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Abstract
The southern Central American active margin is a world-class site where past and

present subduction processes have been extensively studied. Tectonic erosion/accre-

tion and oblique/orthogonal subduction are thought to alternate in space and time

along the Middle American Trench. These processes may cause various responses

in the upper plate, such as uplift/subsidence, deformation, and volcanic arc migra-

tion/shut-off. We present an updated stratigraphic framework of the Late Creta-

ceous–Cenozoic Sandino Forearc Basin (SFB) which provides evidence of

sedimentary response to tectonic events. Since its inception, the basin was predomi-

nantly filled with deep-water volcaniclastic deposits. In contrast, shallow-water

deposits appeared episodically in the basin record and are considered as tectonic

event markers. The SFB stretches for about 300 km and varies in thickness from

5 km (southern part) to about 16 km (northern part). The drastic, along-basin, thick-

ness variation appears to be the result of (1) differential tectonic evolutions and (2)

differential rates of sediment supply. (1) The northern SFB did not experience major

tectonic events. In contrast, the reduced thickness of the southern SFB (5 km) is the

result of at least four uplift phases related to the collision/accretion of bathymetric

reliefs on the incoming plate: (i) the accretion of a buoyant oceanic plateau (Nicoya

Complex) during the middle Campanian; (ii) the collision of an oceanic plateau (?)

during the late Danian–Selandian; (iii) the collision/accretion of seamounts during

the late Eocene–early Oligocene; (iv) the collision of seamounts and ridges during

the Pliocene–Holocene. (2) The northwestward thickening of the SFB may have

been enhanced by high sediment supply in the Fonseca Gulf area which reflects

sourcing from wide, high relief drainage basins. In contrast, sedimentary input has

possibly been lower along the southern SFB, due to the proximity of the narrow,

lowland isthmus of southern Central America. Moreover, two phases of strongly

oblique subduction affected the margin, producing strike-slip faulting in the forearc

basin: (1) prior to the Farallon Plate breakup, an Oligocene transpressional phase

caused deformation and uplift of the basin depocenter, triggering shallowing-upward

of the Nicaraguan Isthmus in the central and northern SFB; (2) a Pleistocene–

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2018 The Authors. The Depositional Record published by John Wiley & Sons Ltd on behalf of International Association of Sedimentologists.

Received: 24 July 2017 | Accepted: 8 February 2018

DOI: 10.1002/dep2.40

90 | wileyonlinelibrary.com/journal/dep2 Depositional Rec. 2018;4:90–132.

http://orcid.org/0000-0002-9584-8471
http://orcid.org/0000-0002-9584-8471
http://orcid.org/0000-0002-9584-8471
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/DEP2


Holocene transtensional phase drives the NW-directed motion of a forearc sliver

and reactivation of the graben-bounding faults of the late Neogene Nicaraguan

Depression. We discuss arguments in favour of a Pliocene development of the

Nicaraguan Depression and propose that the Nicaraguan Isthmus, which is the

apparent rift shoulder of the depression, represents a structure inherited from the Oli-

gocene transpressional phase.
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1 | INTRODUCTION

The construction of the Central American land bridge repre-
sents a long-term process that initiated in Cretaceous time
(Bundschuh & Alvarado, 2007; Dengo & Case, 1990; Fig-
ure 1). Since that time, collision/accretion, subduction and
strike-slip processes operated in association with arc volcan-
ism, building a complex geological puzzle (Mann, 2007).
The present-day terrane collage consists mainly of a northern
province (from Guatemala to N-Nicaragua), made of Pre-
cambrian–Mesozoic continental terranes of North America-
affinity (Chortis Block s.s.), and a southern province (from
S-Nicaragua to Panama) made of Mesozoic–Cenozoic ocea-
nic assemblages (Baumgartner, Flores, Bandini, Girault, &
Cruz, 2008; Buchs, Arculus, Baumgartner, Baumgartner-
Mora, & Ulianov, 2010; Denyer & Gazel, 2009; Flores,
2009; Rogers, Mann, & Emmet, 2007; Figure 1b). The ocea-
nic assemblages reveal the long-lived influence of the
Gal�apagos hotspot on the geologic history of southern Cen-
tral America. The latter has been shaped by the collision/sub-
duction of seamounts, ridges and plateaus since the Late
Cretaceous. In addition, the fore-, intra- and backarc basins
deposited on these provinces recorded the tectonic evolution
of the active margin (Figure 1c). Tectonic events led to
major facies changes, unconformities, deformations and vari-
ations in the supply of arc-derived material (Barat et al.,
2014; Baumgartner, Baumgartner-Mora, & Andji�c, 2016;
Baumgartner, Baumgartner-Mora, Andji�c, Salazar Ortiz, &
Rincon Martinez, 2015; Brandes, Astorga, Littke, &
Winsemann, 2008; Kolarsky, Mann, Monechi, Meyerhoff, &
PessagnoJr, 1995; Krawinkel, Seyfried, Calvo, & Astorga,
2000; Rogers, Mann, Emmet, & Venable, 2007; Rogers,
Mann, Scott, & Patino, 2007).

The Sandino Forearc Basin (SFB; Figures 1–5) represents
a natural laboratory where the sedimentary response to tec-
tonic events may be investigated. The onland geology of the
SFB has been studied since the earliest 20th century (see
Bundschuh & Alvarado, 2007; Hoffstetter et al., 1960; Weyl,
1980; Zoppis Bracci & Del Giudice, 1958; and references
therein). Since the 1990s, few sedimentological contributions

were published, especially regarding the Nicaraguan part of
the basin (Elming, Widenfalk, & Rodriguez, 1998; Kolb &
Schmidt, 1991; Krawinkel & Kolb, 1994; Lang, Brandes, &
Winsemann, 2017; Struss, Artiles, Cramer, & Winsemann,
2008; Struss, Brandes, Blisniuk, & Winsemann, 2007; Win-
semann, 1992). At the same time, most of the basin studies
focused on geophysical data acquisition and modelling
(Berhorst, 2006; Cailleau & Oncken, 2008; DeMets, 2001;
Elming, Layer, & Ubieta, 2001; Elming & Rasmussen,
1997; Funk, Mann, McIntosh, & Stephens, 2009; McIntosh
et al., 2007; Noda, 2016; Ranero et al., 2000; Sallar�es et al.,
2013; Stephens, 2014; Turner et al., 2007; Walther, Flueh,
Ranero, Von Huene, & Strauch, 2000).

The general arrangement of the formations in the onshore
basin was already mapped in the 1960s–1970s (Dengo,
1962; Weyl, 1980). Yet, it appears that the onshore SFB
hosts sedimentary units that have been overlooked in the past
decades. The age and facies of these new units may shed a
new light on the basin evolution. In a recent paper, we
updated the stratigraphy of the Costa Rican part of the
SFB, with the description of two new, shallow-shelf forma-
tions (Andji�c, Baumgartner-Mora, & Baumgartner, 2016;
Figures 3 and 4). In this study, we present facies descriptions
and biostratigraphic data of previously undescribed litholo-
gies. Altogether, these new data allow us to propose a rather
detailed tectono-stratigraphic evolution of the SFB, which is
refined by recent offshore, seismic reflection data (Berhorst,
2006; Funk et al., 2009; McIntosh et al., 2007; Ranero et al.,
2000; Stephens, 2014). Eventually, the evolution of the basin
is discussed with reference to regional tectonic events and
subduction processes that affected the active margin of
southern Central America.

2 | THE SANDINO FOREARC BASIN

The SFB extends over a distance of 300 km, from the
Santa Elena Peninsula (Costa Rica) to the Fonseca Gulf
(Honduras-El Salvador-Nicaragua triple point; Figures 1–
3). Over 85% of the SFB is located offshore (Figure 2).
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Offshore western Nicaragua, the basin presents a km-thick
depocenter which coincides with the present-day shelf
(<500 m water depth; Ranero et al., 2000; Figures 2 and
3). In its southeastern part, the depocenter is filled with
5 km of sediments (Figure 5c), whereas its thickness
reaches ~16 km towards the Gulf of Fonseca (McIntosh
et al., 2007; Figure 5a). The depocenter is separated from
the trench slope by an outer high where the sediment thick-
ness is reduced (<2–3 km; Figures 2a and 5). A narrow
strip of coastal outcrops in southwestern Nicaragua and
northwestern Costa Rica accounts for ~10% of the total
area of the forearc basin. Onshore exposures of the basin
are located in the vicinity of the Santa Elena Peninsula and
in part along the 300-km-long Nicaraguan Isthmus (Zoppis
Bracci & Del Giudice, 1958; Figures 2 and 3). The latter is
bordered to the east by a half-graben, the fault-bounded
Nicaraguan Depression, which hosts the active volcanic
front (Funk et al., 2009; Weyl, 1980; Figure 3).

The Santa Elena Peninsula provides a glimpse into what
could be the oceanic basement of the southern SFB (Fig-
ure 3). It consists of a tectonic stack of two distinct assem-
blages originating from the same intraoceanic edifice: (1)
the Santa Elena Ophiolite is made of abyssal and supra-
subduction zone peridotites intruded and overlain by arc
gabbros (Escuder-Viruete, Baumgartner, & Castillo-
Carri�on, 2015; Madrigal et al., 2015; Whattam, Gazel, Yi,
& Denyer, 2016); (2) the ophiolite thrusts over a serpen-
tinite-matrix m�elange embedding remnants of an island arc
(Nancite Layered Complex, ~124 Ma) and the Santa Rosa
Accretionary Complex, made of stacked Jurassic–Early
Cretaceous oceanic floor units (Bandini, Baumgartner,
Flores, Dumitrica, & Jackett, 2011; Baumgartner &
Denyer, 2006; Buchs et al., 2013; Escuder-Viruete &
Baumgartner, 2014; Hauff, Hoernle, van den Bogaard,
Alvarado, & Garbe-Sch€onberg, 2000). In middle Creta-
ceous time, the two assemblages were superposed during
the accretion of the intraoceanic arc to the Mesquito Com-
posite Oceanic Terrane (MCOT; Figure 1b). The latter pos-
sibly floors most of Nicaragua and corresponds to a
serpentinite-matrix m�elange containing oceanic floor and
arc-derived rocks, including radiolarites of Triassic–Jurassic
age (Baumgartner et al., 2008; Flores, 2009; Flores et al.,
2015). The MCOT is thought to have accreted to the Chor-
tis Block during the latest Jurassic–earliest Cretaceous. The
limit between the MCOT and the Santa Elena arc is not
exposed. In the southern Nicaraguan Isthmus, a basaltic
basement was sampled in the Rivas-1 borehole (near the
city of Rivas; Ranero et al., 2000; Figure 3). However,
there is no sufficient data to tie this basement to a specific
terrane.

