region (Diebold & Driscoll, 1999; Donnelly, 1994; Kroehler, Mann,

Escalona, & Christeson, 2011). During this volcanic phase the Carib-

bean Large Igneous Province (CLIP) formed (previously also referred

to as ‘Mid Cretaceous sill-event’), which led to the significant increase

in crustal thickness of the Caribbean Plate (Burke et al., 1978). This

inter-American model is mainly based on paleomagnetic data, indicat-

ing a formation of the Caribbean Plate near the equator (Acton, Gal-

brun, & King, 2000; Frisch et al., 1992). Furthermore no significant

latitudinal changes since Jurassic times could be observed and all

documented motions of the plate correspond with the motions of

South America. Therefore a juxtaposition of the Caribbean Plate with

the South American Plate is likely. A link to the Farallón or to other

Pacific plates is not supported by paleomagnetic data (Frisch et al.,

1992). The plates clearly have moved independent of each other.

In a more recent data compilation, James (2009) pointed out that

the Caribbean Plate consists of dispersed continental basement

blocks and sedimentary rocks of Triassic to Cretaceous age, overlain

by basalts that partly have formed subaerially that is interpreted as a

Cretaceous, oceanic plateau by others (Diebold & Driscoll, 1999;

Kroehler et al., 2011). This assumption is mainly based on a re-

interpretation of seismic data and would imply an extensional and

therefore in situ evolution of the Caribbean region, representing an

area of rifted continental crust of Triassic and Jurassic age that is syn-

chronous with the Gulf of Mexico.

2.1.3 | New quantitative plate kinematic reconstruction
for the Caribbean region

A new kinematic plate tectonic reconstruction of Boschman

et al. (2014) overcomes the major inconsistencies of the older models

for the origin the Caribbean crust. The major outcome of this new

kinematic plate tectonic model is that the formation of the Caribbean

Large Igneous Province (CLIP) cannot be related to the Galápagos

hotspot, as previously assumed (e.g. Hauff, Hoernle, & van den

Bogaard, 2000; Hoernle et al., 2002). The basalts probably originated

from a separate plume, 2 000–3 000 km east of the modern Galápa-

gos hotspot, as was already discussed by Meschede (1998). We

therefore favor the new modified Pacific model from Boschman

et al. (2014) because it best explains the early geological evolution of

southern Central America.

The initiation of arc volcanism at around 75–70 Ma and the

onset of volcaniclastic deposition within the forearc and backarc

basins mark the establishment of a new subduction zone in front of

the southern Chortís block and thickened crust of the CLIP.

3 | TECTONIC STRUCTURE AND TERRANE
CONCEPT OF SOUTHERN CENTRAL
AMERICA

Today’s land-bridge above the subduction zone is a complex assem-

blage. From southeast Guatemala to northwest Colombia, the Maya,

Chortís, Chorotega and Chocó blocks can be distinguished on the

basis of age and lithologic differences of their Precambrian to Creta-

ceous basement types (Figures 2 and 3) (Campos, 2001; G. Dengo,

1962; Di Marco, Baumgartner, & Channell, 1995; Donnelly, 1989;

Weinberg, 1992; Weyl, 1980). The Maya and Chortís blocks were

previously thought to have an old continental basement (e.g. G.

Dengo, 1962; Weyl, 1980). However, more recent work showed that

the Chortís block consists of a complex assemblage of different ter-

ranes with accreted oceanic elements (Baumgartner et al., 2008;

Mann et al., 2007; Rogers, Mann, & Emmet, 2007; Rogers, Mann,

Emmet, & Venable, 2007) (Figure 3). The southern part of the Chortís

block is a Late Cretaceous island arc that was attached to the central

FIGURE 3 Structure of the Central

American land-bridge between southern
Mexico and Panama. The Chortís block
consists of different tectonic terranes
with a continental and oceanic origin.
Based on Baumgartner, Flores, Bandini,
Girault, and Cruz (2008), Carvajal-
Arenas, Torrado, and Mann (2015), C. A.
Dengo (2007), Geldmacher, Hoernle,
van den Bogaard, Hauff, and Klügel
(2008), Mann et al. (2007) and Rogers,
Mann, and Emmet (2007), Rogers,
Mann, Emmet, & Venable, 2007)
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Chortís terrane in Late Cretaceous times and probably formed as the

southeastern extension of the Guerrero arc of Mexico (Mann et al.,

2007; Rogers, Mann, & Emmet, 2007; Rogers, Mann, Emmet, & Ven-

able, 2007). Baumgartner et al. (2008) defined the Chortís block

sensu stricto (comprising mainly Honduras and offshore areas

towards the northeast) and the Mesquito Oceanic terranes (MOT)

(comprising El Salvador, Nicaragua and the Nicaragua Rise). The Mes-

quito Oceanic terranes roughly correspond to the Siuna and the

Southern Chortís terrane of Rogers, Mann, and Emmet (2007) and

Rogers, Mann, Emmet, and Venable (2007) (Figure 3).

In contrast, the Chorotega and Chocó blocks comprise island arc

segments underlain by Mesozoic oceanic crust (e.g. Baumgartner

et al., 2008; Buchs, Arculus, Baumgartner, Baumgartner-Mora, & Ulia-

nov, 2010; Buchs, Baumgartner, Baumgartner-Mora, Flores, & Ban-

dini, 2011; G. Dengo, 1962; Escalante & Astorga, 1994; Flueh & von

Huene, 2007; Hauff et al., 2000; Hoernle et al., 2002; Mann et al.,

2007; Rogers, Mann, & Emmet, 2007; Sallarès, Danobeitia, Flueh, &

Leandro, 1999; Seyfried et al., 1991; Weyl, 1980), which is inter-

preted to belong to the CLIP. Along the southwestern edge of the

continental Chortís block, the Santa Rosa accretionary complex

defines an intra-oceanic subduction zone with CLIP basement

extending south of this belt (Escuder-Viruete & Baumgartner, 2014).

The arc collision with the Chortís block occurred during the Late Cre-

taceous, resulting in the emplacement of the Santa Elena nappe in

northern Costa Rica (Escuder-Viruete & Baumgartner, 2014; Geldma-

cher, Hoernle, van den Bogaard, Hauff, & Klügel, 2008; Sanchez,

Mann, Emmet, 2016). Linkimer, Beck, Schwartz, Zandt, and Levin

(2010) used a receiver function analysis to refine the terrane bound-

aries between the Chortís and Chorotega blocks. They suggest that

the boundary between the Mesquito Oceanic terranes (Chortís block)

and the Chorotega block corresponds with the western part of the

Trans-isthmic fault system merging towards the northeast with the

Hess Escarpment (Figure 3). A similar fault configuration has previ-

ously been proposed by Weinberg (1992).

James (2007) presented geological and geophysical hints for frag-

ments of continental crust below the Chorotega and Chocó block.

Main indicators are the occurrence of granulite xenoliths from the

Arenal volcano, the composition of ignimbrites and the crustal thick-

ness of 40–45 km in Costa Rica. In contrast to most other workers

he concluded that parts of the Chorotega block consist of continental

rocks that were offset from the Chortís block by rift processes in the

Late Jurassic.

3.1 | The basement of the Nicaraguan arc segment

The Nicaraguan arc segment belongs to the Chortís block. It is

bounded in the south by the Hess Escarpment (Bowland, 1993; Rog-

ers, Mann & Emmet, 2007; Sanchez et al., 2016; Seyfried et al., 1991;

Weyl, 1980), a northeast–southwest trending bathymetric feature in

the Caribbean Sea (Figures 1 and 3). It has previously been inter-

preted as a Late Mesozoic plate boundary, which acted as a strike-slip

zone to compensate the movements between the Chortís block,

Chorotega block and Caribbean plates (J. Krawinkel & Seyfried, 1994;

Meschede & Frisch, 1998; Ross & Scotese, 1988). Bowland (1993)

described the Hess Escarpment as a transcurrent fault that has a Late

Cretaceous to an Early Tertiary age. Alfaro, Barrera, and Rossello

(2013) interpreted the Hess Escarpment as a positive flower structure

with sinistral kinematics. Focal mechanisms shown in Alvarez-Gomez,

Meijer, Martinez-Diaz, and Capote (2008) indicate that ongoing activ-

ity along the Hess Escarpment and the fault-plane solutions give evi-

dence for oblique normal faulting and strike-slip kinematics.

The Cretaceous forearc basin of Nicaragua is probably underlain

by older accreted island-arc rocks, which possibly can be correlated

with the Mexican Guerrero terrane. The accretion of the Guerrero

terrane to western Mexico occurred during the Cretaceous (Mann

et al., 2007; Rogers, Mann & Emmet, 2007; Rogers, Mann, Emmet, &

Venable, 2007). The absence of Paleozoic basement rocks is indicated

by the geochemistry of Quaternary volcanic rocks (Mann et al., 2007;

Rogers, Mann & Emmet, 2007).

The Siuna terrane of southeastern Nicaragua forms the basement

of the Miskito backarc basin (Figure 3) and was probably produced by

the collision between an intra-oceanic island arc and the continental

margin of the Chortís block in the Late Cretaceous (Rogers, Mann, &

Emmet, 2007; Rogers, Mann, Emmet, & Venable 2007; Sanchez et al.,

2016). The Upper Rhaethian (ca 200 Ma) radiolarian assemblage has

strong affinities with faunas described from Pacific North America

(Baumgartner et al., 2008), pointing to a Pacific origin of the accreted

terrane. The lead isotope values of the Siuna terrane cluster outside

the Caribbean large igneous province and indicate that the Siuna arc

is not underlain by Caribbean crust (Rogers, Mann, & Emmet, 2007).

A subduction-related mélange, including thrusted serpentinite and

related ultramafic cumulates, is exposed near Siuna and marks the

suture (Rogers, Mann, & Emmet, 2007). This mélange is unconform-

ably overlain by Lower Cretaceous (Aptian/Albian) thin-bedded hemi-

pelagic calcareous deposits and thin-bedded volcaniclastic turbidites,

passing upwards into limestones, in which andesitic flows partly be

intercalated (Baumgartner et al., 2008). New seismic data show that

the entire fold-thrust belt extends offshore and underlies the north-

ern or upper Nicaraguan Rise (Sanchez et al., 2016).

3.2 | The basement of the Costa Rican arc segments

The Costa Rican part of the island arc can be subdivided into a north-

ern and a southern arc segment separated by the Trans-isthmic fault

system (Figure 3) (Seyfried et al., 1991; Weyl, 1980). In the north the

Hess Escarpment is the boundary. The Trans-isthmic fault system is

an east–west trending lineament with major sinistral movements.

Marshall, Fisher, and Gardner (2000) provided a comprehensive kine-

matic analysis of this fault system. They used the term Central Costa

Rica Deformed Belt for the east–west trending diffuse fault zone.

Driving mechanisms for the evolution of the Central Costa Rica

Deformed Belt are basal traction from the shallow subduction, shear

and horizontal shortening due to the subduction of the Cocos Ridge

and uplift caused by seamount subduction (LaFemina et al., 2009;

Marshall et al., 2000). The Trans-isthmic fault system (Figure 1) has

probably been active since the Late Cretaceous (Seyfried et al., 1991)

and has also been interpreted to represent a former plate boundary

(Baumgartner et al., 2008; Weinberg, 1992). Data from J. L. Pindell

and Kennan (2009) imply that this fault system is still active. This is

supported by studies of the South Limón fold-and-thrust belt in the
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backarc area. Brandes, Astorga, Blisniuk, Littke, and Winsemann

(2007) showed that the northwestern edge of the South Limón fold-

and-thrust belt has a strong bend and passes into the east–west

trending Trans-isthmic fault system (Figure 1). Fault-scarps at the sea-

floor visible on seismic lines indicate ongoing deformation in the lead-

ing edge of the fold-and-thrust belt (Brandes, Astorga, Back, Littke, &

Winsemann, 2007a, 2007b; Brandes, Astorga, Blisniuk, et al., 2007).

Mechanically, the northeastward propagation of the South Limón

fold-and-thrust belt is compensated by sinistral strike-slip movements

along the Trans-isthmic fault system (Brandes, Tanner, & Winsemann,

2016). Towards the south the South Costa Rican arc segment is

bounded by the onland projection of the subducting Panama fracture

zone (J. Krawinkel & Seyfried, 1994).

3.2.1 | The North Costa Rican arc segment

The northwestern part of the North Costa Rican arc segment proba-

bly belongs structurally to the Chortís block (e.g. Baumgartner et al.,

2008; Geldmacher et al., 2008; Hauff et al., 2000; Linkimer et al.,

2010; Weinberg, 1992) and is underlain by an assemblage of older

accreted island arc rocks and/or relics of oceanic plateaus, aseismic

oceanic ridges and seamounts that differ geochemically from the

CLIP basalts (Alvarado, Denyer, & Sinton, 1997; Baumgartner et al.,

2008; Buchs et al., 2013; Geldmacher et al., 2008; Hauff et al., 2000).