Considering geochronologic, isotopic and geochemical
data, Geldmacher, Hoernle, van den Bogaard, Hauff, and
Kl€ugel (2008) showed the similarity between the forearc

basement off Guatemala and the Santa Elena arc (DSDP
Legs 67 and 84; Figure 1c). Moreover, seismic data sug-
gest the presence of a mantle wedge beneath the depocen-
ter of the southern SFB (at ~10 km depth), in the
prolongation of the Santa Elena Peninsula (Berhorst, 2006;
Sallar�es et al., 2013; Figure 5c). Towards the NW, a man-
tle wedge is also detected in an outer high position (Fig-
ure 5b) and may represent an oceanic plateau remnant
(Walther et al., 2000) or alternatively a lateral equivalent
of the Santa Elena accreted arc.

The SFB hosts various sedimentary formations which
were deposited through Late Cretaceous-Neogene times
(Figures 3–5). The oldest sediments in contact with the
basement are poorly known. They were only recovered in
the Rivas-1 and El-Ostional-1 boreholes and correspond to
volcaniclastic turbidites and cherts (pre-Campanian “Loma
Chumico Fm.”; Barbosa et al., 1993; Ranero et al., 2000).
In the Santa Elena Peninsula, middle Campanian neritic
limestones (El Viejo and Santa Ana fms.) unconformably
overlie the Santa Elena Ophiolite (Denyer, Aguilar, &
Montero, 2014; Pons, Vicens, & Schmidt-Effing, 2016;
Schmidt-Effing, 1974; Seyfried & Sprechmann, 1985).
These limestones were rapidly replaced by globotruncanid-
rich, pelagic limestones of the upper Campanian–upper
Maastrichtian Piedras Blancas Fm. (~50 m thick; Baum-
gartner et al., 1984; Di Marco, Baumgartner, & Chanell,
1995; Flores, 2003). The lateral extent of the Piedras Blan-
cas Fm. towards the north is unknown. Its northernmost
occurrence is in the El-Ostional-1 borehole (Figures 3 and
4). The pelagic limestones are overlain by arc-derived,
deep-water turbidites of the upper Maastrichtian-Palaeocene
Rivas Fm. (=Cur�u Fm. in Costa Rica, 500–1,000 m thick;
Astorga, 1987; Darce & Duarte, 2002; Joy, 1941; Struss
et al., 2008; Winsemann, 1992). In the southern Nicara-
guan Isthmus, the upper Danian–early Selandian, shallow-
water Sapo�a limestones unconformably overlie the Rivas
Fm. (see next section; Figures 3 and 4). The Sapo�a lime-
stones present facies and age characteristics similar to those
of the Costa Rican upper Palaeocene Barra Honda
Fm. (Baumgartner-Mora & Baumgartner, 2016; Jaccard,
M€unster, Baumgartner, Baumgartner-Mora, & Denyer,
2001). In the southern Nicaraguan Isthmus and in northern
Costa Rica, the Rivas–Cur�u turbidites are overlain by the
siliceous pelagic limestones of the upper Palaeocene–lower
Eocene Buenavista Fm. (~250 m thick; Baumgartner et al.,
1984). The overlying Eocene Brito Fm. (=Descartes Fm. in
Costa Rica) is the thickest forearc formation of the SFB
(up to 4,000 m in the offshore depocenter; Ranero et al.,
2000; Figure 5). It consists of basin-plain, thin-bedded vol-
caniclastic turbidites and siliceous pelagics interstratified
with laterally and vertically stacked coarse-grained channel-
levee complexes (Astorga, 1987; Darce & Duarte, 2002;
Hayes, 1899; Lang et al., 2017; Struss et al., 2007;
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Winsemann, 1992). In the southern Nicaraguan Isthmus
and in northern Costa Rica, the Brito-Descartes formations
are overlain by volcaniclastic tempestites (Junquillal Fm. in
Costa Rica, El Astillero Fm., herein described, in

Nicaragua; Andji�c et al., 2016). The formations of the
southern SFB are very similar to those exposed in the
Tempisque Forearc Basin, located further to the south
(Alvarado et al., 2007).
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In contrast, in the central Nicaraguan Isthmus, the Brito
Fm. is overlain by fine-grained volcaniclastic turbidites and
hemipelagics of the Oligocene–lower Miocene Masachapa
Fm. (1,500-2,000 m thick; Kuang, 1971; Weyl, 1980; Wil-
son, 1941a). Towards the top of the Masachapa Fm. the
proportion of sand is higher, marking the transition to the
overlying shallow-shelf Miocene El Fraile Fm. The El
Fraile Fm. is composed of fine- to coarse-grained, deltaic,
volcaniclastic deposits (1,200–1,800 m; Kolb & Schmidt,
1991; Krawinkel & Kolb, 1994; Ranero et al., 2000;
Struss, 2008; Wilson, 1942). Towards the NW, the El
Fraile Fm. is interbedded with the middle Miocene, vol-
canic Tamarindo Fm., which consists of massive, subaerial
tuffs alternating with lavas (900 m thick; McBirney & Wil-
liams, 1965; Wilson, 1941b; Zoppis Bracci & Del Giudice,
1958; Figures 3 and 4). Finally, the shallow-shelf, Pliocene
El Salto Fm. unconformably overlies older formations and
shows alternations of carbonate-bearing, tuffaceous volcani-
clastics and mollusc-rich, neritic carbonates (100 m thick
onshore, up to 1,000 m offshore; Kirby & Jackson, 2004;
Ranero et al., 2000; Wilson, 1941a; Zoppis Bracci & Del
Giudice, 1958).

3 | NEW STRATIGRAPHIC AND
BIOCHRONOLOGIC DATA OF THE
SANDINO BASIN (NICARAGUA)

3.1 | Sapo�a limestones

3.1.1 | Facies description

The Sapo�a limestones crop out in a series of quarries 2 km
southwest of the town of Sapo�a, near the Costa Rican bor-
der (C�ardenas quadrangle; Figures 3, 4 and 6). The Sapo�a
limestones represent shallow-water deposits exposed in a
small area (2 km2; Figure 6a,b) with a total thickness of
~30 m (Figure 6c).

The Sapo�a limestones unconformably overlie a deeply
scoured, 2 m thick, highly weathered andesitic flow
(N11°13048.6″/W085°38031.4″). The andesite presents a
porphyritic texture and contains weathered, subeuhedral

feldspars (lengths 0.25–0.75 mm) which often display cru-
ciform twinning (Figures 6c and 7j–l). The groundmass is
composed of much smaller feldspars and opaque grains
(<0.03 mm). The andesitic flow is underlain by two
poorly preserved facies. The lower one corresponds to
black, hemipelagic limestones rich in planktonic Foramini-
fera. It is overlain by a dark grey, recrystallized,
wackestone containing a few distinguishable shallow-water
bioclasts (green algae, echinoid spines, miliolids). A centi-
metric bed of inversely graded, matrix-supported breccia
rests with a sharp erosional surface (locally cut-and-fill)
on the wackestone (Figures 6c and 7i). The breccia is
composed of millimetric, angular clasts of the underlying,
wackestone as well as clasts of black, hemipelagic wacke-
stone. The matrix of the breccia was recrystallized to
microspar, pseudospar and drusy calcite. However, an
original, plane-parallel lamination is preserved in its lower,
fine-grained part.

The Sapo�a limestones consist of several different facies,
from bottom to top (Figures 6c and 7):

1. 3 m of dark grey, nodular miliolid-mollusc-dasyclada-
cean wackestones overlying the andesitic flow (Fig-
ure 7l).

2. 20 m of irregularly bedded, beige to white, wackestones
presenting a micrite-microspar matrix. The bioclastic
content consists of miliolids and fine to coarse sand-
sized fragments of dasycladacean alga, peyssonnelid
alga, corallinacean red alga, mollusc and echinoderm.
The peyssonnelid algae may appear as crusts binding
the sediment and as unilayered rhodoliths (Figure 7h).
Locally, the wackestones alternate with peloidal-green
algal grainstones (udoteaceans, dasycladaceans) and
coral-red algal rudstones-floatstones (peyssonnelids,
solenoporaceans, corallinaceans; Figure 7f). In the upper
part, fenestral, non-laminated, red wackestones occur
(northeasternmost quarry; Figures 6b and 7g). The fen-
estral cavities are filled with microspar and drusy spar-
ite. Voids are present along unconformities with the
underlying grainstones and were filled with muddy, red
sediment containing ostracods and oxidized anomuran

FIGURE 1 (a) Tectonic map of the Caribbean Plate (modified after Pindell & Kennan, 2009). The studied area is indicated with the red
polygon. SCDB-South Caribbean Deformed Belt. Black triangles: subduction zones. White triangles: thrust belts. (b) Terrane map displaying the
major structural features of the western Caribbean Plate (modified after Barat et al., 2014; Baumgartner et al., 2008; Buchs et al., 2010; Flores,
2009; Rogers & Mann, 2007). Dashed grey lines represent the Nicaraguan Depression. AAC, Azuero Accretionary Complex; HC, Herradura
Complex; TF, Tul�ın Formation; OIC, Osa Igneous Complexes; QP, Quepos; GA, Guatemala, ES, El Salvador, HS, Honduras, NI, Nicaragua,
CR, Costa Rica, PA, Panama, CO, Colombia, EPDB, East Panama Deformed Belt. (c) Mesozoic–Cenozoic basins of Central America (after
Alvarado et al., 2007; Barat et al., 2014; Dengo, 2007; Escalante, 1990; Kolarsky et al., 1995; Mann, 1995; Mann & Kolarsky, 1995; Rogers &
Mann, 2007; Morell, 2015). Velocities (mm/year): Cocos Plate after Kobayashi et al. (2014); forearc after DeMets (2001). Basin names
abbreviations, from NW to ESE: PE, P�eten; TL, Tela; MQ, Mosquitia; UO, Ulua-Olancho; TH, Tehuantepec; S, Sandino; TP, Tempisque; L,
Lim�on; CA, Candelaria; TA, T�erraba; BT, Bocas del Toro; CI, Chiriqu�ı; CB, Cebaco; MT, Macaracas, Tonos�ı; G, Gatun; SB, San Blas; C,
Canal; GoP, Gulf of Panama; CQ, Chucunaque; SU, Sambu; TU, Tuira; AT, Atrato. Other abbreviations: Tur., Turrialba
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coprolites. Bioclastic grains are scarce (<10%) and com-
prise miliolids and fragments of gastropod and alga.

3. 5 m-thick sponge patch reef consisting of tubular
demosponges in a massive, dark grey-blue limestone.
The sponge tubes grew in random directions and show
centimetric sizes (1–10 cm long, 1–4 cm thick). The
skeletons structure corresponds to a delicate, three-
dimensional framework of interlocking sponge spicules
with an axial canal, the whole being filled with mud

(Figure 7d,e). Delicate, branched coral frameworks with
millimetric, vertically growing polyps are also present
in places (Figure 7c). The sponges and the corals are
recrystallized in calcite and embedded in a mudstone
matrix containing rare smaller benthic Foraminifera.
Locally, small scale fractures are filled with hemipela-
gic, brown sediment. The latter contains smaller benthic
Foraminifera, planktonic Foraminifera and plagioclase
crystals.