These older ophiolitic basement rocks are intruded by younger

basalts with a geochemical signature similar to that of the CLIP

(Hauff et al., 2000), implying that the north Costa Rican arc segment

was located at the northern edge of the Caribbean large igneous

province (Baumgartner et al., 2008).

The oldest accreted seamounts are Jurassic in age (ca 175 Ma)

and occur within the Early Cretaceous (ca 110 Ma) Santa Rosa accre-

tionary complex, exposed at the southern coast of the Santa Elena

Peninsula in northern Costa Rica (Buchs et al., 2013; Escuder-

Viruete & Baumgartner, 2014). This accretionary complex probably

forms the basement of the Santa Elena Peninsula and is overlain by a

nappe of serpentinized peridotite emplaced during the Cenomanian

to Early Campanian (Frisch et al., 1992; Hauff et al., 2000; Tournon,

1994). It is the oldest known accretionary complex along the outer

forearc zone of southern Central America and has probably been

accreted to the convergent margin of the southern Chortís block

(Buchs et al., 2013; Escuder-Viruete & Baumgartner, 2014).

Hauff et al. (2000) interpreted the Santa Elena complex as an

uplifted mantle wedge of the Chortís subduction zone, originally

located in front of Mexico. The Late Cretaceous exhumation of the

peridotites coincides with the onset of displacement along the

Motagua-Polochic fault. Similarities between the isotopic and trace

element composition of ultramafic rocks exposed at Tortugal (89 Ma)

and the Santa Elena Peninsula (Figure 1) suggests that they originated

from the same source (Alvarado et al., 1997; Geldmacher et al., 2008;

Hauff et al., 2000), implying that the boundary between the Chortís

block and the Chorotega block could be located further south and

merges into the Trans-isthmic fault system (Figure 3) (cf. Baumgartner

et al., 2008; Linkimer et al., 2010; Weinberg, 1992). Stratigraphic and

geochemical studies by Bandini, Flores, Baumgartner, Lackett, and

Denyer (2008), Baumgartner et al. (2008), and Buchs et al. (2013)

carried out on the Nicoya Peninsula and in the Tempisque forearc

basin confirm that the ophiolitic basement of this area also contains

igneous rocks, which differ in age and geochemistry from those of

the CLIP.

The development of late Campanian reefs on top of these

uplifted ophiolitic basement blocks and the serpentinites of the Santa

Elena Peninsula (e.g. Azéma, Bourgois, Tournon, Baumgartner, & Des-

met, 1985; Bandini et al., 2008; Jaccard, Münster, Baumgartner,

Baumgartner-Mora, & Denyer, 2001; Seyfried et al., 1991; Seyfried &

Sprechmann, 1986) postdate the collision of the Chortís block with

the Chorotega block, which possibly has occurred therefore at around

75–71 Ma. The initiation of arc volcanism at around 75–70 Ma and

the onset of volcaniclastic deposition within the forearc and backarc

basins of southern Central America marks the establishment of a new

subduction zone in front of the thickened Caribbean crust

(e.g. Astorga et al., 1991; Baumgartner et al., 1984; Brandes

et al. 2008; Buchs et al., 2010, 2011; Campos, 2001; Corrigan,

Mann, & Ingle, 1990; Kumpulainen, 1995; Kumpulainen, Högdahl,

Ólafsson, Muñoz, & Valle, 1999; Kutterolf, Rudolph, Schotters, &

Deringer, 1997; K. D. McIntosh et al., 2007; Ranero, von Huene,

Flueh, Duarte, et al., 2000; Ranero, von Huene, Flueh, Weinrebe,

et al., 2000; Seyfried et al., 1991; Sprechmann, 1984; Struss et al.,

2008; Winsemann, 1992; Winsemann & Seyfried, 1991). The eastern

part of the North Costa Rican arc segment probably belongs to the

Chorotega block and is underlain by CLIP basalts (Bowland, 1993;

Bowland & Rosencrantz, 1988).

3.2.2 | South Costa Rican arc segment

The South Costa Rican arc segment is underlain by CLIP basalts and

younger (70–20 Ma) accreted seamounts and aseismic ridges formed

from the Galápagos hotspot (Appel, Wörner, Alvarado, Rundle, &

Kussmaul, 1994; Buchs et al., 2011; Hauff et al., 2000; Hoernle et al.,

2002; Hoernle, Hauff, & van den Bogaard, 2004; Wegner, Wörner,

Harmon, & Jicha, 2011). Accretion has been the dominant process

over the last 70 Ma, contributing to the growth of the forearc area

(Buchs et al., 2011; Hoernle et al., 2002; Walther, Flueh, Ranero, von

Huene, & Strauch, 2000).

In southern Costa Rica conditions change from steep subduction

to gentler subduction related to the presence of the incoming Cocos

Ridge (Corrigan et al., 1990; Gardner, Fisher, Morell, & Cupper, 2013;

Lücke & Arroyo, 2015; Protti, Güendel, & McNally, 1995a, 1995b).

The island arc shows a deformed and uplifting forearc and backarc

area, separated by the Talamanca Range with a height of 3.8 km and

a width of ~ 80 km (Morell, Kirby, Fisher, & van Soest, 2012). This

mountain range is a remarkable feature of the southern Central

American land-bridge with the exposure of granites. These granites

are Miocene in age and their occurrence corresponds with the high-

est elevations. MacMillan, Gans, and Alvarado (2004) assume an

exhumation of the plutons with a rate of approximately 1 km/Ma for

the Talamanca Range. Geological maps of Costa Rica show prominent

thrust faults that trend northwest–southeast and run parallel to the

mountain range (e.g. Fernandez et al., 1997). Along the southwestern

range front, one of these thrusts separates the granitic rocks from

the deformed sediments of the forearc basins. Gardner et al. (1992)
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analysed the Quaternary uplift effects of the Cocos Ridge subduction.

Young Plio-Pleistocene adakitic volcanism is possibly related to the

partial melting of the Cocos Ridge ocean island basalts (Abratis &

Wörner, 2001; Wegner et al., 2011).

A detailed analysis of the southern Costa Rican forearc kinemat-

ics was given by Sak, Fisher, Gardner, Marshall, and LaFemina (2009).

The forearc area is characterized by a southwestward directed thrust

system. The thrusts sole into a low angle detachment that lies at a

depth of ~ 4 km (Fisher et al., 2004). Sitchler, Fisher, Gardner, and

Protti (2007) and Morell, Fisher, and Gardner (2008) used balanced

cross-sections to reconstruct the evolution of the forearc fold-and-

thrust belt. Thrusting in the Fila Costeña is young and related to the

subduction of the Cocos Ridge (Gardner et al., 2013; Morell et al.,

2008; Vannucchi, Morgan, Balestrieri, et al., 2016). It probably started

1.5–1 Ma (Gardner et al., 2013). Sediments derived from the Tala-

manca Range were able to reach the trench-slope before 1.9 Ma.

Later the Fila Costeña had become high enough to block a direct

transport from the Talamanca Range into the trench-slope area off-

shore Osa (Vannucchi, Morgan, Balestrieri, et al., 2016).

The South Limón backarc basins are dominated by the Limón

fold-and-thrust belt (Barboza et al., 1997; Brandes et al., 2007b;

Brandes, Astorga, Blisniuk, et al., 2007). The internal part of this fold-

and-thrust belt is characterized by thick-skinned tectonics. Deep

earthquake loci provide evidence for active, deep seated thrusts

(Suárez et al., 1995). In contrast, the external part of the Limón fold-

and-thrust belt adjacent to the Caribbean coast is dominated by thin-

skinned tectonics. Seismic reflection lines show that all thrusts sole

into a common detachment at a depth of 3.7−4 km (Brandes et al.,

2007b; Brandes, Astorga, Blisniuk, et al., 2007; Brande et al., 2008).

3.3 | The basement of the Panamanian arc
segments

The area of Panama comprises three arc segments, bounded by major

fault systems. From west to east these are the West Panamanian arc

segment, Central Panamanian arc segment and East Panamanian arc

segment (J. Krawinkel & Seyfried, 1994; Seyfried et al., 1991). The

igneous basement of the Panamanian arc segments is composed of

Cretaceous basalts of the Caribbean Large Igneous Province (CLIP),

proto-arc related igneous rocks locally interbedded with late Campa-

nian to Maastrichtian hemipelagic limestones, late Campanian to

Eocene (71–40 Ma) arc-related igneous rocks and ocean island

basalts, which were accreted along the forearc between 70–20 Ma.

From the West Panamanian arc segment metamorphic rocks (greens-

chist to amphibolite facies) of unclear origins have been described

(Buchs et al., 2011; Tournon, Triboulet, & Azéma, 1989).

The youngest phase of arc-related volcanism occurred from

19–5 Ma (Buchs et al., 2010, 2011; Wegner et al., 2011; Wörner,

Harmon, & Wegner, 2009). Volcanism of adakitic composition in

western and central Panama is possibly related to the change from

orthogonal to oblique subduction at around 8.5 Ma (Rooney, Morell,

Hidalgo, & Fraceschi, 2015).

The igneous basement rocks are unconformably overlain by

Eocene to Miocene shallow- and deep-water volcaniclastic rocks and

shallow-water marine limestones (Barat et al., 2014; Kolarsky,

Mann, & Monechi, 1995; H. Krawinkel, Wozazek, Krawinkel, & Hell-

mann, 1999). Oblique collision between Panama and South America

had probably started already at the end of the Middle Eocene (ca

40–38 Ma), which is indicated by the sudden appearance of transten-

sive and rotational deformation in the Panama Canal area, leading to

the development of local extensional basins (Barat et al., 2014). Sub-

sequently volcanism of adakitic composition was initiated in central

Panama at around 29 Ma, which could be linked to slab tearing dur-

ing break-up of the Farallón Plate (Barat et al., 2014). The oblique

subduction beneath the South American Plate was mainly completed

in early Miocene times, when compressional deformation started in

eastern Panama (Farris et al., 2011). This collision was synchronous

with a shut-off of the main volcanic arc in Panama and southern Cen-

tral America. This area was then possibly fractured into the Chocó

and Chorotega blocks, which rotated in different orientations (Barat

et al., 2014).

The northern part of the West Panamanian arc segment is char-

acterized by the North Panama deformed belt. This fold-and-thrust

belt trends parallel to the Caribbean coast of Panama and developed

due to oroclinal bending driven by the collision of Panama with South

America (E. A. Silver, Reed, Tagudin, & Heil, 1990). Mann and Corri-

gan (1990) relate the buckling of the arc to strike-slip segmentation,

rather than to ductile deformation. Internally the North Panama

deformed belt is dominated by northward propagating thrust faults

and related hanging wall anticlines as shown in E. A. Silver

et al. (1990). Structural and seismological studies imply that the North

Panama deformed belt extends into southeastern Costa Rica (Goes,

Velasco, Schwartz, & Lay, 1993; E. A. Silver et al., 1990) and is linked

by the Central Costa Rican deformed belt (by other authors referred

to Trans-isthmic fault system) to the Middle America trench (Marshall

et al., 2000). Therefore the South Limón fold-and-thrust belt analysed

in Brandes et al. (2007b, 2008). Brandes, Astorga, Blisniuk, et al.,

2007) can be regarded as the western prolongation of the North Pan-

ama deformed belt.

Continued plate convergence was possibily accommodated by

movements along the Panama fracture zone and in the North Panama

deformed belt (Mann & Kolarsky, 1995). The collision of the southern

Central American island arc with South America led to widespread

uplift at around 7 Ma (Barat et al., 2014) and a progressive closure of

the Isthmus of Panama (Coates, Collins, Aubry, & Berggren, 2004;

Hoernle et al., 2002; Montes et al., 2012). According to Montes

et al. (2012, 2015) the Central American seaway probably disap-

peared at around 15–13 Ma. However, there is an ongoing debate

on the timing of the closure of the Isthmus of Panama. Thermochro-

nological data reveal four major cooling events in western and central

Panama at 47–42 Ma, 32–28 Ma, 17–9 Ma and 9–0 Ma, which are

consistent with the presence of emergent land areas and a reduction

of the circulation between the Pacific Ocean and the Caribbean Sea

(Ramírez et al., 2016). But the exchange of surface water between

the oceans probably stopped much later at 2.76 Ma, indicated by

palaeo-ecological data (O’Dea et al., 2016).

Rockwell, Bennertt, Gath, and Franceschi (2010) presented a

block model that explains the youngest fault movements along the

Isthmus of Panama and the internal deformation caused by the
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ongoing collision of Central America and South America during the

Plio-Pleistocene.

4 | BASIN SYSTEMS OF THE SOUTHERN
CENTRAL AMERICAN ISLAND ARC

The basin systems of the southern Central American island arc con-

sist of a large range of elongate trench-slope, forearc, and backarc

basins. In this section we will focus on the basins of the Nicaraguan

and Costa Rican arc segments (Figure 4). The sedimentary evolution

of these basins is summarized in Figure 5 and completed by the sedi-

mentary record of the West Panamanian arc segment and the west-

ern Colombian basin.