–2000 m–4000

-4000

Nicaraguan 
Highland

Lake
Nicaragua

14
°N

13
°N

12
°N

11
°N

85°W86°W87°W88°W

MAT

10
°N 100 km

NIC
20

ns109

NIC
50

ns
03

4

st8
910-215

ns102

ns105

MAS-1A

NIC
10

0

NIC
1

T

GoF

Nicoya

Ostional-1

Rivas-1

Triton-1

Argonaut-1
Corvina-1-2

8 mm/yr

14 mm/yr

74 mm/yr

Active volcanic front (< 0.5 Ma)

Nicaraguan Depression 

Miocene arc

Oligocene-middle Miocene arc

Lower Paleogene arc

Northern/Central/Southern SFB

Pliocene-early Pleistocene arc

Borehole

–87° –86°–100

110

–30

–10

0

20

40

mgals

50 km

13°

12°

Basin thickness 
offshore (TWT [s])10

Nicaraguan 
Depression 

10

8
6

4

2
4

OUTER HIGH

DEPOCENTER

Nicaraguan Isthmus

2

Gulf of 
Fonseca

(b)

(a)
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basin thickness in TWT[s] after Stephens (2014). (b) Onshore: the locations of ancient and modern volcanic fronts are indicated (after Alvarado
et al., 2007; Saginor, Gazel, Condie, & Carr, 2013) together with the Nicaraguan Depression (after Funk et al., 2009). Note the trenchward
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4. 2 m of massive wackestones and packstones, containing
miliolids and fragments of dasycladacean, peyssonnelid,
and corallinacean red alga, and echinoderm.

In the southeasternmost quarry (Figure 6a,b), the Sapo�a
limestones are overlain along an erosional unconformity
by 1.5–2 m of massive, matrix-supported, dark green-

FIGURE 3 Geological map of the Sandino Forearc Basin in the southern Nicaraguan Isthmus (modified after Andji�c et al., 2016; Astorga,
1987; Baumgartner et al., 1984; Darce & Duarte, 2002; Dengo, 1962; Denyer & Alvarado, 2007; Escuder-Viruete et al., 2015; Weyl, 1980).
Offsore isopachs represent the thickness of the sedimentary infill (after Stephens, 2014). See Figure 2b for the locations of the seismic lines (in
red). CR, Costa Rica; NI, Nicaragua
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black conglomerates. This polymict, pebble conglomerate
facies consists of sands to pebbles of Sapo�a limestones
and volcanic rocks in equal proportions, all embedded in
a carbonate-bearing, arkosic wacke matrix (Figure 7a,b).
The protoliths of the volcanic clasts include crystal tuffs
as well as holocrystalline and porphyritic, intermediate

rocks. All these clasts mainly contain subeuhedral to euhe-
dral, plagioclase crystals. The matrix exhibits individual
plagioclase crystals with identical characteristics (25%–
35% of the rock matrix). Other less common minerals
(<10% of the matrix) consist of green clinopyroxene and
opaque grains.
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The conglomerate facies grades progressively upward
into a black, sandy wackestone which is only observed in
the La Pita river, 380 m northwest of the said quarry (Fig-
ure 6a,b). The biogenic component is dominant (up to
20%) and corresponds to globigerinids (Figure 8) and
scarce shallow-water bioclasts. Common detrital grains cor-
respond to anhedral to subeuhedral plagioclases, anhedral
green amphiboles and opaque grains.

3.1.2 | Age of the Sapo�a limestones

The Sapo�a limestones are stratigraphically set between
hemipelagic limestones. We recovered one sample in the
underlying hemipelagic limestones (SA14-15) and one
sample in the overlying hemipelagic limestones (SA14-11;
Figures 6c and 8). In both samples, Foraminifera are
poorly preserved and the shell is completely recrystallized,
preventing the identification of the wall textures. However,
genera and some species can be identified according to
their morphological features and to the thickness of the
shell even if it is recrystallized. Planktonic Foraminifera
are mainly represented by specimens belonging to the gen-
era Subbotina and Parasubbotina and by trochospiral and
planispiral benthic Foraminifera (Figure 8).

Based on the occurrence of Subbotina spp., Subbotina
triloculinoides (Plummer), Subbotina trivialis (Subbotina),

Parasubbotina spp., Parasubbotina pseudobulloides (Plum-
mer), Praemurica pseudoinconstans (Blow), Praemurica
uncinata (Bolli), Morozovella praeangulata (Blow),
Globanomalina compressa (Plummer) and a single speci-
men of Igorina sp., the assemblages from both samples
could be assigned to the stratigraphic interval between the
upper part of Zone P2 and the lower part of Zone P3,
which corresponds to a late Danian to early Selandian age.
In comparison, the base of the coeval shallow-water unit of
Costa Rica (Barra Honda Fm.) may not be older than the
middle Selandian, with the presence of Morozovella velas-
coensis (Cushman) (Baumgartner-Mora & Baumgartner,
2016; Jaccard et al., 2001), the first occurrence of which
lies in the upper part of Zone P3.

3.1.3 | Depositional environment

The different lithologies described in the Sapo�a area indi-
cate rapid changes in the depositional palaeoenvironment
of the southern SFB during the earliest late Palaeocene.
The observed facies evolution registered successively a
subaerial emergence of basinal or deep shelfal lithologies
on which a short-lived, carbonate bank developed, followed
by the drowning of the latter to hemipelagic environments.

In a first step, black hemipelagic wackestones, initially
accumulated in bathyal environments, were brought to the
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neritic zone, with the subsequent deposition of shallow-
water bioclast-bearing wackestones. Then, these lithologies
were uplifted, eroded, and reworked in a syn-tectonic

breccia. Subaerial environments were reached as it is
deduced from the occurrence of a subaerial andesitic flow
upsection. Interestingly, Jaccard et al. (2001) and
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FIGURE 6 (a) Simplified geological map of the Sapo�a area (Cardenas quadrangle). (b) Google Earth view of the area depicted in (a). The
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and encompassing deposits. The column is based on the facies descriptions made in the quarries depicted in (a) and (b). Dated samples are
indicated (SA14-11 and SA14-15)

FIGURE 7 Key facies of the Sapo�a area. (a) Top of the late Danian–early Selandian Sapo�a limestones. Unconformable contact between
massive wackestones (Sapo�a limestones) and overlying polymict conglomerates (Rivas Fm.). Hammer length is 31 cm. (b) Arkosic wacke
representing the matrix of the conglomerate illustrated in (a). (c) Small coral colony embedded in a muddy matrix and locally occurring in the
sponge biostrome. (d and e) Cm-sized sponge tubes occurring in the sponge biostrome. (f) Solenopora floatstone with a peloid-skeletal grainstone
matrix. (g) Peloid-skeletal wackestone with fenestral fabrics. Fenestral cavities up to 4 mm in size. (h) Peysonnelid bindstone with mm-thick, cm-
long algal crusts. (i) Unconformable contact between a dark wackestone and an overlying matrix-supported carbonate breccia. See Figure 6c. (j
and k) Cruciform twinning in euhedral feldspars recovered from the andesitic flow shown in (l). Scale bars are 0.1 mm. (l) Base of the Sapo�a
limestones. Unconformable contact between nodular limestones and underlying andesitic flow. See text and Figure 6 for locations
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Baumgartner-Mora and Baumgartner (2016) report also evi-
dence of emersion (palaeosol and littoral conglomerates,
erosion of Upper Cretaceous pelagics) prior to the develop-
ment of the late Palaeocene Barra Honda platform (Costa
Rica); the latter may represent a lateral equivalent of the
Sapo�a limestones. Finally, a relative sea-level rise occurred
to accommodate the deposition of the Sapo�a limestones.

The development of the Sapo�a carbonate bank took
place in lagoonal conditions. Such conditions are evidenced
by the mud-rich, fossil-poor content of the limestones. The
co-occurrence of miliolids, green algae, gastropods and

peloids in mud-rich facies is indicative of lagoonal, subtidal
environments of open to restricted inner platforms (Fl€ugel,
2010; Jaccard et al., 2001; Sadeghi, Vaziri-Moghaddam, &
Taheri, 2011; Saller, Richard, La Ode, & Glenn-Sullivan,
1993; Sartorio & Venturini, 1988; Wilson, 1975). Evidence
for intertidal conditions is scarce and was registered by rare
occurrence of fenestral fabrics. The local prevalence of
peyssonnelid algae is possibly due to their ability to grow
on soft substrates (Rasser, 2001; Wray, 1977) which domi-
nated in this mud-rich environment. Protected, low-energy
environments with muddy substrates favoured also the

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

(q) (r) (s) (t)

FIGURE 8 Late Danian–early Selandian planktonic Foraminifera of the Sapo�a area (see Figure 6). Scale bars are 0.1 mm. (a and b)
Subbotina triloculinoides (Plummer). (c and d) Subbotina cf. triloculinoides (Plummer). (e) Subbotina trivialis (Subbotina). (f) Subbotina cf.
trivialis (Subbotina). (g–j) Parasubbotina pseudobulloides (Plummer). (k) Parasubbotina cf. pseudobulloides (Plummer). (l) Globanomalina
compressa (Plummer). (m and n) Morozovella praeangulata (Blow). (o) Morozovella uncinata (Bolli). (p) Igorina sp. (q and r) Praemurica
uncinata (Bolli). (s) Praemurica inconstans (Subbotina). (t) Praemurica pseudoinconstans (Blow). Samples: SA14-15 (N 11°13048.6″/W
85°38031.4″) (c), (d), (f)–(k); SA14-11 (N 11°13026.9″/W 85°38006.9″) (a), (b), (e), (l)–(t)
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growth of siliceous sponges which produced important
biostromes (Gammon & James, 2001; Wiedenmayer,
1977). The general low faunal diversity was locally
increased by the input of higher energy deposits (grain-
stones, rudstones) which brought debris of organisms grow-
ing in more open marine, oligotrophic conditions, such as
corals and various red algae. The latter may indicate occur-
rences of coral-algal patch reefs in the vicinity. The reef
debris was possibly transported in the inner platform by
currents and storms. In contrast with the Barra Honda plat-
form, no Larger Benthic Foraminifera (LBF) has been
found in the Sapo�a limestones.

The demise of the short-lived Sapo�a carbonate bank dur-
ing the early Selandian is marked by an erosional unconfor-
mity overlain by volcanoclastic conglomerates. The very
well preserved arc-derived crystals suggest a proximal source
of intermediate volcanic rocks. The drowning of the carbon-
ate bank is evidenced by the deposition of hemipelagic
facies, under the influence of a reduced detrital input.

3.2 | Brito formation

3.2.1 | Facies description

The Brito Fm. represents a turbiditic sequence the thickness
of which reaches 4 km in the basin depocenter (offshore;
Figure 5; Ranero et al., 2000); much thinner exposures occur
onshore, along the southern Nicaraguan Isthmus. This forma-
tion is composed of various deep-water facies, which are not
exhaustively reviewed here. Instead, we present observations
made at localities which remained undescribed so far.