4.1 | Forearc basins

The inner forearc area of the Nicaraguan and Costa Rican arc seg-

ments comprises three major basins, which are up to 12 km deep and

mainly filled with volcaniclastic deep-water sediments. From north to

south these are the Sandino basin, the Tempisque basin, and the Tér-

raba basin (Figure 1).

4.1.1 | The Sandino basin

The Sandino basin (Nicaraguan arc segment) is characterized by at

least 12 km thick Upper Cretaceous to Lower Miocene deep-water

deposits (Figures 4 and 5; referred to as Rivas, Brito, and Masachapa

formations), unconformably overlain by up to 1 300 m thick Middle

Miocene to Pleistocene shallow-water and continental deposits

(Baumgartner et al., 1984; Brandes, Struss, Vandré, & Winsemann,

2007; Kolb & Schmidt, 1991; H. Krawinkel & Kolb, 1994; Kumpulai-

nen, 1995; Kumpulainen et al., 1999; Lang, Brandes, & Winsemann,

2017; K. D. McIntosh et al., 2007; Ranero, von Huene, Flueh, Duarte,

et al., 2000; Struss, Blisniuk, Brandes, Kischkies, Winsemann, 2007;

Struss, Brandes, Blisniuk, & Winsemann 2007; Struss, Brandes,

Vandré, & Winsemann, 2007; Winsemann, 1992). It is bounded to

the south by the Hess Escarpment and probably continues up to the

Gulf of Fonseca in the north. Towards the west the basin is fronted

by an outer arc. Today the Nicaragua Isthmus with the Rivas anticline

forms the eastern boundary, which is interpreted as the footwall

block of the Mateare–Lake Nicaragua fault zone (Funk, Mann, McIn-

tosh, & Stephens, 2009) (Figure 1). The subsidence curve during the

Late Cretaceous is relatively flat, implying low subsidence rates. From

68 Ma to 30 Ma a linear subsidence trend can be observed, followed

by a short pulse of very rapid subsidence at the beginning of the Late

Oligocene (Struss et al., 2008). After then, there was moderate subsi-

dence at a relatively constant rate (Figure 6). Andjić, Baumgartner-

Mora, and Baumgartner (2016) and Ranero, von Huene, Flueh,

Duarte, et al. (2000) both postulated a Late Eocene deformation

phase in the Sandino forearc basin. However, such a deformation

phase cannot be verified by field data (Kumpulainen, 1995; Lang

et al., 2017; Struss, Blisniuk, Brandes, et al., 2007; Struss, Brandes,

Blisniuk, et al., 2007; Struss, Brandes, Vandré, et al., 2007; Winse-

mann, 1992), seismic data (Stephens, 2014) and basin modeling

(Struss et al., 2008). The exposed Upper Eocene coarse-grained deep-

water channel-levee deposits of the Brito Formation are rich in

reworked neritic fossils, neritic carbonates, and plant remains (Struss,

Blisniuk, Brandes, et al., 2007; Struss, Brandes, Blisniuk, et al., 2007;

Struss, Brandes, Vandré, et al., 2007; Winsemann, 1992) and display

long-wavelength bedforms that resemble hummocky cross-

stratification that might be misinterpreted as shallow-water deposits.

However, these long-wavelength bedforms represent deposits of

antidunes created by supercritical density flows (Lang & Winsemann,

2013; Lang et al., 2017). Deposits of supercritical density flows only

have recently been recognized to form an important component of

marine turbidite systems (e.g. Ito, Ishikawa, & Nishida, 2014).

During the Late Miocene, flexural uplift along the present-day

coastal plain started and was accompanied by a westward shift of the

basin depocenter (Ranero, von Huene, Flueh, Duarte, et al., 2000).

The slow uplift continues along parts of the central coast until today

and thickness variations across the main anticlines indicate ongoing

deformation (Struss et al., 2008). Funk et al. (2009) proposed a foot-

wall model that suggests an extensional deformational event of Oli-

gocene and early Miocene age, which caused uplift and folding in the

Nicaraguan Isthmus and the simultaneous folding and faulting in the

offshore Sandino basin by a mechanism of out-of-syncline thrusting.

This links the deformation of the Sandino basin to the formation of

the Nicaragua Graben.

The modelled tectonic subsidence curve (Figure 6) differs from

those of other forearc basins, which are commonly characterized by

initial high rates of subsidence, followed by slower subsidence rates

(Xie & Heller, 2009).

4.1.2 | The Tempisque basin

The fill of the Tempisque basin (North Costa Rican arc segment) is up

to 6 km thick and consists of Upper Cretaceous to Eocene deep-

water deposits (Astorga et al., 1991; Calvo & Bolz, 1994; Campos,

2001; Jaccard et al., 2001; Seyfried et al., 1991; Winsemann & Sey-

fried, 1991; Winsemann, 1992) unconformably overlain by shallow-

water carbonates of the Barra Honda platform in the northern part of

the basin (Jaccard et al., 2001; Seyfried et al., 1991).

It is bounded to the north by the Hess Escarpment and by the

Trans-isthmic Fault zone towards the south. Towards the west it is

bounded by the outer arc (Nicoya Peninsula) and towards the east by

the volcanic arc (Astorga et al., 1991; Campos, 2001; Winsemann,

1992) (Figure 1).

In the southern Tempisque basin, deep-water sedimentation pre-

vailed until the Early Oligocene (Campos, 2001). From the Late Oligo-

cene onwards, shallow-water and continental deposition occurred

(Amann, 1993; Astorga et al., 1991; Bandini et al., 2008; Campos,

2001; Jaccard et al., 2001; H. Krawinkel, Seyfried, Calvo, & Astorga,

2000; Seyfried et al., 1991; Winsemann, 1992). The basin was proba-

bly repeatedly uplifted between the Early Paleocene to early Late Oli-

gocene. More recent biostratigraphic data indicate that the Barra

Honda platform carbonates formed during the Late Paleocene to

Early Eocene (Jaccard et al., 2001), implying that the Barra Honda

carbonates are partly brought onto Middle Eocene sediments, which

corresponds to the Late Eocene to Early Oligocene deformation

phase (Gursky, 1986; Jaccard et al., 2001; H. Krawinkel et al., 2000;
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FIGURE 4 Cross-sections of the major sedimentary basins that are based on previously published sections. Section A–A0 , Sandino basin

(modified after Funk et al., 2009); section B–B0 , Sandino basin (modified after Struss et al., 2008); section C–C0 , Miskito basin (modified after
Muñoz et al., 1997); section D–D0 , Western Colombian basin (modified after Bowland, 1993), section E–E0, San Carlos basin (modified after
Astorga et al., 1991); section F–F0 ,Tempisque basin (modified after Astorga et al., 1991); section G–G0 , Tárcoles and Parrita basins (modified
after Campos, 2001); section H–H0 , Burica basin (modified after Kolarsky, Mann, & Monechi, 1995); section I–I0, North Limón basin/Río San
Juan Delta (modified after Brandes et al., 2007a, 2007b); section J–J0, North Limón basin (modified after Brandes et al., 2007a, 2007b),
section K–K0, South Limón basin (modified after Brandes et al., 2008). Map is based on C. A. Dengo (2007)
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FIGURE 5 Sedimentary infill of island-arc related sedimentary basins. Modified after H. Krawinkel et al. (2000). Data are compiled from Alvarado

et al. (1997), Amann (1993), Astorga et al. (1991), Baumgartner et al. (2008), Baumgartner et al. (1984), Bowland (1993), Brandes et al. (2008),
Buchs et al. (2011), Campos (2001), Corrigan et al. (1990), Geldmacher et al. (2008), Hauff et al. (2000), Kolb and Schmidt (1991), Kolarsky, Mann
and Monechi (1995), H. Krawinkel et al. (1999), Kumpulainen (1995), Mende (2001), Muñoz et al. (1997), Schlegel et al. (1995), Schmidt and
Seyfried (1991), Struss (2008), Struss et al. (2008), Winsemann (1992), Winsemann and Seyfried (1991), Winsemann (1992), and von Eynatten
et al. (1993). Campan., Campanian; E, Early; L, Late; M, Middle; Maatr., Maastrichtian; MAT, Middle America Trench; Pleistoc., Pleistocene
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Seyfried et al., 1991). The transport of the Barra Honda carbonates

onto younger deep-water sediments has been explained by over-

thrusting (Jaccard et al., 2001). However, uplift of the outer structural

high and the Barra Honda platform in combination with the subse-

quent gravitational sliding of large platform blocks into the deeper

part of the basin would be also a likely mechanism. The Late Eocene

to Early Oligocene deformation started earlier in the northern part of

the basin and propagated to the south (Campos, 2001) (Figure 4).

The different evolution of the Sandino and Tempisque forearc

basin may be explained by a lower-angle subduction of oceanic crust

FIGURE 6 Geohistory curves of

forearc and backarc basins of the
Nicaraguan and North Costa Rican
arc segments. The geohistory
curves were extracted from 2D
basin simulations published in
Brandes et al. (2008) and Struss
et al. (2008). The Sandino forearc
basin is characterized by low
subsidence during the period of
40 Myr. Since the Late Cretaceous

the basin has a linear moderate
subsidence with a short phase of
accelerated subsidence in the
Oligocene. In the North and South
Limón backarc basins, subsidence
started at approximately the same
time as in the Sandino forearc
basin. The North Limón backarc
basin underwent continuous
subsidence until today. The South
Limón backarc basin was
transformed into a retro-arc
foreland basin in the Miocene as a
result of the evolution of the South
Limón fold-and-thrust belt. The
strong increase in subsidence at
around 23 Ma was probably related
to the loading of the South Limón
fold-and-thrust belt
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with a rough relief beneath the North Costa Rican arc segment

(e.g. De Boer et al., 1995; H. Krawinkel et al., 2000) relative to the

Sandino basin, leading to a differential uplift and subsidence of the

outerarc and forearc area in northern Costa Rica. This uplift and sub-

sidence pattern can be best explained by the subduction of a

northeast–southwest trending aseismic ridge, which is consistent

with modeling results of Zeumann and Hampel (2015).

4.1.3 | The Térraba basin

The Térraba basin is located on the South Costa Rican arc segment

(Figure 1). It is bounded to the north by the Trans-isthmic fault sys-

tem and ends to the southeast near the onland projection of the Pan-

ama fracture zone. Towards the west it is bounded by the outerarc

(Osa and Burica Peninsula) and towards the east by the Talamanca

Range. The fill of the Térraba basin is about 4–5 km thick and con-

sists of Paleocene to Lower Miocene volcaniclastic turbidites,

shallow-water ramp carbonates and bioclastic turbidites unconform-

ably overlain by Miocene to Pleistocene shallow-water to terrestrial

volcaniclastic sediments (Astorga et al., 1991; Corrigan et al., 1990;

De Boer et al., 1995; Fisher et al., 2004; Kutterolf et al., 1997; Morell

et al., 2008; Sitchler et al., 2007; Seyfried et al., 1991).

The basin is now a thrust-faulted coastal mountain range called

the Fila Costeña that is dominated by southwest vergent thrusts

(e.g. Gardner et al., 2013) with a minimum shortening of 17 km. The

deformation is young. Sitchler et al. (2007) calculated a shortening of

the inner forearc since the Middle Pliocene of about 58 %. Thrusting

in the Fila Costeña probably started at 1.5–1 Ma and was related to

the subduction of the Cocos Ridge (Gardner et al., 2013). This

assumption is supported by core data from offshore southern Costa

Rica (Vannucchi, Morgan, Balestrieri, et al., 2016), indicating that sedi-

ments derived from the Talamanca Range were able to reach the

trench-slope area before 1.9 Ma. Later the Fila Costeña had become

high enough to block a direct transport from the Talamanca Range

into the trench-slope area offshore Osa (Vannucchi, Morgan, Bales-

trieri, et al., 2016). There is ongoing deformation at shortening rates

between 4–10 m/ky and uplift rates up to 1.5 m/ky (Fisher

et al., 2004).

4.2 | Trench-slope basins

Several small trench-slope basins developed on the seaward margin

of the outer structural high, which are commonly bounded by faults.

Deposits of these trench-slope basins are exposed on the North

Costa Rican arc segment (Sámara basin, Cabo Blanco basin) and the

South Costa Rican arc segment (Tárcoles-Parrita basin, Quepos basin,

Osa basins, and Burica basin; Figures 1, 4 and 5). On the Nicaraguan

arc segment, an outer structural high developed during the Late Cre-

taceous and Paleogene (K. D. McIntosh et al., 2007; Ranero, von

Huene, Flueh, Duarte, et al., 2000; Stephens, 2014; Struss

et al., 2008).