The base of the Brito Fm. was observed in two loca-
tions of the southern Nicaraguan Isthmus. In El Ostional
(Figure 3; El Ostional quadrangle), a 500 m long, excep-
tional coastal outcrop shows deep-water, seaward-tilted
lithologies. The first 80 m of the section are composed of
brown turbidites alternating with grey, pelagic and tuffa-
ceous hemipelagic limestones containing abundant plank-
tonic Foraminifera and fewer radiolarians; these limestone
beds resemble much the lithologies of the upper
Palaeocene–lower Eocene Buenavista Fm. described 18 km
southward (Baumgartner et al., 1984; Figure 3). The rest of
the section consists of thick packages alternating, as fol-
lows; up to 50 m thick channel-levee packages consisting
of stacked, dm- to m-thick coarse-grained arenites (Fig-
ure 9b), sometimes containing abundant Nummulites spp.;
up to 120 m thick packages consisting of mm to cm alter-
nances of (hemi)pelagic mudstones and turbiditic, fine-
grained sandstones and siltstones (Figure 9a,c). In general,
channel-levee and thin pelagic/turbiditic alternances (Fig-
ure 9b–d) are the most common facies of the formation.

Further inland, a comparable section is observed in the
area of La Calera (abandoned rock quarries, San Juan del

Sur quadrangle; Figure 3). The limit between the Brito and
the underlying, less competent Rivas Fm. appears clearly
in the landscape morphology; in the area, the base of the
Brito Fm. coincides with a 40-km long range of hills. The
base of the section consists of 40 m of pelagic limestones
alternating with minor turbiditic and tuffaceous beds; the
outcrops are located in the river (N 11°17030.8″/W
085°50015.5″) as well as along the road. The pelagic lime-
stones display very thin, graded laminations containing
shallow-water benthos fragments (red and green algae, mol-
luscs). Upsection, turbidites dominate and correspond to
cm- to dm-thick siltstones and fine-grained sandstones. La
Calera presents also one of the most intriguing features of
the basin; along the strike of the pelagic limestones, a hill
shows massive cliffs (N11°17015.7″/W085°50002.1″)
including coral framework with dm-sized colonies of corals
(Montastrea sp.?; Figure 9f) and hydrozoans (?). No dis-
tinct polarity is visible, but the framework seems to be in
place, or is part of a big (>100 m sized) block. The lime-
stones correspond mainly to udoteacean packstones and
well-washed grainstones; miliolids, other smaller benthic
Foraminifera, and fragments of red alga and mollusc are a
minor component. Moreover, the top of the block displays
a very thin Nummulites rudstone facies (Figure 10), which
is described in the age section (see below).

Resedimented shallow benthos occurs in all the levels
of the formation. In Las Parcelas (N11°13019.0″/
W085°47’10.8″) and 23 de Octubre (N11°27013.9″/
W086°02052.5″) quarries, dm- to m-thick, isolated to
stacked channels (Figure 9e) consist of carbonates ranging
from grainstones-packstones with shallow benthos to pack-
stones with mixed pelagic/shallow-water components. They
contain LBF such as Nummulites, Discocyclina, Amphiste-
gina, and Eoconoloides, and fragments of mollusc, udotea-
cean green alga, red alga, coral and echinoid spine.

The upper part of the formation is well-exposed in two
localities. In the Rio Grande (central SFB; Figure 3), a km-
thick section is exposed and encompasses the limit between
the Brito and Masachapa formations (see the description of
the Masachapa Fm.). The uppermost Brito Fm. displays
alternances of thin-bedded, brown-grey sandy mudstones
and graded arkosic-lithic, sometimes tuffaceous wackes.
The latter exhibit graded laminae which contain scarce
LBF, such as Nummulites, Actinocyclina and Helicostegi-
noides. In El Astillero (southern SFB; Figures 3 and 12),
the Brito Fm. is unconformably overlain by the stacked,
shallow-shelf volcaniclastics of the El Astillero Fm. (see
below).

3.2.2 | Age of the Brito Formation

An Eocene age was assigned to the Brito Fm. in the early
studies of the basin (Auer, 1942; Cushman, 1920; Green,
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1930; Hayes, 1899; Vaughan, 1918; Zoppis Bracci & Del
Giudice, 1958) as well as in more recent ones (Clowser,
Cutler, Girges, Laing, & Wall, 1993; Winsemann, 1992).

In Nicaragua, the age of the base of the formation has
remained poorly constrained, whereas the base of the
equivalent Descartes Fm. was dated as earliest Eocene in
northern Costa Rica (Clerc, 1998).

At the base of the formation, hemipelagic facies occur
in the vicinity of the La Calera shallow-water limestones
(Figure 3), without a visible, but possibly unconformable
contact. One sample of this facies contains abundant plank-
tonic Foraminifera (Figure 11) including Morozovella gra-
cilis (Bolli). At El Ostional, Morozovella subbotinae
(Morozova) was observed in two samples collected from
the pelagic limestones (Figure 11). These three samples
may be assigned to the stratigraphic interval between the
upper part of Zone P5 and Zone E5, indicating a latest

Palaeocene to early Eocene age. The nummulitid rudstones/
floatstones from La Calera section (Figures 3 and 10) pro-
vide some additional biostratigraphic information. They
contain abundant 2–3 mm sized Nummulites sp. consisting
mostly of megalospheric, thick lenticular, tightly coiled,
involute forms, with a protoconch of >100 lm in diameter.
Up to 3 cm sized microspheric forms of tightly coiled
Nummulites sp. occur less frequently. These forms can be
related to Nummulites (Palaeonummulites) macgillavryi
(Rutten). This taxon was originally described as Camerina
by Rutten (1935) from Cuba. The Calera specimens have
very similar morphological features and the presence of tra-
becules in the complete involute specimens permits to treat
them as true Nummulites Lamark. This population will be
reexamined for the establishment of a new species. This
assemblage may represent one of the earliest Nummulites
of the American realm. Other LBF include Eofabiania cf.

FIGURE 9 Field photographs of the
Eocene Brito Fm. (a), (c) Mm- to cm-
alternances of (hemi)pelagic mudstones and
turbiditic, fine-grained sandstones and
siltstones (El Ostional). In (a), meter stick
length is 40 cm. (b) Thick channel-levee
packages consisting of stacked, dm- to m-
thick coarse-grained arenites (El Ostional).
Meter stick length is 1 m. (d) Mm- to cm-
scale turbidites, which grade from silt to
siliceous mud (Popoyo beach, La Virgen
Morena quadrangle). (e) Carbonate channel
rich in shallow-water material (Las
Parcelas). Meter stick length is 1 m. (f)
Hermatypic coral colony from La Calera
massive, shallow-water limestone
exposures. See text for locations
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grahami K€upper, Fabiania cubensis (Cushman & Ber-
mudez), Linderina floridensis Cole, Amphistegina spp.,
small discocyclinids, Pseudophragmina and Rupertia. This
association is known from the early-middle Eocene. Com-
pared to younger Eocene LBF occurrences, the chief differ-
ence of this Nummulite-bank is the absence of
Lepidocyclina spp., generally abundant in middle-upper
Eocene shallow-water limestones of Central America.
Hence, the La Calera limestone may be of early to early–
middle Eocene age. The rudstones contain also melobesian
algal oncoids, and miliolids which float in a matrix of
micro-bioclastic hash, composed of geniculate coralli-
naceans, a new species of Distichoplax aff. D. biserialis
(Dietrich), and other bioclasts, as well as some planktonic
Foraminifera. Many bioclasts are bio-corroded and show
micritic crusts. Among the planktonic foraminifera, we
distinguished Morozovella cf. formosa (Bolli), which seems

to be restricted to the early Eocene, acarininids and
globigerinids.

In the 23 de Octubre quarry (N11°27013.9″/
W086°02052.5″) and in the vicinity, we found LBF typical
of the early-middle Eocene epoch, such as Nummulites
willcoxi Heilprin and Eoconoloides wellsi Cole &
Bermudez.

The upper part of the Brito Fm. was dated as late
Eocene with LBF recovered from shallow-water clasts
reworked in turbidites (Punta Brito; Rivas quadrangle);
Auer (1942) described a rich upper Eocene fauna, includ-
ing the genera Actinocyclina, Amphistegina, Asterocyclina,
Discocyclina, Helicolepidina, Heterostegina, Lepidocyclina,
Operculina, Operculinoides, Pliolepidina, Polylepidina,
Proporocyclina; Zoppis Bracci and Del Giudice (1958)
indicated the occurrence of the Lepidocyclina chaperi
Lemoine & Douvill�e.

(a) (b)

(c)

(d)

(e)

(f)

FIGURE 10 Early-middle Eocene
Larger Benthic Foraminifera from the reefal
limestone at La Calera. Scale bar is 2 mm
for (a), 0.5 mm for (b), 1 mm for (c–f). (a)
Vertical section of microspheric form and
several macrospheric forms of Nummulites
macgillavryi (Rutten) set in a fine grained
sediment of micro-bioclastic hash, mainly
composed of geniculate coralline algae and
Distichoplax aff. biserialis (Dietrich). (b)
Linderina floridensis Cole. (c and d)
Vertical-oblique sections of macrospheric
forms with inflated center of Nummulites
macgillavryi. (e) Equatorial macrospheric
section of N. macgillavryi. (f) Fabiania
cubensis (Cushman & Bermudez). See text
and Figure 3 for location
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Based on the data exposed here, the Brito Fm. is of late
Palaeocene/earliest Eocene to late Eocene age in the south-
ern Nicaraguan Isthmus.

3.2.3 | Depositional environment

The Brito Fm. consists of thick packages accumulated in
deep-marine environments. Deep-basin, submarine fan
environments are attested by the occurrences of thick,
coarse-grained channel-levee complexes (Lang et al., 2017;
Struss et al., 2007; Winsemann, 1992; Figure 9b). Deposi-
tion far from the channels resulted in thin alternations of
(hemi)pelagics and fine-grained turbidites (Figure 9d).
Based on palaeobathymetric data from offshore industry
wells, Struss et al. (2008) indicate depositional depths
reaching 3,000 m for the Brito Fm. The pelagic limestones
package that occurs at the base of the formation may repre-
sent a regional marker level for the Palaeocene–Eocene
boundary; it occurs in both Nicaraguan and Costa Rican
sections of the basin (Buenavista Fm. in Costa Rica;
Baumgartner et al., 1984).

La Calera limestones seem to rest with an unknown
contact on late Palaeocene–earliest Eocene deep-water
hemipelagic and turbidite facies of the Brito Fm. The shal-
low-water reefal lithologies are associated with nummulitid
rudstones of early Eocene age. Local tectonic uplift into
the photic zone could have created the conditions favour-
able to the formation of an ephemerous carbonate shoal
during the early Eocene. Alternatively, the Calera lime-
stones could represent an olistolith derived from an
unknown carbonate platform that may have existed along
the island arc or on an unknown accreted seamount. How-
ever, no island arc material has been recovered in the

shallow-water facies. Isolated outcrops of lower Eocene
shallow-water limestones are also reported from northern
Costa Rica (Baumgartner-Mora & Baumgartner, 2016; Jac-
card et al., 2001; Figure 20) and may be considered as
remnants of the Barra Honda platform.

3.3 | El Astillero Formation (new
lithostratigraphic unit)

3.3.1 | Facies description

The El Astillero Fm. corresponds to a new, 50 m-thick for-
mation which crops out near the El Astillero village,
located in the southern Nicaraguan Isthmus (70 km S-SW
of Managua; Rio Escalante quadrangle; Figures 3 and 12).
It represents a facies equivalent of the Junquillal Fm.,
which we previously described in northwestern Costa Rica
(Andji�c et al., 2016).

In two localities, a major angular unconformity with the
underlying Brito Fm. is observed. The angle between the
two formations reaches 35° in a quarry located 2.5 km
southeast of the El Astillero village (N11°29010.1″/
W086°09008.5″; Figure 13a), whereas it is 30° in the sea
cliff located at the southern entrance of the village (Fig-
ure 13b). The lithological difference between the Brito and
the El Astillero Fm. is conspicuous in outcrop and is out-
lined by the scarcity of muddy/silty lithologies in the El
Astillero Fm. The latter exhibits mainly amalgamated, dm-
to m-bedded, fine- to coarse-grained arenites locally alter-
nating with conglomerates.

In the quarry outcrop, the Brito Fm. exhibits thin-
bedded turbidites which are slumped at the formation top
(Figure 13a). They are unconformably overlain by

(a) (b) (c)

(d) (e) (f)

FIGURE 11 Thin section photomicrographs of planktonic Foraminifera recovered in pelagic levels from the lowermost Brito Fm. (late
Palaeocene–early Eocene). Scale bars are 0.1 mm. (a) Morozovella sp. (b–d) Morozovella gracilis (Bolli). (e and f) Morozovella subbotinae
(Morozova). Samples: LCRA1.5 (a–d) from La Calera; OST3 (e) and OST2 (f) from El Ostional. See text and Figure 3 for locations
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sandstones and conglomerates containing cm-sized lepido-
cyclinids and cm- to dm-sized coral fragments (El Astillero
Fm.). The formation boundary consists of a highly irregular
unconformity along which the El Astillero Fm. onlaps the
Brito Fm. The formations show opposite dip angles.

In the sea cliff section, the Brito Fm. shows 5 m of
northwest-dipping, dark grey hemipelagic mudstones
exhibiting light grey carbonate nodules (Figure 13b). The
bioclastic content of the mudstones comprise mainly plank-
tonic Foraminifera, with local, minor proportions of shal-
low-water, sand-sized detritus consisting of lepidocyclinids,
molluscs and echinoid spines (Figure 14a–g).

The lowermost El Astillero Fm. consists of a landward-
thinning, southwest-dipping, 5 m-thick package onlapping
the hemipelagics (Figure 13b). It corresponds to a coarsen-
ing-upward package made of centimetric alternations of dark
grey siltstones and grey lithic-arkosic arenites. Microscopi-
cally, the arenites consist of moderately sorted, subrounded
volcaniclastic lithoclasts with a minor proportion of anhedral
to subeuhedral plagioclase crystals. When present, the bio-
clastic, shallow-water component (up to 30%) is composed
of Lepidocyclina, nummulitids, smaller benthic Foraminifera
and fragments of mollusc, red alga, green alga and echino-
derm (Figures 14h–l and 15a). This heterolithic facies is
overlain by the first massive bed of the formation which cor-
responds to a medium-grained arenite showing centimetric
burrows of large Chondrites, Ancorichnus, Scolicia, Phy-
codes and fewer Zoophycos and Ophiomorpha. The arenite

is overlain by a reddish, brittle, 60 cm-thick sandy interval
presenting a heterolithic aspect and sharply truncated by an
erosional unconformity. Closer examination of the middle
part reveals networks which are characteristic of a palaeosol
(Figure 13c, Supporting information; Retallack, 2001): cm-
sized, grey sandy peds are enclosed within a tabular, iron(?)-
stained alteration framework composed of brown cutans.
Thin sheets of silicate(?) crystals are associated with the car-
bonate-free cutans. White nodules and lenses of organic mat-
ter are observed in places. Three levels with tabular
networks were recognized within the reddish bed.

Upsection, the formation exhibits a clear coarsening-
upward trend with increasing upward occurrences of
coarse-grained arenites and conglomerates, and decreasing trace
fossils occurrences (rare Thalassinoides and Ophiomorpha).
The coarsest lithologies generally bear lepidocyclinids and
petrified wood.

The middle part of the El Astillero Fm. exhibits fining-
upward, dm- to m-thick tempestites. They often present a
basal, massive, lag deposit, made of conglomerates with
rip-up clasts, resting generally on a scoured surface and
grading upsection into coarse-grained arenites. Large-scale,
low-angle cross-stratifications are observed in these depos-
its. The basal deposit underlies fine-grained arenites devel-
oping Hummocky cross-stratifications (HCS; Figure 13d),
sometimes overlain in turn by very thin-bedded siltstones.

Locally, clast-supported, polymict, pebble to boulder
conglomerates crop out in metric, channelized deposits
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which present normal grading (Figure 13e). They rest on
deeply scoured HCS-bearing lithologies. The clasts include
volcanic arc rocks and shallow-water limestones rich in
lepidocyclinids.

The upper part of the formation is dominated by pebble-
to boulder-bearing, granule conglomerates and coarse-
grained arenites. These deposits consist of metric packages
separated by scour surfaces and low-angle erosional uncon-
formities. One discontinuous stratigraphic horizon of
coarse-grained arenites shows sigmoid-shaped sets of cross-
strata that are separated by mud drapes (Figure 13f).

3.3.2 | Age of the El Astillero Formation

At El Astillero, dark coloured, offshore mudstones of the
Brito Fm. crop out at the base of a sandy to conglomeratic
unit, defined here as the El Astillero Fm. (Figures 12b, 13b

and 14a). The mudstones contain planktonic Foraminifera,
such as Globigerinatheka, Subbotina, Catapsydrax, sug-
gesting a middle to late Eocene age (Figure 14b–g).

The unconformably overlying sandstones of the El
Astillero Fm. form a steep cliff showing dm- to m- bedded
laminated sandstone beds that pinch out laterally (HCS).
One of the first 50 cm thick composite beds contains a
20 cm thick layer rich in LBF, up to 3 cm in size, that
weather out at the surface (sample ELAS 1; Figures 12b,
14h–l, and 15a). LBF are all current oriented and set in a
volcanoclastic matrix. LBF include taxa with macrospheric
and microspheric broken and corroded forms of strongly
pillared Lepidocyclina sp. comparable to Lepidocyclina
giraudi type (sensu Cole, 1957). Tangential-equatorial
sections of Lepidocyclina cf. canellei Cole show
nephrolepidine embryonic and periembryonic chambers
with two principal auxiliary chambers. Nummulites cf.

FIGURE 13 Field photographs of the
lower Oligocene El Astillero Fm. (a and b)
Unconformable contact between the Brito
Fm. and the El Astillero Fm. (a) North-
directed view of the quarry outcrop
(N11°29010.1″/W086°09008.5″; Figure 12a).
Note the opposite dip angles between the
formations. The El Astillero Fm. onlaps the
Brito Fm. along an irregular boundary
which shows the occurrence of slumps.
Dashed lines: stratification. Continuous
line: formation boundary. (b) Coastal
outcrop (section S1 in Figure 12). Note the
contrasting dip angles between the
formations. Brito Fm. dips towards the
NNW. (c) Tropical palaeosol with cm-sized
sandy peds outlined by a tabular network of
iron-stained cutans. The cutans are
associated with thin blades of silicate(?)
crystals. See also the Supporting
information. (d) Hummocky cross-
stratifications in medium-grained
sandstones. Hammer length is 31 cm. (e)
Clast-supported, pebble to boulder polymict
conglomerate. Height of the GPS device is
13 cm. (f) Sigmoidal cross-stratification
displaying m-sized bundles separated by
mud drapes
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striatoreticulatus Rutten is probably reworked from the
underlying Eocene mudstone of the Brito Fm. Well pre-
served miliolids and rotaliids are dispersed in the matrix.
This LBF association indicates an early Oligocene age.

In the upper part of the formation (Figure 12b), coarse
sandy and conglomeratic lithologies contain pure limestone
clast (sample ELAS14-01) and a sandy carbonate level (sam-
ple ELAS 15-03) that show a very similar LBF assemblages,
but differ remarkably in lithology. The limestone clast
(ELAS14-01; Figure 15d) is made of pure shallow carbonate
with a very minor detrital component. LBF and oncoids sized
mm- to cm are set in a microbioclastic matrix rich in coralli-
nacean and green algae. The sandy carbonate lens (ELAS
15-03; Figure 15b,c) shows an abundant tuffaceous matrix,
which is stained brown from Fe-hydroxides and possible
organic matter. Opaque cubes represent oxidized pyrite. LBF
are heavily corroded, intensely bioeroded and stained by
oxides. Lateral chambers of LBF are filled with clays. Ill-

oriented geopetal infills suggest repeated reworking and
cementation. Big microspheric Lepidocyclina spp. reach
7 cm in size (Figure 15b). These taxa are in the
Lepidocyclina undosa-favosa group. Small Nummulites
with 3–4 whorls show the character of Nummulites dia (Cole
& Ponton) and a few of N. panamensis gr. Gasteropod shells
are abundant. The association of LBF indicates an early
Oligocene age.

3.3.3 | Depositional environment

The El Astillero coastal section shows a clear shallowing
which is recorded by an upward transition from the Brito
Fm. distal offshore facies to the El Astillero Fm. proximal
offshore facies. This transition was accompanied by the
input of relatively coarser, shallow-water bioclast-rich
sands preceding the onset of shallow shelf, detrital sedi-
mentation. The transition from distal offshore to proximal

(a) (b) (c)

(d) (e)

(f)

(h) (i)

(j)

(k)

(l)

(g)

FIGURE 14 Thin section
photomicrographs of the Eocene Brito Fm.
(a–g) and the lower Oligocene El Astillero
Fm. (h–l). Scale bars: (b–g) 0.1 mm, (j–l)
0.5 mm. The outcrop is depicted in
Figure 12b (section S1) and shown in
Figure 13b. (a) Silty mudstone containing
smaller, larger and planktonic Foraminifera,
with scarce mollusc and echinoid
fragments. (b–g) Middle–late Eocene
planktonic Foraminifera from the sample
ELAS15-02. (b and c) Subbotina sp. (d and
e) Globigerinatheka sp. (f and g)
Catapsydrax sp. (h) Lithic-arkosic arenite,
at the base of the El Astillero Fm., rich in
lenticular, strongly pillared Lepidocyclina
sp. comparable to L. giraudi type (sensu
Cole, 1957) (sample ELAS1). (i and j)
Tangential-equatorial section of
Lepidocyclina cf. canellei Cole. (j)
Enlargement of the embryonic and
periembryonic chambers with two principal
auxiliary chambers. (k) Enlargement of
embryonic chambers type Nephrolepidina.
(l) Microspheric form of probably reworked
Nummulites cf. striatoreticulatus Rutten.
Early Oligocene
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offshore facies coincided also with an angular unconfor-
mity which indicates a possible tectonical, seaward tilting
of the Brito Fm. The tilting is evident in the quarry section,
located to the southeast (Figure 13a). There, a shallowing-
upward transition is absent, as shelf deposits directly over-
lie tilted, deep-water turbidites. Tectonic tilting is suggested
by the opposite dips between the two formations and the
highly irregular formation boundary along which the El
Astillero Fm. onlaps slumped turbidites of the Brito Fm.