Facies associations of the trench-slope basins vary considerably

and strongly depend on local conditions, such as differential uplift/

subsidence of the outer forearc area and size and location of feeder

systems. In general basin-fills get younger towards the south. The

oldest trench-slope deposits of Late Cretaceous to Eocene age are

exposed along the southwest coast of the Nicoya Peninsula (North

Costa Rican arc segment), overlying pelagic deposits and ophiolitic

basement rocks. These deep-water trench-slope deposits are up to

3 000 m thick. Very coarse-grained Lower Paleocene deep-water

channel complexes of the Sámara trench-slope basin contain large

rounded andesite boulders up to 1.5 m in diameter, indicating strong

uplift of the adjacent forearc area, allowing for the transport of arc-

derived material onto the trench-slope (Winsemann, 1992). The

deep-water trench-slope deposits are unconformably overlain by

Upper Eocene/Neogene shallow-water sediments. The lack of Lower

Oligocene deposits suggests that the outerarc in north Costa Rica

became uplifted and exposed again in the Early or early Late Oligo-

cene. Subsequently only shallow-water deposits formed (Astorga

et al., 1991; Baumgartner et al., 1984; Campos, 2001; H. Krawinkel

et al., 2000; Lundberg, 1982; Seyfried et al., 1991; Winse-

mann, 1992).

During the Neogene rapidly subsiding extensional basins

(Tárcoles and Parrita basins) developed (Barboza, Barrientos, &

Astorga, 1995), where accommodation space was generated along lis-

tric normal fault arrays (Figures 4 and 5). These basins are bounded

by major fault systems (Figure 4).

The volcaniclastic trench-slope deposits of the South Costa Rican

and West Panamanian arc segments range in age from Paleocene to

Plio-Pleistocene. In West Panama these are strike-slip basins con-

trolled by trench-parallel strike-slip faults (Kolarsky, Mann, &

Monechi, 1995). Initiation of strike-slip faulting and extension led to

the development of rapidly subsiding basins, which were filled with

shallow- and deep-water deposits (Figure 5). The highest rates of

subsidence are recorded from the late Early Miocene to early Middle

Miocene and the Plio-Pleistocene (e.g. Campos, 2001; Corrigan et al.,

1990; Kolarsky, Mann, & Monechi, 1995; von Eynatten, Schmidt, &

Winsemann, 1993). The onset of major strike-slip faulting could be

related to the collision of the Central American island arc with South

America and a related escape tectonics (LaFemina et al., 2009; J. L.

Pindell & Kennan, 2009).

In southern Costa Rica a reversal of the subsidence pattern of

the inner and outer forearc area occurred near the Miocene/Pliocene

boundary. Before the Pliocene, the outerarc area of the Osa and Bur-

ica Peninsula was a topographic high that bounded the Térraba fore-

arc basin towards the south. The Pliocene to Pleistocene marine

sedimentation on the Osa and Burica Peninsula occurred in rapidly

subsiding basins on a southward facing slope (Campos, 2001; Corri-

gan et al., 1990; Schlegel, Wortmann, Krawinkel, Krawinkel, & Winse-

mann, 1995; von Eynatten et al., 1993). The youngest Pleistocene

complex uplift and subsidence pattern can be related to the subduc-

tion of the Cocos Ridge (cf. Vannucchi, Morgan, Balestrieri, et al.,

2016; Zeumann & Hampel, 2015).

4.3 | Intraarc basins

Important features of the southern Central American land-bridge are

the intraarc basins, represented by the Nicaragua Graben, the San

Carlos basin and the Valle Central basin in Costa Rica (Figures 1

and 4).
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The San Carlos basin can be regarded as the southeastern pro-

longation of the Nicaragua Graben (Figure 1). In southern Nicaragua

this intraarc basin system is bounded to the west by the Mateare

normal fault (Cailleau, LaFemina, & Dixon, 2007; Cowan et al., 2000;

Funk et al., 2009) and the Lake Nicaragua fault zone and the Costa

Rica fault zone (Stephens, 2014). Westward of these faults, the fore-

arc area is located. The evolution of the faults in southern Nicaragua

is probably related to the subduction parameters. GPS data imply that

there is a northwest directed, trench-parallel movement of the fore-

arc, relative to the Caribbean Plate, caused by strain partitioning as a

consequence of oblique subduction (DeMets, 2001; Turner et al.,

2007). Oblique subduction can lead to arc-parallel stretching and a

forearc translation along strike-slip faults on the arc side (McCaffrey,

1996). The Nicaraguan forearc is interpreted to behave as such a rigid

block (referred to as forearc sliver) that moves parallel to the arc

(Turner et al., 2007). Trench-parallel movements of the forearc sliver

can be compensated along arc-parallel strike-slip faults, which could

act as basin bounding faults that separate the forearc basin from the

arc. However, some authors state that such faults are not well devel-

oped in southern Nicaragua and therefore, LaFemina, Dixon, and

Strauch (2002) introduced a model for southern Nicaragua, where

the trench-parallel motion is compensated by the rotation of crustal

blocks. The margin parallel shearing was accommodated in this model

by bookshelf faulting along faults at high angles to the margin

(LaFemina et al., 2002). However, the observations of Funk

et al. (2009) do not support this idealized model in the lake area.

Their study indicates that the Nicaragua depression is a strongly

asymmetric half-graben, bounded by oblique normal faults. The evo-

lution of the graben started in Late Oligocene times in the Lake Nica-

ragua area and extension propagated northward to the Gulf of

Fonseca. Further research focused on the tectonic and volcanic activ-

ity of the Nicaragua Graben (e.g. Borgia & van Wyk de Vries, 2003;

Freundt, Kutterolf, Wehrmann, Schmincke, & Strauch, 2006; LaFe-

mina et al., 2002).

The San Carlos basin of the North Costa Rican arc segment

(Figure 1) is only 4 km deep and 50 km wide. Cross-sections published

in Astorga (1994) and Barboza, Fernández, Barrientos, and Bottazzi

(1997) show that the basin-fill consists of up to 2 000 m Paleocene to

Eocene fine-grained deep-water clastics overlain by Oligocene to Pleis-

tocene shallow-water and continental deposits (Figure 5). A major

extensional phase occurred in the Miocene (Barboza et al., 1997).

The Valle Central basin is an east–west trending strike-slip basin

that is located in the Central Costa Rican arc platform (Figures 1 and

5). Rapid subsidence during the Neogene led to the deposition of up

to 8 000 m thick deep- and shallow-water clastic sediments and lava

flows (Campos, 2001).

4.4 | Backarc basins

Different backarc basins are developed on the Atlantic margin of the

Central American land-bridge. From north to south these are: (i) the

Miskito basin of the Nicaraguan arc segment; and (ii) the North and

South Limón backarc basins, situated beneath the present-day coastal

plain and shelf of eastern Costa Rica (Figure 1).

4.4.1 | The Miskito backarc basin

The Miskito backarc basin, also referred to as Mosquitia basin

(C. A. Dengo, 2007; Sanchez et al., 2016) is underlain by the Siuna

terrane (Figures 1 and 3), which is interpreted as an accreted oceanic

element (Rogers, Mann, & Emmet, 2007). Towards the south the

basin is bounded by the Hess Escarpment and probably extends

approximately up to the Motagua-Pocholic fault zone in the north.

After the terrane accretion probably a phase of post-collisional relax-

ation (sagging) occurred that controlled the overall subsidence pat-

tern of sedimentary basins in the backarc area of Nicaragua (Sanchez

et al., 2016). Increased extension processes probably started during

the Early Eocene, leading to the development of numerous small, up

to 7 km deep, basins. Older Cretaceous to Paleocene deposits are

only patchily preserved (Muñoz, Baca, Artiles, & Duarte, 1997).

The Siuna Serpentinite Mélange is unconformably overlain by

Lower Cretaceous (Aptian/Albian) thin-bedded hemipelagic calcare-

ous deposits and thin-bedded volcaniclastic turbidites. The sedimen-

tary succession shallows upwards and passes into thick-bedded

Upper Cretaceous limestones in which andesitic flows are interca-

lated (Baumgartner et al., 2008; Muñoz et al., 1997). During the

Paleocene to Middle Eocene turbidites of the Río Machuca Formation

were locally deposited. On structural highs platform carbonates

formed (Carvajal-Arenas, Torrado, & Mann, 2015). Within the rapidly

subsiding pull-apart basins Lower Eocene to Recent deep-marine to

continental clastic sediments and carbonates were deposited

(Figure 4). The Lower Eocene carbonates are interbedded with lava

flows and pyroclastic material. A major unconformity separates the

Eocene from the Oligocene deposits (Carvajal-Arenas et al., 2015;

Muñoz et al., 1997) marking a longer period of emergence. The late

Cretaceous to Eocene sedimentary sequence is bounded by an upper

erosional unconformity, probably indicating contemporaneous fault-

block rotations and/or local uplifts (Sanchez et al., 2016). On the Nic-

aragua Rise, there is an important subsidence and depositional event

during the Oligocene to Miocene in a westward tilted basin, possibly

controlled by continued sagging. Depocenters display well-rounded

shapes in map view that can be associated with a continued relaxa-

tion phase. The Upper Miocene to Pliocene sequence is thinner on

the Nicaragua Rise and shows limited sediment accumulation. During

the post-tectonic Pliocene-Pleistocene a stable carbonate platform

established in the southwest. Since the Miocene a large delta wedge

formed in the southern Miskito basin (Muñoz et al., 1997) that

extends into the North Limón backarc basin (Brandes et al., 2007a,

2007b).

4.4.2 | The North and South Limón backarc basins

The North and South Limón backarc basins developed on thickened

oceanic crust (CLIP) and are structurally heterogeneous. An exten-

sional backarc basin (North Limón basin) on the North Costa Rican

arc segment and a compressional retro-arc foreland area (South

Limón basin) on the South Costa Rican arc segment can be observed

side by side. Both basins are separated by the Trans-isthmic fault sys-

tem and the Moín High (Brandes et al., 2008; Brandes, Astorga, &

Winsemann, 2009) (Figure 1). The North Limón basin is bounded to

the north by the Hess Escarpment and towards the west by the
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volcanic arc. The South Limón basin is bounded towards the west

and south by the volcanic arc. The eastward extent is defined by the

Limón fold-and-thrust belt (Brandes et al., 2008; Mende, 2001).

It is assumed that the evolution of the basins began as a non-

extensional backarc basin (Mende, 2001). Pre-existing oceanic crust

of the Caribbean Sea was brought into a backarc position due to the

formation of the southern Central American island arc.

The North and South Limón basins have a widely similar

6–10 km thick fill, which consist of 1 280 m thick late Campanian to

Maastrichtian pelagic limestones and intercalated volcaniclastic rocks,

overlain by ~3 000 m thick Paleocene to Lower Eocene coarse-

grained volcaniclastic turbidites, debris-flow deposits and lava flows

(Figure 5). Early compressional deformation during Eocene to Oligo-

cene times caused the formation of a significant anticline (Moín

High), as implied by the simultaneous deposition of 150–200 m thick

shallow-water limestones on local structural highs (Amann, 1993;

Brandes et al., 2009; Mende, 2001), and of 700–900 m thick hemipe-

lagic mudstones, calcareous turbidites, and carbonate debris-flow

deposits in adjacent basin areas (Mende, 2001). From the margin of

the backarc area, Amann (1993) described an angular unconformity

overlain by an Upper Oligocene transgressive lag deposit. The uncon-

formity was probably caused by uplift of the island arc in combination

with a major sea-level fall (Amann, 1993; H. Krawinkel et al., 2000;

Seyfried et al., 1991). Subsequently carbonate ramps were built on

top of the uplifted areas. During the Plio-Pleistocene, piggy-back

basins of the South Limón fold-and-thrust belt were filled with

shallow-marine and continental rocks (Amann, 1993; Bottazzi, Fer-

nandez, & Barboza, 1994; Fernandez, Bottazzi, Barboza, & Astorga,

1994; Mende, 2001).

The North Limón basin-fill is undeformed and probably is still

subsiding today (Mende, 2001).

In contrast, the sedimentary rocks of the South Limón basin have

been deformed by NE-directed folding and thrusting (Bowland, 1993;

Brandes, Astorga, Blisniuk et al., 2007; Goes et al., 1993 E. A. Silver

et al., 1990). The offshore part of the deformed belt is characterized

by fault-propagation folds, where changes in fault-slip are compen-

sated by folding in the hanging wall of the thrusts (Brandes & Tanner,

2014; Suppe & Medwedeff, 1990). Thin-skinned tectonics on a sub-

horizontal detachment located within the sedimentary rocks is the

prevailing deformation style (Brandes, Astorga, Blisniuk, et al., 2007).

Balanced cross-sections imply 8–9 % of horizontal shortening in

Plio-Pleistocene times for the external part of the fold-and-thrust belt

in the offshore area (Brandes et al., 2008, 2016). If out-of-sequence

thrusting took place in the internal part of the fold-and-thrust belt,

the horizontal shortening could be significantly higher. Geohistory

curves provide important insights into the evolution of the North and

South Limón basin.