In the coastal outcrops, the base of the formation was
deposited under rather low-energy conditions, which are
highlighted by silty-sandy fining-upward alternations,
sandy-silty heterolithic beds, and extensive occurrence of
horizontal burrows in fine-grained, thick-bedded arenites.
Although a detailed geochemical analysis of the brownish
sandy palaeosoil is still needed, its field characteristics
seem to fit the description of soils formed under humid
tropical climates (see Retallack, 2001).

These bedforms were replaced by higher energy, trans-
gressive deposits, as the middle part of the formation is
mainly characterized by storm deposits that take the form
of fining-upward tempestites (Figure 13d). A further
increasing in water energy was recorded upsection within
progressively coarser lithologies that display large-scale,
low-angle cross-stratifications in metric cosets. These
deposits are encompassed between metric, matrix-supported
conglomerates that transported much coarser sediments in
comparison to the tempestites. Locally, clast-supported,
polymict conglomerates were deposited above m-deep ero-
sional bases and may indicate deposition close to a river
mouth (Figure 13e). At the formation top, nearshore condi-
tions were apparently recorded in sigmoidally shaped tidal
bundles that are enclosed in mud drapes (Figure 15f).

In summary, the general coarsening-upward of grain
size and the increasing frequency of high-energy-related,

coarse deposits attest that the El Astillero Fm. was depos-
ited under shallow shelf conditions. It experienced the con-
stant input of coarse-grained material the source of which
was an uplifted hinterland. Emergence during the deposi-
tion of the lower El Astillero Fm. may have been the result
of a conjunction of eustatic sea-level drop (Eocene–Oligo-
cene boundary; Miller et al., 2005) and uplift. Subsequent
deposition and preservation of tens of meters of tempestites
and stacked coarse-grained deposits was possibly the con-
sequence of both renewed sea-level rise and subsidence of
the shelf.

3.4 | Masachapa formation

3.4.1 | Facies description

During our fieldwork, we studied the Masachapa Fm. in the
following sections, from the NW to the SE: Rio El Carmen,
Rio Citalapa, Rio El Bongo and Rio Grande. In these river
sections, the Masachapa facies consist of cm- to dm-thick,
alternations of flat-bedded, silty to sandy mudstones and
fine to coarse sand-sized, arkosic-lithic wackes and arenites
(turbidites; Figure 16a–h). The different lithologies contain
planktonic Foraminifera and show various amounts of clay-
to silt-sized tuffaceous material. The mudstones display
millimetric ichnofossils (Figure 16d), such as Nereites,
Phycosiphon, Chondrites, Planolites and Thalassinoides.

The best examples of turbiditic deposits can be
observed in the Rio Citalapa (north of San Cayetano; Villa
El Carmen quadrangle; N11°54007.9″/W086°30045.8″). At
the base of the section, cm-thick turbidites commonly con-
sist of Ta–Tc, Ta–Te and Tc–Te interval couplets (Bouma,
1962; Figure 16f,g). Silty Ta intervals are generally rich in
organic matter debris. The Tc intervals display climbing
ripples and are often convolute laminated. Locally, a

FIGURE 15 (a) Lithic-arkosic arenite
rich in Larger Benthic Foraminifera (sample
ELAS1 in Figure 14h–l). (b and c)
Lepidocyclina floatstone with a tuffaceous
wackestone matrix containing nummulitids
and smaller benthic Foraminifera, and
fragments of mollusc, echinoid and
tuffaceous volcanic rock. Note the Cm-
sized Lepidocyclina in (c) (sample
ELAS15-03 in Figure 12b, lower
Oligocene). (d) Lepidocyclina floatstone
clast with a wackestone matrix composed
of the Lepidocyclina undosa-favosa gr., red
alga, green alga and echinoderm fragments
(sample ELAS14-01 in Figure 12b, lower
Oligocene)
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0.7 m-thick debrite is embedded in these deposits. It over-
lies a massive, 0.8 m-thick sandstone bed and consists of
cm- to dm- sized, disrupted sandstone beds and convoluted
siltstones embedded in a scarce muddy matrix. The debrite
is onlapped by turbidites.

Upsection, thin-bedded, carbonate-poor turbidites occur
and consist of organic-rich, ungraded siltstones alternating
with sandy mudstones (N11°54013.2″/W086°31017.0″; Fig-
ure 16c). These facies are overlain by metric packages of
amalgamated, thin-bedded, sandy turbidites. The latter
dominate in the uppermost part of the formation.

Along the Rio Grande (La Trinidad quadrangle), the
Masachapa Fm. crops out over hundreds of meters; it con-
sists of a monotonous succession of silty/sandy mudstones
and fine-grained, ungraded to poorly graded sandstones
(Figure 16a,b). Here, it conformably overlies the Brito Fm.
and gently dips towards the SW. At the base of the forma-
tion (N11°40026.8″/W086°18019.3″; Figure 16b), we sam-
pled a carbonate boulder embedded in hemipelagics. It
consists of a well-washed oolitic grainstone containing
LBF such as Amphistegina, Lepidocyclina, Nummulites,
Helicosteginoides, Caudriella, Actinocyclina, Hexagonocy-
clina and fragments of mollusc and echinoderm (Fig-
ure 16i). Plagioclase crystals are the dominant nucleus type
of the ooids. Upsection, scarce LBF are also present in
thin-bedded, sandy turbidites.

The distinction between Masachapa and Brito facies is
not always clear, especially in case of weathered exposures.
However, some general differences may be stated. When
compared to the Brito Fm., the Masachapa Fm. presents: (1)
lighter patina and fresh surface colours (typically greyish-
beige); (2) much less micro-laminated (hemi)pelagic facies
(due to bioturbation ?); (3) a general lower abundance of
detrital minerals, although mud-sized ash is often present;
(4) no occurrences of thick channel-levee complexes; (5)
much less reworked/redeposited shallow benthos; (6) higher
carbonate contents in (hemi)pelagic facies, and no occur-
rences of cherts and radiolarian-bearing deposits.

3.4.2 | Age of the Masachapa Formation

Dorr (1933) produced a list of more than 50 smaller benthic
and planktonic Foraminifera species that he recovered from
soft gray-blue shales and sandstones (unknown localities).
However, very few of the listed species can be restricted to
the Oligocene as suggested by the author. Yet, some species
are not known from earlier than the Oligocene such as
Gyroidina soldanii d’Orbigny, Lenticulina calcar (Lin-
naeus), Melonis pompilioides (Fichtel & Moll), Robulus pro-
tuberans (Cushman) and Uvigerina auberiana d’Orbigny
(Adegoke, Oyebamiji, Edet, Osterloff, & Ulu, 2017; Hol-
bourn, Henderson, & Macleod, 2013; Petters & Sarmiento,
1956; Renz, 1948; Todd & Low, 1976). Dorr (1933) reported

also the presence of Planulina wuellerstorfi (Schwager),
which is generally considered to occur since the Miocene
(Cassell & Sen Gupta, 1989; Holbourn et al., 2013); it
implies that this species may occur in the Oligocene, as sug-
gested by Sz�ekely and Filipescu (2015), and/or that the
Masachapa Fm. reaches into the Miocene. The latter hypoth-
esis is supported by the occurrence of palynomorphs of the
Neogene genus Tetraploa (Rio El Carmen, Villa El Carmen
quadrangle; Guy-Olson, 1998). Kumpulainen, H€ogdahl,
Olafsson, Mu~noz, and Valle (1998) found coccolithophores
typical of the late early–late Oligocene interval, such as
Sphenolithus ciperoensis Bramlette & Wilcoxon and S. dis-
tentus (Martini).

3.4.3 | Depositional environment

The Masachapa Fm. consists of flat-bedded deposits indicat-
ing interplay between hemipelagic and turbiditic sedimenta-
tion. A distal depositional setting is reflected by the
dominance of hemipelagic muds as well as the fine-grained,
thin turbidite beds suggesting a distant feeding source. Such
alternations of mudstones and low-density turbidites are
generally considered to be characteristic of basinal plain
environments (Mutti & Ricci Lucchi, 1978; Normark, Posa-
mentier, & Mutti, 1993), located away from large submarine
channels and canyons. This is in accordance with the depo-
sition palaeodepths (1,500–2,000 m) reported by Struss
et al. (2008), based on palaeobathymetric data from offshore
industry wells. These authors, as well as Struss (2008), sug-
gest that the Masachapa Fm. formed in deep-marine, slope
environments. This is in accordance with some of the smal-
ler benthic Foraminifera reported by Dorr (1933); G. sol-
danii d’Orbigny and P. wuellerstorfi (Schwager) indicate
bathyal palaeodepths, whereas M. pompilioides (Fichtel &
Moll) and Siphonina tenuicarinata Cushman suggest lower
neritic-middle bathyal depths (Hayward, Carter, Grenfell, &
Hayward, 2001; Holbourn et al., 2013). Although major,
mass transport deposits or erosional features are not
observed in the field or in seismic profiles, the occurrence
of debrites and shallow-water limestone boulders in thin-
bedded hemipelagics may suggest deposition close to the
base of a slope (Butler & McCaffrey, 2010). The co-occur-
rence of trace fossils such as Nereites, Phycosiphon, Chon-
drites and Planolites is common in muddy intervals
associated with turbidite events (Knaust, 2009; Uchman &
Wetzel, 2012; Wetzel & Uchman, 2001).

3.5 | El Fraile formation

3.5.1 | Facies description

During our fieldwork, we studied several sections of the El
Fraile Formation between El Velero and Huehuete towns
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(Figure 3). Here, we report the facies description of two
sections (Monte Grande and Huehuete), which contain dat-
able LBF. For a general description of the formation, the
reader may refer to the detailed studies of Kolb and Sch-
midt (1991) and Krawinkel and Kolb (1994).

In the Monte Grande area (Figure 3), the El Fraile Fm.
consists of hundreds of meters of flat-bedded, fine-grained
siliciclastics alternating with minor medium-grained to
coarse-grained sandstones and conglomerates, locally rich
in mollusc debris. The fine-grained facies is typical of the
formation: it is made of carbonate-free, cm-bedded, tuffa-
ceous, lithic-arkosic siltstones to fine-grained wackes with
light yellow to light grey fresh surfaces (Figure 17a). The
microscopic observation of these sediments reveals the
presence of high amounts of ash (vitric glass and glass
shards), and a minor proportion of anhedral plagioclases.
The high content of volcanic ash is reflected in the light

colour of the rock. The remaining detrital fraction is made
of pyroxenes, opaque minerals and green amphiboles.