The North and South Limón basins both show a linear subsi-

dence trend (subsidence at a constant rate) in the Paleocene and

Eocene (Figure 6; Brandes et al., 2008). This is probably typical for

backarc basins, which evolve behind island arcs. The geohistory curve

of the South Limón basin is more complex. In contrast to the north-

ern backarc sub-basin, there is a pronounced increase in subsidence

in the South Limón basin at the beginning of the Neogene at 23 Ma

(Figure 6). The shape of the curve shares some characteristics with

geohistory curves derived from foreland basins (Angevine et al.,

1990), but the subsidence of foreland basins (2–3 km) is generally

much lower (Xie & Heller, 2009) than the 6 km of the South Limón

basin. Based on the geodynamic position, the basin can be classified

as a retro-arc foreland basin (cf. DeCelles & Giles, 1996). Because

foreland basins evolve on continental crust, the best classification of

the South Limón basin would be the one of an inverted backarc basin

on thickened oceanic crust.

4.5 | Major basin-wide unconformities

Within the basin-fills major angular unconformities are developed

(Figure 5), which can be traced along the forearc and backarc areas of

Nicaragua, Costa Rica, and Panama. Gursky (1986), Seyfried

et al. (1991) and H. Krawinkel et al. (2000) gave a comprehensive

overview of main phases of deformation and uplift in the forearc area

of Costa Rica and Nicaragua, which occurred during the Campanian,

Middle Eocene to early Late Oligocene and Late Miocene.

4.5.1 | Campanian unconformity

The origin of the Campanian unconformity has been a source of con-

troversy in the past and attributed to the establishment of a new sub-

duction zone in the rear part of the Caribbean oceanic plateau

(e.g. Buchs et al., 2010, 2011; H. Krawinkel et al., 2000; Seyfried

et al., 1991). The data presented by Baumgartner et al. (2008),

Escuder-Viruete and Baumgartner (2014), and Geldmacher

et al. (2008) imply that the collision of an island arc (Guerreo terrane)

with the southern Chortís block during the Late Cretaceous most

likely caused this unconformity on the North Costa Rican arc seg-

ment. The development of late Campanian reefs on top of uplifted

oceanic basement rocks and an accretionary complex (e.g. Azéma

et al., 1985; Bandini et al., 2008; Denyer & Baumgartner, 2006; Jac-

card et al., 2001; Seyfried et al., 1991) postdate this collision. Subse-

quently the Middle American arc-trench system established, indicated

by the initiation of arc volcanism at around 75–70 Ma and the onset

of volcaniclastic deposition within the forearc and backarc basins of

southern Central America (e.g. Astorga et al., 1991; Buchs et al.,

2010, 2011, 2013; Campos, 2001; H. Krawinkel et al., 2000; Kutter-

olf et al., 1997; Seyfried et al., 1991; Winsemann, 1992).

4.5.2 | Middle Eocene to Oligocene unconformity

The Eocene to Oligocene unconformity can be best observed on the

Nicoya Peninsula, where the unconformity deeply cuts into pre-

Campanian rocks and uplifted Upper Cretaceous to Eocene deep-

water sediments (e.g. Astorga et al., 1991; Baumgartner et al., 1984;

Calvo, 1998; H. Krawinkel et al., 2000; Seyfried et al., 1991; Winse-

mann, 1992). As pointed out earlier this unconformity possibly

resulted from the subduction of a northeast–southwest trending

aseismic ridge, which caused a complex pattern of uplift and subsi-

dence in the forearc area of the North Costa Rican arc segment.

Along the South Costa Rican and West Panamanian arc segments

seamount accretion/subduction during the Eocene probably caused

strong uplift and regional deformation (Buchs et al., 2011; Hauff

et al., 2000; H. Krawinkel et al., 2000; Seyfried et al., 1991). The

onset of oblique collision between Panama and South America at the
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end of the Middle Eocene led to transtensive and rotational deforma-

tion in central Panama and probably caused the formation of the

structural Chocó and Chorotega blocks, which rotated in different

orientations (Barat et al., 2014).

As in the forearc basins, an important Middle Eocene to Late Oli-

gocene unconformity is developed in the backarc area (e.g. Amann,

1993; Bowland, 1993; Brandes et al., 2009; Carvajal-Arenas et al.,

2015; Mende, 2001; Muñoz et al., 1997). During this contractional

phase the Moín High formed (Brandes et al., 2009).

The overall controlling factor for the Middle Eocene to Oligocene

deformation phase probably was the Middle Eocene plate tectonic

reorganization in the Pacific region, which led to major changes in

subduction parameters along the Middle America trench (Buchs

et al., 2011).

4.5.3 | The Miocene unconformity

The Miocene unconformity in the forearc basins is probably a com-

posite result of (i) low-angle subduction of young oceanic lithosphere

with rough relief on the downgoing slab; (ii) the accretion of sea-

mounts and aseismic ridges (e.g. Buchs et al., 2011; De Boer et al.,

1995; Hauff et al., 2000; H. Krawinkel et al., 2000), probably related

to the break-up of the Farallón Plate at around 25 Ma and a related

major change in plate vectors; and (iii) the onset of compressional

deformation at around 25–23 Ma related to the completed oblique

collision of Panama with South America between (Barat et al., 2014;

Bowland, 1993; Farris et al., 2011; Winsemann, 1992).

In the forearc area of Costa Rica and western Panama small rap-

idly subsiding extensional basins formed during this time span that

are bounded by fault systems (Amann, 1993; Campos, 2001;

Kolarsky, Mann, & Monechi, 1995), indicating lateral movements

along major strike-slip faults. These movements could be an effect of

a forearc sliver or are a consequence of Middle Miocene lateral

escape tectonics of the Panama block that was postulated by J. L.

Pindell and Kennan (2009). In eastern Panama pop-up basins formed

(Barat et al., 2014).

The Miocene unconformity also corresponds with uplift of south-

ern Central America and increased volcanic activity. In response a

thick prograding delta and turbidite fan system was deposited in the

offshore backarc area of Costa Rica and the western Colombian basin

(Bowland, 1993; Brandes et al., 2007a, 2007b; Muñoz et al., 1997).

5 | DISCUSSION

The structural and sedimentary evolution of the basin systems indi-

cate that the development of the southern Central American island

arc can be subdivided into three main stages (Figure 7):

1. A pre-extensional stage in the Campanian (Figure 7a).

2. The development of a tholeiitic island arc during the Maastrich-

tian to Paleogene in response to the subduction of the Farallón

Plate beneath the thickened Caribbean plate. This extensional

stage is characterized by rapidly subsiding sedimentary basins

(Figure 7b), in which large amounts of volcaniclastic material

were deposited.

FIGURE 7 Schematic sketch of the island arc evolution. (a) The

evolution of the island arc started with a pre-extensional arc in the

Campanian. (b) Extensional stage during the Maastrichtian to

Oligocene, characterized by rapidly subsiding sedimentary basins.

Subduction erosion, slab rollback and resulting trench retreat are

important drivers for basin subsidence in this phase. (c) During the

Neogene, the southern part of the arc was shortened and transformed

into a compressional arc. This transformation probably started already

in the Miocene and the young Pleistocene subduction of the Cocos

Ridge contributed to the contraction but was not the primary driver
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3. The development of the South Costa Rican arc segment into a

compressional arc (subduction orogen) during the Neogene

(Figure 7c).

5.1 | The pre-extensional Late Cretaceous island arc

The pre-extensional stage is characterized by a phase of terrane

accretion along the continental crust of the Chortís Block and the

CLIP plateau. These accreted terranes and the CLIP basalts form the

forearc and backarc basement of the southern Central American

island arc.

The sedimentary record of the pre-extensional island arc com-

prises late Campanian hemipelagic calcareous deposits with some

intercalations of rock-fall breccias and conglomerates. Clasts consist

of partly well-rounded and weathered serpentinite and basalt blocks,

reworked shallow-water carbonates and neritic fossils. Up-

section thin-bedded volcaniclastic turbidites are intercalated (Astorga

et al., 1991; Baumgartner et al., 1984; Calvo, 1998, 2003; Campos,

2001; Lundberg, 1982; Seyfried et al., 1991; Seyfried & Sprechmann,

1986; Winsemann, 1992).

5.2 | The extensional Maastrichtian to Paleogene
evolution of the southern Central American island arc

Between 70 Ma and 60 Ma high sediment input started in the fore-

arc basins, which is recorded by the rapid development of a tholeiitic

island arc during the Maastrichtian to Paleogene (Baumgartner et al.,

1984; Campos, 2001; Kumpulainen et al., 1999; Seyfried et al., 1991;

Struss et al., 2008; Winsemann, 1992; Winsemann & Seyfried, 1991)

that was accompanied by significant subsidence both in the forearc

(Struss et al., 2008) and backarc area (Brandes et al., 2008) (Figure 6).

In the forearc area subduction erosion is very important

(Vannucchi, Morgan, Balestrieri, et al. 2016; Vannucchi, Morgan, Sil-

ver, et al., 2016; Vannucchi, Scholl, Meschede, & Mcdougall-Reid,

2001), whereas slab rollback and trench retreat can affect both the

forearc and backarc. Repeated phases of uplift and subsidence in the

forearc area since the Paleocene can be best explained by changes in

the subduction parameters. Uplift followed by subsidence can be a

consequence of the subduction of aseismic ridges (Sak, Fisher, &

Gardner, 2004; Zeumann & Hampel, 2015) or the accretion of oce-

anic plateaus (Walther et al., 2000) and oceanic islands (Buchs et al.,

2011; H. Krawinkel et al., 2000).

Slab rollback can lead to significant changes in the stress field of

an island arc. We used the term trench retreat for a seaward migra-

tion of the trench as used by e.g. Uyeda and Kanamori (1979). Experi-

ments carried out by Funiciello, Faccenna, Domenico, and

Regenauer-Lieb (2003) indicate that trench retreat is an episodic pro-

cess, controlled by the interaction of the slab and the mantle, leading

to slab bending. It is a potential mechanism for backarc extension and

backarc basin formation (Flower, Russo, Tamaki, & Hoang, 2001;

Uyeda & Kanamori, 1979). Yamaji (2003) showed that the stress

regime in the Ryukyu arc changed simultaneously in the forearc and

backarc from compression to extension due to rollback. Slab rollback

can lead to a significant trenchward migration of the volcanic chain

(Cadoux, Missenard, Martinez-Serrano, & Guillou, 2011; Faccenna,

Funiciello, Giardini, & Lucente, 2001; Ferrari, Petone, & Francalanci,

2001; Yamaji, 2003) and can cause decompression melting in the

upper mantle (Schellart, 2010). A decrease in distance between

source and sink and increased volcanism due to decompression melt-

ing would be a suitable explanation for the high sediment input into

the forearc basins between 70 Ma and 60 Ma.

5.2.1 | Basin systems of the Nicaraguan arc segment

According to Walther et al. (2000) an oceanic plateau was sub-

ducted/accreted along the Nicaraguan arc segment during the latest

Cretaceous and Paleocene. This collision is assumed to have led to a

subsequent jump of the subduction zone by about 70 km to the

southwest during the Eocene. Evidence is given by a mantle sliver in

the subsurface of the Sandino basin, which is interpreted as a relic of

a former subduction zone. There is no related perturbation in the

geohistory curve (Figure 6). This implies that the observed mantle

sliver below the Sandino forearc basin belongs to the older subduc-

tion zone, along which the Guerrero arc has been accreted to the

Chortís block (e.g. Mann et al., 2007; Rogers, Mann, & Emmet, 2007)

and would support the interpretation that remnants of the Guerrero

arc form the basement of the Sandino basin. However, the input data

for the early basin history are limited and therefore the modelled

geohistory curve is uncertain for the early basin evolution.

The decrease in subsidence of the Sandino basin during the Late

Eocene (Figure 6) could be explained with the model of Walther

et al. (2000), where a slab break-off and the establishment of a new

subduction zone further westward occurred, after the docking of an

oceanic plateau. During the re-establishment of the subduction zone,

a period of reduced subsidence prevailed. The deposition of very

coarse-grained deep-water channel-levee complexes during the Late

Eocene (Brandes, Struss et al., 2007; Kumpulainen, 1995; Struss, Blis-

niuk, Brandes, et al., 2007; Struss, Brandes, Blisniuk, et al., 2007;

Struss, Brandes, Vandré, et al., 2007; Winsemann, 1992) could there-

fore be the result of the arc shift combined with reduced subsidence

and a global sea-level fall. Evidence for another tectonic signal in the

forearc area of southwest Nicaragua, which was probably related to

slab detachment and subsequent trench retreat, is given by an

increased subsidence pulse during the Early Oligocene at around

30 Ma and persisting deep-water sedimentation until the Early Mio-

cene (Masachapa Formation; Struss et al., 2008; Figure 6). The

observed Eocene extensional processes in the Miskito backarc basin,

the related high sediment thickness (Muñoz et al., 1997) and the ini-

tial formation of the Nicaragua Graben during the Late Oligocene

(Funk et al., 2009) could be also related to this trench retreat. A

phase of crustal stretching affected the Miskito basin during the Oli-

gocene to Miocene (Carvajal-Arenas et al., 2015; Muñoz et al., 1997),

which could be related to trench retreat. On the Nicaragua Rise,

increased subsidence during the Oligocene to Miocene was possibly

controlled by continued sagging (Sanchez et al., 2016.)

5.2.2 | Basin systems of the Costa Rican arc segments

The first important tectonic event in the forearc area of the North

Costa Rican arc segment was most probably related to the
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subduction of an aseismic ridge in front of the North Costa Rican arc

segment during the Early Paleocene. The subduction of this ridge has

caused strong uplift of the accretionary wedge and the Tempisque

forearc basin in northern Costa Rica. Large resedimented shallow-

water carbonate blocks, up to 150 m in diameter, embedded in Lower

Paleocene deep-water turbidites of the Sandino forearc basin and the

Tempisque forearc basin (Winsemann, 1992) indicate a related col-

lapse of the Upper Campanian El Viejo carbonate platform (Jaccard

et al. 2001) and vertical movements along the Hess Escarpment

(Winsemann, 1992).

During the Early Paleocene the strong uplift of the inner forearc

area possibly enabled the deposition of a thick and very coarse-

grained volcaniclastic channel-lobe complex in the Sámara trench-

slope basin on the western Nicoya Peninsula (Figure 1) (Lundberg,

1982; Winsemann, 1992) and the subsequent formation of the Late

Palaeocene to Early Eocene Barra Honda carbonate platform, which

unconformably rests on deformed Upper Cretaceous to Paleocene

deep-water sediments (Jaccard et al., 2001).

The subsequent Late Eocene to Early Oligocene uplift of the

outer forearc area and the related collapse of the Barra Honda

carbonate platform probably reflect the onset of a renewed subduc-

tion of rough crust or an aseismic ridge that triggered the sliding of

large platform blocks from the elevated basin margin over younger

deposits in the deeper part of the basin (Figure 8). The different

onset of the Late Eocene to Early Oligocene deformation and a

related complex uplift and subsidence pattern imply an oblique sub-

duction of this ridge.

The tectonic signal in the backarc area is less pronounced.

Mende (2001) observed bimodal volcanism with dyke intrusions and

the formation of pillow lavas that he interpreted as an indicator of a

Paleocene to Eocene rifting event. The observed volcanism and sub-

sidence are most likely the result of minor crustal stretching and

extension with stretching factors below the typical rift values.

A Paleocene–Eocene extensional event in the South Limón

backarc basin (Mende, 2001) possibly corresponds to the observed

Eocene rifting processes in the Miskito backarc basin in Nicaragua

(Muñoz et al., 1997). However, this extensional event is not visible

in the geohistory curve of the North and South Limón basin and

therefore was probably not very pronounced (Figure 6; Brandes

et al., 2008). As in Nicaragua, the Neogene Costa Rican and

FIGURE 8 The subduction of oceanic

plateaus or aseismic ridges caused
strong uplift of the outer arc and the
Barra Honda platform. Due to the
uplift, the platform was mechanically
destroyed and large shallow-water
carbonate blocks became transported
into the forearc basins, intercalated
with clastic turbidites and rest on top of
younger deposits. Subsequent trench
retreat occurred and was an important
driver for basin subsidence
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Panamanian volcanic arc shifted towards the west, pointing to a

trench retreat (Buchs et al., 2011; Hoernle et al., 2008). This

implies that both the forearc and the backarc area of the southern

Central American island arc were affected by ongoing slab

detachment and subsequent trench retreat as a driver for the

subsidence.

5.3 | The Neogene evolution of the island arc and
the development of the southern Costa Rican arc
segment into a subduction orogen

5.3.1 | Forearc and intraarc basins of the Nicaraguan and
Costa Rican arc segments

A second trench retreat event probably occurred in Miocene times.

Modeling results of Cailleau and Oncken (2008) imply that today´s

arc-trench geometry cannot explain the Middle Miocene deforma-

tion pattern in the Sandino forearc basin. Field evidence for a Mio-

cene trench retreat is given by the trenchward shift of the volcanic

arc (Ehrenborg, 1996; Mann et al., 2007; Plank, Balzer, & Carr,

2002) and the onset of extensive crustal extension during the Late

Miocene in the intraarc basins of Nicaragua and northern Costa Rica

(e.g. Barboza et al., 1997; Funk et al., 2009). Today the crust has a

reduced thickness below the depression in central Nicaragua.

Directly beneath the Nicaraguan arc it has a thickness of only

(24.6 �3.5) km (MacKenzie et al., 2008), which is most likely the

result of the localized Neogene extension and graben formation. A

phase of increased subsidence from 18 Ma to 13 Ma in the North

Limón backarc basin and the Early Miocene phase of crustal stretch-

ing in the Miskito basin described by Muñoz et al. (1997) are possi-

bly also related to this trench retreat. Striking evidence for a

Miocene trench retreat also comes from the distribution of volcanic

rocks. Exposed rocks from the volcanic arc in Nicaragua and Costa

Rica are Oligocene to Pleistocene in age, getting successively youn-

ger towards the west (Appel et al., 1994; Ehrenborg, 1996; Hoernle

et al., 2008; Plank et al., 2002), therefore indicating trench retreat

during the Neogene. Remains of the older Late Cretaceous and

Paleogene volcanic arc are not exposed and are either eroded or

buried underneath younger deposits. A broad temporal change in

magma compositions from tholeiitic to calc-alkaline occurred in the

Oligocene (ca 30 Ma; Abratis & Wörner, 2001; Alvarado et al.,

1992; De Boer et al., 1995). Between the Middle and Late Miocene

a change from low-K calc-alkaline towards high-K calc-alkaline

occurred (Gazel et al., 2009). During this time seamounts derived

from the Galápagos hotspot were accreted along the Pacific margin

of Central America (Alvarado et al., 1992; Hauff et al., 2000;

Hoernle et al., 2002, 2004; Wegner et al., 2011).

The main controlling factor for the Neogene trench retreat was

probably the break-up of the Farallón Plate into the Cocos and Nazca

Plate at around 25 Ma (Mann et al., 2007). Differential subsidence of

the forearc area possibly caused by fault activity along the Hess

Escarpment and Trans-isthmic fault system as well as variations in

subduction erosion due to seafloor roughness (Fisher, Gardner, Mar-

shall, Sak, & Protti, 1998).

5.3.2 | Outerarc basins of the Costa Rican and West-
Panamanian arc segments

Strike-slip movements and the increase in subduction erosion proba-

bly led to the formation of new basins in the outerarc area of Costa

Rica and Panama (e.g. Kolarsky, Mann, & Monechi, 1995; Vannucchi,

Morgan, Balestrieri, et al., 2016; Vannucchi, Morgan, Silver, et al.,

2016; Vannucchi et al., 2001). Alvarado (2007) described a landward

shift of the central and north Costa Rican volcanic arc during the

Early Miocene as a result of the subduction of young lithosphere.

These basins are relatively small, represent fault-bounded graben

structures and are filled with deep-water or neritic siliciclastic

deposits (Campos, 2001; Corrigan et al., 1990; Kolarsky, Mann, &

Monechi, 1995; H. Krawinkel & Kolb, 1994; H. Krawinkel et al.,

1999; Ranero, von Huene, Flueh, Weinrebe, et al., 2000; Schmidt &

Seyfried, 1991; Seyfried, Krawinkel, & Aguilar, 1994; von Eynatten

et al., 1993). The flooding of the Oligocene unconformity is well

documented in the coastal areas of northern and central Costa Rica,

indicating the development of plains of marine erosion and rapidly

receding cliffs (Figure 5; Schmidt & Seyfried, 1991; Seyfried et al.,

1991; H. Krawinkel & Kolb, 1994; H. Krawinkel et al., 2000). By the

end of the Late Miocene most basins of the northern arc segments

were completely filled and a third important unconformity formed

that can be traced in the entire forearc area of Nicaragua and Costa

Rica. In the outerarc area of the South Costa Rican arc segment (Osa

and Burica Peninsula) and the West Panamanian arc segment (Gulf of

Chiriquí) the highest rate of subsidence is recorded from the late

Early Miocene to early Middle Miocene and the Plio-Pleistocene

(Figure 5; Campos, 2001; Collins, Coates, Jackson, & Obando, 1995;

Corrigan et al., 1990; Kolarsky, Mann, & Monechi, 1995; Schlegel

et al., 1995; Vannucchi, Morgan, Balestrieri, et al., 2016; Vannucchi,

Morgan, Silver, et al., 2016; von Eynatten et al., 1993). A reversal in

the subsidence pattern of the inner and outer forearc area occurred

near the Miocene/Pliocene boundary. Shallow marine and terrestrial

sediments of the Térraba forearc basin indicate a complete filling by

the Late Miocene (Corrigan et al., 1990; Kutterolf et al., 1997;

H. Krawinkel et al., 2000; Seyfried et al., 1991). The Pliocene to Pleis-

tocene marine sedimentation on the Osa and Burica Peninsula

occurred in rapidly subsiding outerarc basins. Before the Pliocene,

the outerarc area of Osa and Burica was a topographic high that

bounded the Térraba forearc basin towards the southwest. On the

Osa Peninsula, the formation of coarse-grained cone-shaped deltas

indicates rapid drowning during the Pliocene (von Eynatten et al.,

1993). On the Burica Peninsula an at least 3 500 m thick Plio-

Pleistocene deep- to shallow-water trench-slope succession was

deposited (Corrigan et al., 1990; Schlegel et al., 1995). In the Gulf of

Chiriquí (offshore southwest Panama) up to 2 000 m thick sediments

were deposited during the Plio-Pleistocene in a fault-bounded basin,

which probably consists of deep-water turbidites (Kolarsky, Mann, &

Monechi, 1995). Different studies have demonstrated the effects of

subduction erosion along the Pacific margin of Costa Rica (Meschede,

Zweigel, Frisch, & Völker, 1999; Ranero & von Huene, 2000; Vannuc-

chi et al., 2001; Vannucchi, Morgan, Balestrieri, et al., 2016; Vannuc-

chi, Morgan, Silver, et al., 2016). It is well known that the seafloor

roughness (e.g. E. Silver, et al., 2004) has a strong influence on
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vertical movements of the upper plate (Sak et al., 2009). Crust with a

rough morphology, entering the subduction zone initially caused

uplift of the upper plate, followed by increased subsidence due to

enhanced subduction erosion (Sak et al., 2004; Zeumann & Hampel,

2015). This could explain the complex young subsidence and uplift

history that is documented from the outerarc and the inner forearc

at Osa.

5.3.3 | Backarc basins of the Costa Rican arc segments

The backarc basins of the Costa Rican arc segments differ in their

Neogene evolution and their structural style. The North Limón basin

(north of the Trans-isthmic fault system) still underwent subsidence

as the geohistory curve shows (Brandes et al., 2008). The last 18 Myr

are characterized by a linear subsidence trend, interrupted by a short

pulse of uplift at around 4 Ma. The slight increase in subsidence at

18 Ma could be related to the Miocene trench retreat (cf. Cailleau &

Oncken, 2008). In contrast, in the South Limón basin (Figure 6) there

is an increase in subsidence at 23 Ma (Brandes et al., 2008), which

probably indicates the point when the backarc basin was transformed

into a retro-arc foreland basin. The rapid subsidence can be inter-

preted to have resulted from crustal loading due to the evolution of

the South Limón fold-and-thrust belt. Farris et al. (2011) concluded

that the tectonic collision between Panama and South America began

at 25–23 Ma. The timing fits well to the onset of compressional

deformation in eastern Panama, which possibly records the comple-

tion of oblique subduction between Panama and South America

(cf. Barat et al., 2014; Farris et al., 2011). However, there is also the

view that the collision between Panama and South America started

around 14.8–12.8 Ma (Coates et al., 2004). The early onset at

25–23 Ma is near the time when the rapid subsidence in the South

Limón basin started and persisting until today. It implies a strong con-

nection of both the formation of the Panama deformed belt and the

increase in subsidence in the South Limón basin. At around 25 Ma

the break-up of the Farallón Plate into the Cocos and Nazca Plate

occurred (Mann et al., 2007). This could also have influenced the sub-

sidence in the South Limón basin. Therefore, the observed change in

the subsidence pattern at around 23 Ma cannot be related to the

subduction of the Cocos Ridge. In addition, MacMillan et al. (2004)

state that important geodynamic factors like the oblique subduction

of the Nazca Plate, the passage of the Nazca–Cocos–Caribbean triple

junction and the subduction of rough crust shaped the southern

Costa Rican arc segment and occurred before the onset of subduc-

tion of the Cocos Ridge. The increase of subsidence at around 2 Ma

is probably related to the ongoing propagation of the Limón fold-

and-thrust belt (Brandes et al., 2008), which possibly was enhanced

by the subduction of the Cocos Ridge (cf. Morell, 2016; Morell, Gard-

ner, Fisher, Idleman, & Zellner, 2013; Morell et al., 2012).