The Monte Grande limestones are named after the neigh-
bouring Monte Grande village (La Trinidad quadrangle; Fig-
ure 3) and comprise detrital-poor, carbonate deposits
interbedded with tuffaceous volcaniclastics. The occurrence
of these limestones was mentioned by Zoppis Bracci and Del
Giudice (1958) and Kuang (1971) who report these litholo-
gies as massive, lenticular, neritic limestones without
describing them. The shallow-water limestones are found in
two small quarries, the exploitation of which allows the
observation of fresh rock exposures. These quarries corre-
spond to isolated outcrops with a distance of 1.9 km between
them. A conformable stratigraphic contact with the underly-
ing detrital deposits is visible in the northwestern quarry.

The northwestern 5 m-thick outcrop (N11°43022.6″/
W086°24016.5″) is made of massive-bedded, beige

FIGURE 16 Field, fresh cut and thin
section photographs of the Oligocene–lower
Miocene Masachapa Fm. (a) Cm-beds of
ungraded arkosic tuffaceous wackes (Rio
Grande). (b) Oolitic grainstone boulder
(sample BAR15-02) embedded in thin-
bedded tuffaceous mudstones (Rio Grande).
(c) Alternations of organic rich siltstones
and sandy mudstones (Rio Citalapa). (d)
Silty mudstone level overlying slightly
graded arkosic wacke laminations (Rio El
Carmen). Both are bioturbated. Note the
centimetric scale. (e–g) Mm- to cm-thick
turbidite levels in sandy tuffaceous
siltstones and tuffaceous mudstones (Rio
Citalapa). Scales: (e) Hammer handle is
3 cm large; (f) Centimetric scale; (g) 2 mm.
(h) Climbing-ripple laminations in fine-
grained sandstones (Rio Citalapa). (i)
Oolitic grainstone with Lepidocyclina spp.
(sample BAR15-02, Rio Grande). See text
for the locations
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wackestones/floatstones which are essentially composed of
green algae (25%–40%). The latter appear as mm- to cm-
sized plate segments and stems comprised in a muddy
matrix. Microscopically, the green algae present the typical
tubules of udoteacean thalli. The tubular structure is still
visible, although the initial aragonitic mineralogy disap-
peared and was replaced by drusy sparite. Other bioclasts
are scarce (<8%) and correspond to lepidocyclinids, mio-
gypsinids and clasts of coralline red alga, coral, echinoid
spine and mollusc (sizes 0.15 mm–1 cm).

The southeastern outcrop (N11°42029.9″/W086°
23047.2″) represents a 4 m-thick section of massive-bedded,
beige limestones (Figure 17f). The lower part of the section
is composed of floatstones mainly made of LBF, red algae
and corals. The LBF are represented by mm-sized, rounded
lepidocyclinids (15%) and miogypsinids (3%). Coral debris
sized mm- to cm exhibits poorly preserved skeletons

recrystallized in sparite. Coralline red algae appear with
laminar and encrusting morphologies. Thin encrusting
growth forms (0.3–1.5 mm thick) are visible on coral deb-
ris and intraclasts. Elongated, cm-sized rhodoliths are char-
acterized by the absence of a nucleus and present mm- to
cm-sized, lumpy crusts. These crusts are often made of a
loose algal framework which trapped fine matrix. Other
bioclasts include smaller benthic Foraminifera, gastropod
shells, echinoid spines and broken bivalve tests. The
muddy matrix of the wackestone was locally replaced by
sparite.

The upper part of the section is marked by the
absence of mud, which coincides with an increased pro-
portion of mm-sized lepidocyclinids (50%–60%). The rock
presents the characteristics of a well-sorted rudstone.
Domal-shaped, dm-sized corals are present but not in
growth position (Figure 19f). The proportions of the other

FIGURE 17 Field photographs of the
Miocene El Fraile Fm. (a) Cm-bedded,
tuffaceous, lithic-arkosic siltstones and fine-
grained wackes (offshore facies; Monte
Grande). Meter stick is 50 cm long. (b)
Metric petrified wood trunk in coarse-
grained deposits (base of the formation in
Rio El Bongo, N11°48017.6″/
W086°28057.9″). (c) Herringbone cross-
stratification (tidal facies; Rio El Bongo).
(d) Low-angle cross-stratification in coarse-
grained arenites and conglomerates
(shoreface facies; Huehuete beach). (e)
Thalassinoides vertical burrows in a
tempestite (Casares beach). (f)
Lepidocyclina rudstone with a coral head
(Monte Grande). See text and Figure 3 for
locations
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bioclasts remain nearly unchanged except that red algae
appear only as clasts and coral debris are absent. The
porosity of the rudstone was filled with at least two gen-
erations of cement. The first microcrystalline cement is
slightly dominant. The remaining porosity was filled with
blocky calcite.

On the Huehuete beach (Casares quadrangle; Figures 3
and 12a), 50 m of low-angle cross-stratified, coarse-grained
volcaniclastic deposits overlie thin-bedded tuffaceous
lithologies (N11°37020.2″/W086°20003.4″; Figure 17d). At
the base of the coarse-grained deposits, medium-grained to
coarse-grained, lithic-arkosic wackes alternate in places
with granule conglomerates. A bioclastic component is
only present in a 50 cm-thick floatstone/rudstone with a
medium-grained wacke matrix. The bioclastic component
(40%–50%) consists mainly of mm-sized, oblate lepidocy-
clinids, miogypsinids and of mm- to cm-sized clasts of
branched coral (Porites sp.), bivalve, gastropod, echinoid
and encrusting red alga.

3.5.2 | Age of the El Fraile Formation

Several fossil species of Miocene age were reported in the
formation. Auer (1942, listed in: Hoffstetter et al., 1960;
Zoppis Bracci & Del Giudice, 1958) reported bivalves, such
as Agriopoma gatunensis (Dall) and Trachycardium domini-
cense (Gabb), gasteropods, such as Bivetiella dariena

(Toula) and Conus aemulator Brown & Pilsbry, and LBF of
the genera Amphistegina and Miogypsina. Kolb and Sch-
midt (1991) described shell lags containing Melongena con-
sors (Sowerby) and Architectonica nobilis R€oding.

Here, we present biostratigraphic information obtained
from the Monte Grande area (samples MTEG5) and the
Huehuete beach (sample HUE3).

The lower samples (MTEG5; N11°42029.9″/W086°
23047.2″; Figure 18) are relatively pure LBF-rudstones that
shows well-washed grainstone and packstone portions with
some yellowish-brown tuffaceous matrix. Poikilitic sparite
cements perhaps indicate some freshwater influence during
diagenesis. The sample contains Amphistegina cf. lessonii
d’Orbigny, Miogypsina (Miolepidocyclina) aff. staufferi
Koch with the nepionic chambers and Amphistegina cf. an-
gulata (Cushman).

The upper sample (HUE3; N11°37020.2″/W086°
20003.4″; Figure 18) is a coral-LBF rudstone/floatstone
with an abundant, coarse-grained volcano-detrital matrix.
Oxidized pyrite is abundant and causes a yellowish-brown
stain of matrix and bioclasts. Cm-sized coral fragments and
rhodoids exist along with mm-sized, well-rounded clasts of
volcanic rock.

The LBF assemblages are almost identical and show a
Lepidocyclina-Miogypsina facies (Figures 18). Specimens of
Lepidocyclina yurnagunensis s.l. Cushman, in general over
4 mm in size, are abundant (Figure 18). Some of the

FIGURE 18 Early Miocene Larger Benthic Foraminifera form the El Fraile Formation (Monte Grande and Huehuete). (a and c) Individual
variations of Lepidocyclina yurnagunensis s.l. Cushman. (a) Robust specimen of L. yurnagunensis-morganopsis type. (b) Lepidocyclina giraudi
Douvill�e. (d and e) Miogypsina (Miolepidocyclina) aff. staufferi Koch with the nepionic chambers. (f) Miogypsina (Miolepidocyclina) cf.
cushmani Vaughan. Samples: HUE3 (a)–(c), (f); MTEG5.4 (d); MTEG5.1 (e)
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specimens show the robust L. yurnagunensis-morganopsis
type. In addition, we found L. giraudi Douvill�e. Among the
megalospheric specimens, we found forms similar to Lepido-
cyclina sumatrensis as illustred by Cushman (1920) from
Cuba. The particularly inflated central body of these thickly
lenticular to ufo-shaped tests is very typical. Rare Lepidocy-
clina tournoueri Lemoine & Douvill�e were also found. Axial
sections of Miogypsinoides sp. were observed (Figure 18).
Several Miogypsina spp. show a juvenarium with two princi-
pal auxiliary chambers from which the spiral coil is devel-
oped, as described by Barker (1965). The juvenarium is in a
subcentric position. At least three forms are present: Mio-
gypsina (Miolepidocyclina) panamensis (Cushman)
(=Heterosteginoides panamensis), Miogypsina staufferi Koch
andMiogypsina (Miolepidocyclina) cf. cushmani Vaughan.

This assemblage has a different (younger?) phylogenetic
position than the M. gunteri-tani assemblage described
from Punta Pelada (Costa Rica; Baumgartner-Mora, Baum-
gartner, & Tschudin, 2008). Hence, the age can be stated
as latest Oligocene to early Miocene.

The El Fraile Fm. is interbedded with the middle Miocene
Tamarindo Fm. (radiometric ages: 11.7–14.7 Ma; Elming
et al., 2001; Plank, Balzer, & Carr, 2002; Saginor, Gazel,
Carr, Swisher, & Turrin, 2011; Weyl, 1980; Figures 3 and 4).

3.5.3 | Depositional environment

The El Fraile Fm. was deposited in a deltaic environment
under the influence of tidal (Figure 17c), storm and fluvial
processes (Krawinkel & Kolb, 1994). The El Fraile Fm.
offshore to shoreface facies highlight a syn-sedimentary,
explosive volcanic arc activity. Except for the unusual
occurrence of the Monte Grande limestones, the constant
input of volcaniclastic material prevented the development
of carbonate-rich deposits. The co-occurrence of udotea-
cean wackestones and lepidocyclinid-coral grainstones con-
firms that parts of the formation were deposited in the
photic zone, under low- to high-energy conditions. More-
over, this carbonate bank indicates that isolated, detrital-
poor areas existed in the shallow shelf. This short-lived
environment possibly developed on a tectonic high or an
ephemerally abandoned part of the deltaic system.

4 | DISCUSSION

4.1 | Tectono-sedimentary evolution of the
SFB

4.1.1 | Pre-Campanian

Due to the lack of suitable outcrops, little is known about
the pre-middle Campanian evolution of the basin and the
exact nature of the underlying basement. Onshore well data

indicate the possible occurrence of Upper Cretaceous vol-
caniclastics and cherts (Loma Chumico Fm.?; Figures 3
and 4) overlying a basaltic basement (Ranero et al., 2000;
Figure 19). These deep-water rocks might have been
deposited on the Santa Elena tectonic pile (Figure 3) in
post-Albian times, after its accretion to the MCOT (Escu-
der-Viruete & Baumgartner, 2014).