In contrast to the Nicaraguan and North Costa Rican arc seg-

ments, the South Costa Rican arc segment is characterized by

deformed forearc and backarc basins. Integrating surface (Figure 9a)

and subsurface data (Figure 9b), it is very likely that the geometry of

this part of the island arc is very similar to that of doubly-vergent and

asymmetric orogens. Recent work shows that doubly-vergent thrust

wedges are a common feature of island arcs as shown by the work of

ten Brink, Marshak, and Granja Bruna (2009) and Kroehler

et al. (2011). Especailly the study of Kroehler et al. (2011) shows this

doubly-vergent structure based on earthquakes hypocenters. All

structural elements predicted by the models for doubly-vergent oro-

gens as shown in Willett, Beaumont, and Fullsack (1993) can be

found in the island arc segment of southern Costa Rica (Brandes &

Winsemann, 2007). The deformed forearc can be regarded as pro-

wedge and the Limón fold-and-thrust belt as retrowedge (Figure 9).

The Talamanca Range in between can be interpreted as the central

uplifted block. Similar to the model of Willett et al. (1993) this asym-

metry is related to the polarity of subduction. In addition to the dou-

ble vergence and the asymmetry, the model of Willett et al. (1993)

also predicts a system of conjugate shear zones, which separates the

central part of the orogen from the pro- and retrowedge. The

northwest–southeast trending thrusts running parallel to both sides

of the most elevated part of the Talamanca Range can be interpreted

as part of such a step-up shear zone, similar to a subduction orogen

like the Andes (Brandes & Winsemann, 2007). Based on its structure

and geometry, the Talamanca Range can be compared to the uplifted

triangular block in the orogen model of Willett et al. (1993)

(Brandes & Winsemann, 2007). In addition, the Willett et al. (1993)

model has a singularity, where the incoming plate detaches and sub-

ducts. The conjugate shear zones root in this singularity, conse-

quently, the deformation occurs in the hanging wall. As shown in

Fisher et al. (2004) and Morell et al., (2012, 2013), the leading edge

of the Cocos Ridge is approximately below the center of the Tala-

manca Range and could represent such a singularity.

The Solomon Islands can serve as an analogue for the bivergent

structure of the southern Central American island arc. Earthquake

hypocenters illuminate the subducting slabs below the arc and seis-

mic lines show the bivergent structure with two thrust systems that

propagate into opposing directions (Mann & Taira, 2004). In case of

the Solomon Islands, the doubly-vergent structure is caused by thick-

ened crust entering from one side, forcing a flip in the subduction

zone. However, data from the northeastern Caribbean region and

sandbox models imply that a backarc fold-and-thrust belt can be

regarded as retrowedge and a reversal of the subduction polarity or a

mantle-driven trenchward motion of the overriding plate is not

required to produce this structure (ten Brink et al., 2009). Grindlay,

Mann, Dolan, and van Gestel (2005) show a comparable situation

with a doubly-vergent arc structure at the Puerto Rico-Virgin Islands

margin. Here, this doubly-vergent structure is produced by the thick

Bahamas platform that entered the subduction zone, analogous to

the situation at the Solomon Islands. This underlines the importance

of the subduction of thick crust for the development of as doubly-

vergent structure in an island arc setting.

Despite the formation of the Panama orocline, low-angle subduc-

tion of the Cocos Plate and the related basal traction also offers a

possible driving mechanism for the evolution of the doubly- vergent

mountain chain in southern Costa Rica. De Boer et al. (1995) pro-

posed a decrease in the subduction angle since Late Miocene times.

A transition from marine to continental deposits in the South Limón

basin occurred at the end of the Late Miocene and fits to a phase of

uplift that can be interpreted as the consequence of shortening and

fold-belt formation. However, the dip angle of the slab in southern
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Central America is still under debate. For central Costa Rica, Zhu

et al. (2009) derive an average dip angle of the Cocos Plate of 9.0�–

9.1�, based on seismic data. Peacock et al. (2005) showed a slab angle

of 45� under central Costa Rica and a dip of 30� below southern

Costa Rica. Based on earthquake hypocenters, Protti et al. (1995a)

assume a flat slab below southern Costa Rica. More recent seismic

FIGURE 9 Doubly-vergent orogen of Costa Rica. (a) Digital

elevation model of Costa Rica (based on GTOPO30 data,
http://edc.usgs.gov/products/elevation/gtopo30/gtopo30.
html) with extracted topographic profiles, indicating the sur-
face expression of the doubly-vergent orogen. (b) Cross-
section of the island arc showing the doubly-vergent orogen
(modified after Bottazzi et al., 1994; Fisher et al., 2004; Fer-
nandez et al., 1997; McClay & Whitehouse, 2004).
(c) Distribution of the modern precipitation in Costa Rica and a
geological map of Costa Rica (based on Portig, 1976), showing
the two opposing thrust belts and the exposed granites in
between. Deepest exposures of the granites coincide with
highest rainfall areas
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studies do not indicate flat subduction and propose dip angles of up

to 80� present at least to a depth of 70–100 km (e.g. Arroyo, Greve-

meyer, Ranero, & von Huene, 2014; Dzierma, Rabbel, & Thorwart,

2011; Vannucchi, Morgan, Silver, et al., 2016). Below the Talamanca

area, Lücke and Arroyo (2015) assume a slab with a 50� in angle to a

depth of 70 km and 64� for the final section to the depth of 200 km

based on gravimetric data.

Another factor for the development of the doubly-vergent struc-

ture is the rigidity of the arc. In the work of ten Brink et al. (2009) it

is shown that a doubly-vergent thrust system in an island arc setting

develops in case that the island arc is relatively rigid. A rigid arc

allows an effective stress transmission from the subduction zone into

the backarc area (ten Brink et al., 2009). This possibly was enhanced

by the thickened oceanic crust of the Caribbean Plate. With the high

thickness this plate probably behaves like a continent leading to the

formation of a mountain belt above the subduction zone, similar to

the Andes further south.

The Plio-Pleistocene deformation of the southern Costa Rican

arc segment is interpreted as an effect of the low-angle subduction

of the Cocos Ridge (Corrigan et al., 1990; Gräfe, Frisch, Villa, &

Meschede, 2002; Kolarsky, Mann, & Montero, 1995; Morell, 2016;

Protti et al., 1995b; Protti & Schwartz, 1994; E. A. Silver, Galewsky, &

McIntosh, 1995). Suárez et al. (1995) concluded that the Cocos Ridge

does not subduct but collides with the trench. The present-day hori-

zontal stress field in southern Costa Rica is consistent with an

indenter (Kolarsky, Mann, & Montero, 1995; LaFemina et al., 2009;

Montero, 1994). However, different opinions exist about the onset of

subduction of the Cocos Ridge. They range from 8 Ma (Abratis &

Wörner, 2001), 5 Ma (Kolarsky, Mann, & Montero, 1995), 3.6 Ma

(Collins et al., 1995), 3–2 Ma (MacMillan et al., 2004) to < 3 Ma

(Corrigan et al., 1990; Morell et al., 2012), and 1.5–1 Ma (Gardner

et al., 2013) to 1 Ma (Lonsdale & Klitgord, 1978). These different

ages are estimated from changes in magmatic activity, plate tectonic

reconstructions, the analysis of upper plate deformation structures

and additional thermochronological (Gräfe et al., 2002), and sedimen-

tological data (Corrigan et al., 1990; Gardner et al., 1992; Kolarsky,

Mann, & Monechi, 1995; Schlegel et al., 1995; Vannucchi, Morgan,

Balestrieri, et al., 2016; Vannucchi, Morgan, Silver, et al., 2016; von

Eynatten et al., 1993). The most recent field and modeling studies

support an onset of Cocos Ridge subduction at around 2 Ma

(Vannucchi, Morgan, Silver, et al., 2016; Zeumann & Hampel, 2015),

which is consistent with the young subsidence pulse in the South

Limón backarc basin (Brandes et al., 2008).

5.4 | Controlling factors for basin subsidence

5.4.1 | Forearc and outerarc basins

The geological data imply that subduction erosion, subduction of

aseismic ridges and slab segments with rough crust as well as slab

rollback and trench retreat were important drivers for subsidence in

the arc-related basins of southern Central America. Subduction ero-

sion, defined as the tectonic removal of material from the upper plate

(Cloos & Shreve, 1988; von Huene & Scholl, 1991), subduction of

aseismic ridges and slab segments with rough crust can cause short-

term very rapid subsidence rates (Vannucchi, Morgan, Balestrieri,

et al., 2016; Vannucchi, Morgan, Silver, et al., 2016; Zeumann &

Hampel, 2016). These factors shaped the forearc and controlled the

lifespan/longevity of sedimentary basins. In the absence of major

subduction erosion, larger, long-lived forearc basins with thick sedi-

mentary fills developed. In contrast, smaller-scale, short-lived forearc

and trench-slope basins with complex subsidence and uplift patterns

formed, when subduction erosion was high due to the subduction of

rough crust and aseismic ridges (Figure 4). An additional mechanism

was strike-slip tectonics, caused by trench-parallel movements

(e.g. Funk et al., 2009).

However, there are also other possible mechanisms that may

have caused subsidence in the forearc area of southern Central

America. As summarized in Dickinson (1995) four main subsidence

mechanisms occur in forearc basins in general:

1. Flexure caused by the tectonic load of the subduction complex,

2. Flexure caused by sediment loading in the basin,

3. Bulk subsidence of the forearc region induced by the subduction

of old and dense oceanic lithosphere and

4. Thermal subsidence.

It is possible that these mechanisms also played a role in south-

ern Central America. The other side of the role of tectonic erosion

for forearc subsidence in the forearc area of northwest Costa Rica

may be underplating, changes in the basal shear stress, changes in

slab dip or a pulse of subduction erosion as potential driving mecha-

nisms (K. McIntosh, Silver, & Shipley, 1993). Fuller, Willett, and Bran-

don (2006) developed a model for forearc basin evolution that is

based on the Coulomb-wedge theory. In their model, the forearc

basin develops as a consequence of variations in the angle of the

basal detachment (β) and the surface angle (α) of the wedge. An

increase in the dip of the basal thrust leads to a decrease in the sur-

face slope. When the surface slope becomes negative, a landward

dipping surface evolves, creating a closed basin that traps sediments

(Fuller et al., 2006). This mechanism could also have played a role in

the evolution of the Sandino forearc basin. All proposed subsidence

mechanisms could have acted in case of the Sandino basin. The lat-

eral extent of the basin of more than 300 km and the thickness of

the basin-fill of more than 12 km requires a long term driver for the

subsidence like flexure, subduction erosion and trench retreat.

Regalla, Fisher, Kirby, and Furlong (2013) presented new insights

into the influence of plate boundary kinematics on the subsidence of

forearc basins. They were able to show, based on the example of the

northeast Japan convergent margin that rapid tectonic subsidence in

the outer forearc is contemporaneous with upper plate extension and

an increase in the convergence rate at the trench. Furthermore, a rel-

ative uplift of the outer forearc area correlates with contraction of

the arc and a decrease in the convergence rate. The driver for the

forearc subsidence is most likely the shallow slab geometry. Accelera-

tion in convergence rate can cause a broadening of the bending

radius of the subducting plate (Regalla et al., 2013). This, in combina-

tion with a deep anchoring of the slab, can lead to a seaward retreat

of the subduction hinge and the created space allows the forearc to

subside (Regalla et al., 2013). Such a subsidence mechanism must be

also considered for the forearc basins in southern Costa Rica, but
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remains speculative because of the lack of knowledge in past subduc-

tion velocities and slab angles.

5.4.2 | Intraarc and backarc basins

Many different models have been developed for the evolution and

subsidence mechanisms for intraarc and backarc basins. Both basin

types evolve from extension of the arc. In general, an intraarc basin

evolves into a backarc basin due to continued extension (Carey &

Sigurdsson, 1985). Most of the models for intraarc/backarc evolution

show that the extension behind the volcanic arc is caused by the

mechanical or thermal influence of the related subduction zone. Karig

(1971) published an early idea of a slab-induced mantle diapir. It is

assumed that the subducted lithosphere becomes heated and pro-

duces a small rising thermal dome, which causes extension and a high

heat flow in the overriding plate. In the mechanical models of Sleep

and Toksöz (1971) and Hsui and Toksöz (1981) backarc spreading

originates from special flows in the asthenosphere. The descending

slab induces small circulating current cells in the overlying astheno-

sphere wedge, which lead to an extension of the crust behind the

arc. This concept is commonly named the corner flow model. Other

authors suggested different modes of slab rollback and trench retreat

as possible driving mechanisms for backarc extension (Flower et al.,

2001; Uyeda & Kanamori, 1979). As summarized in Nakakuki and

Miura (2013) these slab-induced mechanisms of backarc basin forma-

tion can be subdivided into three groups on the basis of the plate

kinematics:

1. The slab is anchored in the mantle and the overriding plate

moves away from the trench.

2. Slab rollback controlled by mantle flow or asthenosphere

injection.

3. Slab rollback controlled by gravity.

For the Nicaraguan arc-segment this rollback is indicaterd by the

shift of the Neogene volcanic arc (Plank et al., 2002). These ideas are

also underlined by the work of Faccenna et al. (2001), Morley (2001)

and Sdrolias and Müller (2006), who showed the importance of slab

rollback. The formation of backarc basins is an episodic process,

where extension alternates with phases of tectonic quiescence.

Driver for this episodicity are variations in motions of the trench and

the upper plate (Clark, Stegman, & Müller, 2008).

Trench retreat is most likely the key process for the evolution of

the intraarc and backarc basins in southern Central America. A Mio-

cene trench retreat can be clearly reconstructed by field evidence

(Ehrenborg, 1996; Mann et al., 2007; Plank et al., 2002) and modeling

results (Cailleau & Oncken, 2008). The Eocene extensional processes

in the Miskito backarc basin and the initial formation of the Nicaragua

Graben during the Late Oligocene (Funk et al., 2009) emphasize the

role of trench retreat. Chough and Sohn (2010) state that the weak

coupling between the overriding and the subducting plate allows for

backarc extension on the Korean peninsula. A similar weak coupling

could have promoted backarc development in southern Central

America. The young history of the Nicaraguan part of the arc is

clearly characterized by extension. Morgan, Ranero, and Vannucchi

(2008) calculated anaverage arc-normal extension for Nicaragua in a

range of ~ 6 mm/year during the last 15 my. This is probably accom-

panied by a weak plate coupling.

5.5 | Tectonics, Climate, and drainage systems

Little is known about the interplay of tectonics and drainage systems

and their impact on the sediment supply of the arc-related basins in

southern Central America. It becomes evident that the evolution of

the drainage system and the catchment areas is closely related to the

Neogene landscape evolution. In southern Costa Rica, the drainage

divide is defined by the Talamanca Range, which evolved in Middle

Miocene times (Campos, 2001; De Boer et al., 1995). The studies of

Gräfe et al. (2002) and Morell et al. (2012, 2013) imply that increased

uplift of the Talamanca Range started at around 3 Ma. In northern

Costa Rica, the drainage divide is determined by the volcanoes of

Guanacaste (Figure 9a). Marshall, Idleman, Gardner, and Fisher (2003)

and Galve et al. (2016) showed the close relationship between the

Plio-Pleistocene landscape evolution, sediment dispersal and the posi-

tion of the volcanic arc. Shallowing of the subduction angle caused a

migration of the volcanic arc and as a consequence, the fluvial net-

work was reorganized (Marshall et al., 2003).

Southern Nicaragua has a very different topography where there

are no major mountain ranges or continuous volcanic chains. This

area is characterized by an active intraarc basin, occupied by Lake

Nicaragua (Figure 1).

It can be assumed that the evolution of sediment transport sys-

tems had a direct effect on the sediment supply to the basins. As a

result the sediment thicknesses between the forearc and backarc

basins are remarkably different. In the North Limón backarc basin,

the Neogene basin-fill is ~ 3 000–4 500 m thick whereas the San-

dino forearc basin reveals ~ 1 900 m of Neogene sediments. Basin

geometry or subsidence effects were probably not the only factors

causing such a striking difference. We propose different rates of sedi-

ment supply as an additional important factor with higher sediment

supply to the backarc basins. Our assumption is based on the location

of the recent drainage divide in northern Costa Rica, which is close to

the Pacific Ocean. From this we infer that the drainage area supplying

the backarc basins is significantly larger than the area supplying the

forearc basins. This configuration with the higher sediment accumula-

tion in the backarc basins probably existed since the Late Miocene.

Reasons for the higher sediment input into the backarc area are uplift

due to the subduction of rough crust (Buchs et al., 2011; De Boer

et al., 1995; Hauff et al., 2000; H. Krawinkel et al., 2000) and the col-

lision of Panama with South America (Bowland, 1993; Farris et al.,

2011). In addition, during the Late Oligocene–Early Miocene, rift pro-

cesses and strike-slip processes occurred in southern Nicaragua and

created the intraarc basin of the Nicaragua depression (Funk et al.,

2009), which is drained by the Río San Juan leading to high sediment

input into the backarc basins and the development of the Río San

Juan Delta (Figure 4) (Brandes et al., 2007a, 2007b) and the related

large deepsea fan in the western Colombian basin (Bowland, 1993).

In southern Costa Rica the doubly-vergent orogen and the

related topography also have an influence on the surface processes.

The climate of Costa Rica is influenced by the southwest directed
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trade winds and a northeast directed wind system related to the

inner tropical convergence zone (e.g. Sadler, Lander, Hori, & Oda,

1987). The area with the highest precipitation of 4 000–5 000 mm/

year corresponds to the prowedge (Figure 9c). In the area of the inner

retrowedge a precipitation of 3 000–4 000 mm/year occurs (Portig,

1976). In the external part of the South Limón fold-and-thrust belt,

there is only 2 000–3 000 mm/year. The precipitation pattern shows

an asymmetry that corresponds to the trend of the Talamanca Range

(Portig, 1976). Due to orographic effects, the rainfall is focused on

the prowedge area (Figure 9c). The consequence of this asymmetry is

a prowedge denudation that led to an exhumation of the granitic

rocks at high elevations in the interior of the mountain range

(Figure 9c). These observations coincide with the predictions that

were made by the model of Willett et al. (1993). The high precipita-

tion in the prowedge area caused a significant sediment supply to the

forearc region. High sedimentation rates during the Miocene are

recorded from the Térraba forearc basin, where up to 800 m of

shallow-water and terrestrial sediments accumulated (Mende, 2001),

rapidly filling the basin. During the Pliocene and Early Pleistocene,

more than 3 km thick volcaniclastic deep-water sediments were

deposited in the Burica trench-slope basin, probably fed by a large

delta as is indicated by abundant plant remains (Corrigan et al., 1990;

Schlegel et al., 1995). The enhanced precipitation on the prowedge of

the southern arc-segment possibly led to this significant increase in

river discharge and sediment supply towards the Pacific coast.

5.6 | Comparison with other arc-trench systems

There are different arc-trench systems that have a similar structural

and sedimentary evolution as the southern Central American island

arc. Comparisons can be made from basin-scale to arc-trench system

scale. The Great Valley forearc basin in California is a good analogue

for the evolution of forearc basins in southern Central America. This

basin evolved in a similar geodynamic position at the eastern rim of

the Pacific Ocean and is also filled with thick coarse-grained deep-

water clastics passing upwards into shallow-marine and continental

deposits (Constenius, Johnson, Dickinson, & Williams, 2000; Wil-

liams & Graham, 2013). The most similar system with respect to the

evolution of an entire arc-trench system is the Mesozoic island arc of

Baja California, described by Busby et al. (1998). Like southern Cen-

tral America, the Baja California arc evolved in three phases. A first

intra-oceanic phase is characterized by small and steep-sided forearc

and backarc basins that were fed with volcaniclastic detritus depos-

ited on deep-water aprons (Busby et al., 1998). This is comparable to

the early stage of island arc evolution in southern Central America

during the Late Cretaceous. The second stage of the Baja California

arc was classified as non-accretionary with a mildly extensional fore-

arc area (Busby et al., 1998). Such a stage with rapidly subsiding

basins developed also in southern Central America during the Maas-

trichtian to Oligocene. In the third stage the Baja California arc is a

high-standing continental arc that became gradually compressional

(Busby et al., 1998). Similarly, the South Costa Rican arc segment was

transformed into a high stress system with deformed forearc and

backarc areas during the Neogene that resemble the structure of a

doubly-vergent orogen. This compressional stage of the island arc is

comparable to continental arc-trench systems like in the American

Cordillera (Dickinson, 1976), where low-angle subduction caused

deformation in the upper plate that can lead to the formation of

retro-arc fold-and-thrust belts with related retro-arc foreland basins.

Contractional deformation can be also observed in the Nicaraguan

island arc segment. The fill of the Sandino forearc basin is character-

ized by two anticlines (Ranero, von Huene, Flueh, Duarte, et al.,

2000; Struss et al., 2008) and there is also evidence for overthrusting

in the contact zone of forearc basin and outer rise (Stephens, 2014).

This fits to the general scheme of Busby et al. (1998), where mature

island arcs tend to develop into more compressional systems. How-

ever, it has to be kept in mind that these structures can be also inter-

preted as footwall deformation caused by normal faulting during the

formation of the Nicaragua Graben, as proposed by Funk

et al. (2009). Noda (2016) proposed a new classification scheme of

forearc basins based on the mass transfer between the lower and

upper plate and the strain field in the basin. Key controlling factor for

the type of forearc basin is the sediment flux at the subduction zone.

Noda (2016) concluded that the Sandino forearc basin changed from

compressional accretionary to non-accretionary during the middle

Eocene to late Oligocene and identified extended subsidence that is

attributed to trench retreat due to slab roll back or subduction ero-

sion. This is consistent with the onset of increased subsidence during

the Oligocene (Struss et al., 2008) and the persisting deposition of

thick deep-water successions (Lang et al., 2017; Struss, Brandes, Blis-

niuk et al., 2007; Struss et al., 2008).

6 | CONCLUSIONS

The southern Central American island arc is a Mesozoic-Cenozoic

arc-trench-system that serves as a general model for island arc evolu-

tion. The evolution can be subdivided into three major stages:

1. A pre-extensional phase in the Late Cretaceous characterized by

terrane accretion along the continental crust of the Chortís Block

and the CLIP plateau. These accreted terranes and CLIP basalts

form the basement of the southern Central American island arc.

2. An extensional phase during the Maastrichtian to Oligocene,

characterized by rapidly subsiding sedimentary basins, and depo-

sition of thick arc-derived volcaniclastic material.

3. A compressional phase during the Neogene in southern Costa

Rica, characterized by the transformation of the island arc into a

compressional arc with a doubly-vergent geometry, dominated

by fold-and-thrust belts in the forearc and backarc area.

6.1 | Extensional phase (Campanian to Oligocene)

The synthesis of the sedimentary and structural record of the south-

ern Central America island arc can be linked to lithosphere processes

to provide a deeper insight into first order factors controlling arc-

related sedimentary basins and the temporal and spatial evolution of

the island arc. Several pulses of seamount accretion and ridge sub-

duction occurred since the Paleocene, interrupted by longer phases
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of non-accretion and net subduction erosion. The subduction of

aseismic ridges and slab segments with rough crust were important

drivers for subduction erosion, controlled the shape of individual

forearc and trench-slope basins, and affected the lifespan of sedimen-

tary basins. In the absence of rough crust and major subduction ero-

sion, larger, long-lived forearc basins with thick sedimentary fills

developed (e.g. the Sandino forearc basin). In contrast, smaller-scale,

short-lived forearc, and trench-slope basins with complex subsidence

and uplift patterns formed, during subduction of rough crust and

aseismic ridges. The structural and sedimentary evolution of the arc-

related basins has therefore been strongly controlled by regional sub-

duction parameters, especially the angle and morphology of the

incoming plate.

Another important factor for basin subsidence was slab rollback

and resulting trench retreat. From the sedimentary and tectonic

record of the Nicaraguan and North Costa Rican arc segment it is evi-

dent that two periods of trench retreat occurred during the Cenozoic.

The first trench retreat occurred during the Late Eocene to Oligocene

and the second trench retreat during Miocene/Pliocene times, indi-

cated by increased subsidence in the forearc and backarc basins,

extension in the intraarc area and shift of the volcanic arc.

6.2 | Compressional phase (Neogene to Recent)

A compressional phase affected the South Costa Rican arc segment

during the Neogene, characterized by the transformation of the island

arc into a compressional arc (subduction orogen) with a doubly-

vergent geometry due to subduction of younger crust resulting in

shallowing of the slab angle. The driving mechanism for such defor-

mation of an island arc setting is the rigidity of the arc and basal trac-

tion due to the lowering of the subduction angle. The young

subduction of the Cocos Ridge at around 2 Ma, as shown by recent

studies (Vannucchi, Morgan, Silver, et al., 2016; Zeumann & Hampel,

2015, 2016), contributed to the contraction but was not the primary

driver.

6.3 | Basin-wide unconformities

Within the basins major unconformities are developed, which can be

traced across the forearc and backarc areas of southern Central

America. These unconformities formed during the Campanian, Middle

Eocene to early Late Oligocene and Late Miocene. They have a com-

plex composite tectonic origin and were partly enhanced by global

sea-level changes. The Campanian unconformity is related to the col-

lision of an island arc (Guerreo terrane) with the southern Chortís

block and the subsequent establishment of a new subduction zone in

the rear or western area of the Caribbean oceanic plateau. The

Eocene to Oligocene unconformity possibly was caused by:

(i) subduction and/or accretion of seamounts and aseismic ridges; and

(ii) the onset of oblique collision between Panama and South America

at the end of the Middle Eocene; or (iii) the plate tectonic reorganiza-

tion in the Pacific region during the Middle Eocene, leading to major

changes in subduction parameters along the Middle America trench.

The Miocene unconformity is probably related to: (i) the break-up of

the Farallón Plate at around 25 Ma and a related change in plate

vectors; and (ii) the onset of compressional deformation in southern

Costa Rica and Panana, related to the completed oblique collision of

Panama with South America.
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