4.1.2 | Middle Campanian

In the southern SFB, biostromal and offshore carbonates (El
Viejo Fm.; Pons et al., 2016; Figures 3 and 4) were deposited
in response to basement uplift. Moreover, the southern basin
basement (Santa Elena accreted arc; Escuder-Viruete et al.,
2015) was partly exposed to subaerial environments (Baum-
gartner et al., 1984; Schmidt-Effing, 1974; Seyfried &
Sprechmann, 1985). The resulting erosional processes may
have removed pre-Campanian sedimentary rocks (“Loma
Chumico”) from the uplifted highs. The short-lived carbonate
banks were rapidly overlain by pelagic limestones (Piedras
Blancas Fm.), due to the subsidence of the tectonic pile to
bathyal depths. Pelagic limestones were deposited until the
late Maastrichtian, when arc-derived turbidites (Cur�u Fm.)
reached these parts of the basin (Baumgartner et al., 1984).
We interpret these facies changes as the consequence of the
Nicoya Complex accretion to the active margin (Andji�c, 2017;
Figure 20). The accretion of this exotic, buoyant plateau
caused the cessation of the volcanic arc activity, as well as the
extensive uplift of the southern Sandino and Tempisque fore-
arc basins. As a result, a discontinuous, 120 km-long belt of
carbonate and siliciclastic, shelf sediments was deposited over
inner forearc regions that were previously located in deep-
water settings (Denyer & Alvarado, 2007). Post-collisional
subsidence led to the deposition of pelagic limestones over the
shelf facies. Volcanic arc activity restarted during the Maas-
trichtian, well after the accretion event.

4.1.3 | Late Maastrichtian–Eocene

During that time, the SFB experienced almost constant tur-
biditic accumulation, which was controlled by subsidence
and volcanic arc activity. In consequence, the basin
depocenter was filled with 5–7 km of turbidites (Rivas-
Cur�u and Brito-Descartes fms.) at the end of the Eocene
(McIntosh et al., 2007; Ranero et al., 2000; Struss et al.,
2008). Due to differential subsidence of the depocenter, the
turbidite infill pinched out trenchward, as it onlapped the
outer high (Figures 5 and 21a).

4.1.4 | Late Palaeocene–early Eocene

The Sapo�a and La Calera limestones (Nicaragua; Figures 6
and 10), and the Barra Honda Fm. (Costa Rica), indicated that
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shallow-water environments existed in the Sandino and Temp-
isque basins during the late Palaeocene–early Eocene. The fact
that shallow-water carbonate banks and abundant pelagic
limestones (Buenavista Fm.) coexisted in both basins suggests
that a regional tectonic event may have caused uplift and shut-
down of the volcanic arc (Figure 20). A hint about the origin
of this tectonic event may be found in the geology of the Bur-
ica Peninsula (southern Costa Rica; Figures 1b and 20).
According to Buchs et al. (2009), this area documents the
Palaeocene accretion of a Coniacian–Santonian oceanic pla-
teau (Inner Osa Igneous Complex). The accretion event was
sealed by the deposition of the late Palaeocene Pavones Fm.
(Di Marco, 1994; Obando Rodriguez, 1986), which reworks
shallow-water facies very similar to those observed in the
Barra Honda and Sapo�a limestones (Baumgartner-Mora &

Baumgartner, 2016). Therefore, we suspect that rough crust
subduction occurred not only in the Osa-Burica area, but also
operated further to the north. The impingement of another
bathymetric feature along the strike of the trench may have
been responsible for the uplift of the inner Tempisque basin
and southern SFB.

4.1.5 | Late Eocene

During the latest Eocene–earliest Oligocene, the southern
SFB experienced a different sedimentary evolution in
comparison to the rest of the basin (Figure 4). The inner
forearc of this basin segment reached shallow-shelf
environments, contemporaneously to the Costa Rican
Tempisque Forearc Basin, while the central and northern
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FIGURE 19 Seismic profiles of the Sandino Forearc Basin. See Figure 2b for profile locations. In (a–f): basin-normal profiles. In (g–i):
basin-parallel profiles. All depths are in two-way travel time (TWT [s]), except for the profile st8910-215 in (c) [km]. (a) Profile NIC100 (after
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segments remained in deep-water settings (Figure 21b).
The southern SFB underwent a major facies change, with
the replacement of deep-water turbidites (Brito-Descartes
fms.) by shallow shelf tempestites (El Astillero-Junquillal
fms.), with local unconformities. On the other hand, deep-
basin to slope deposits (Masachapa Fm.) continued to be
deposited conformably in the central SFB until the latest
Oligocene (Figures 3, 4, 20, and 21). This previously
unrecognized feature advocates for a differential tectonic
evolution of SFB segments.

Actually, the late Eocene “shallow-marine event” was
recognized in many localities of Costa Rica (Figure 20)
and Panama (and also in the circum-Caribbean) and was
attributed to a major uplift of the southern Central Ameri-
can arc (Iturralde-Vinent & MacPhee, 1999; and references
therein). Recently, this uplift has been explained by differ-
ent approaches: accretion of seamounts in the forearc area
(Di Marco, 1994; Krawinkel et al., 2000) enhanced by a
motion change in the Farallon Plate with respect to the
Caribbean Plate (Buchs, Baumgartner, Baumgartner-Mora,
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Flores, & Bandini, 2011); collision of the southern Central
American arc with South America (Barat et al., 2014);
rotation of far-field stresses in the Caribbean Plate due to
its engulfment between Americas (Iturralde-Vinent &
Gahagan, 2002). The concept proposed by Iturralde-Vinent
and Gahagan (2002) appears rather seducing, however it
does not account for the differential sedimentary evolution
of southern Central America when compared to its northern
counterpart. Although an arc-continent collision played a
significant part in the tectonic evolution of Panama since
the late Eocene, we favour a predominant role of subduct-
ing seamounts in the tectonic evolution of southern Central

American forearc basins during the late Eocene–early Oli-
gocene. Direct evidence of seamount accretion during the
middle–late Eocene was reported from several localities
(Figure 1): Herradura (Tul�ın Fm.), Quepos, and Osa-Burica
peninsulas in Costa Rica (Arias, 2003; Baumgartner et al.,
1984; Baumgartner-Mora & Baumgartner, 2016; Buchs
et al., 2009), and Azuero Peninsula in Panama (Buchs,
Arculus, Baumgartner, & Ulianov, 2011; Buchs, Baumgart-
ner, et al., 2011). The accretion and/or offscrapping of sea-
mounts caused uplift of various areas of southern Central
America. It was often accompanied by deposition of shal-
low-water facies over tectonic highs floored by eroded,
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deep-basin lithologies (Figures 20 and 21b). In Costa Rica,
tectonic uplift affected outer high settings (Punta Cuevas
Fm., southern Nicoya Peninsula; Baumgartner et al., 1984),
forearc basins (Fila de Cal Fm.; Denyer & Alvarado,
2007), intra-arc basins (Las Animas Fm., Turrialba; Loh-
mann & Brinkmann, 1931) and back-arc basins (Mo�ın
High, L�ımon Basin; Brandes, Astorga, & Winsemann,
2009; Figures 1c and 20).

The subduction of seamounts possibly initiated the
retreat of the volcanic front in Panama by subduction ero-
sion (Lissinna, 2005; Lissinna, Hoernle, & den Bogaard,
2002). Moreover, a middle–upper Eocene collision of a
buoyant indentor inducing a slab tear was invoked by
Whattam et al. (2012) to explain Oligocene–lower Miocene
adakitic intrusions in western Panama. However, it remains
unclear whether the upper Eocene–lower Oligocene arc gap
in eastern Panama is linked to the collision of an indentor
with the trench (e.g. Whattam et al., 2012) or to the colli-
sion of the Central American arc with South America (e.g.
Barat et al., 2014; Montes, Bayona, et al., 2012; Montes,
Cardona, et al., 2012).

In summary, the Costa Rica-Panama island arc was
affected by important uplift events during middle-late
Eocene times. Deformation and uplift of different palaeo-
tectonic settings strongly suggests the influence of subduct-
ing seamounts and/or ridges. Given the proximity of
multiple seamounts accreted in Costa Rica during the
middle-late Eocene, we consider that the upper Eocene
uplift of the southern SFB was related to these collision
events. Since only the southern SFB experienced uplift dur-
ing the late Eocene, it implies that a bathymetric feature
entered the subduction zone along this segment, or more
probably further to the south. When examining upper
Cenozoic examples (Gardner et al., 2001; Mann, Taylor,
Lagoe, Quarles, & Burr, 1998; Meffre & Crawford, 2001;
Spikings & Simpson, 2014), as well as experimental mod-
els (Geist, Fisher, & Scholl, 1993; Gerya, Fossati, Cantieni,
& Seward, 2009; Martinod et al., 2013; Vogt & Gerya,
2014), it appears that subducting objects may provoke up
to kilometric uplift of island arc segments not only in the
vicinity of the object (outer high uplift), but also at dis-
tances reaching 200 km along strike. The deformation front
may reach such distances in the case of a difference in the
trend of the bathymetric feature and the subduction vector.
Rapid uplift of overriding plate areas located far from the
subducting object may be explained by a strong coupling
of the tectonic plates at shallow depth (Taylor et al., 2005).
Locking of the shallow interplate thrust zone may provoke
the shortening of the upper plate due to the ongoing con-
vergence at greater depth. Besides uplift, trans-arc strike-
slip faults and back-arc folding (e.g. Mo�ın High in Costa
Rica; Figure 1c) may develop to accommodate the transla-
tion of arc blocks.

4.1.6 | Early Oligocene

Except for the very thin El Astillero Fm., lower Oligocene
deposits are not known in the Tempisque and southern
Sandino basins (Figures 3 and 20). It suggests that the
upper Eocene shallow shelf environments did not persist
during the early Oligocene and were possibly replaced by
subaerial conditions (Figure 21c). The non-deposition/ero-
sion phase can be explained by a drop of the relative sea-
level, due to: (1) an important drop of the eustatic sea-level
at the Eocene–Oligocene boundary (Miller et al., 2005); (2)
an ongoing uplift of the basin. On the other hand, the cen-
tral SFB remained in deep-water settings, as it is attested
by the conformable deposition of the Masachapa Fm. (Fig-
ures 3, 20, and 21c).

During the early Oligocene, the depocenter of the
southern and central SFB was folded (profiles NIC20,
ns034, NIC50 and st8910; Figures 19c–f), with narrow,
symmetrical, high-amplitude anticlines. The development
of the Argonaut anticline and equivalent structures south-
ward was related to vertical faults which run parallel to
the depocenter. A transpressional mechanism is favoured
to explain the folding (Ranero et al., 2000); (1) the vertical
structures are isolated and extend along most of the off-
shore basin; (2) the structures lack vergence, although a
fault-propagation fold cannot be excluded due to poor seis-
mic resolution at depth. The tectonic event occurred during
the deposition of the Masachapa Fm. The latter thins later-
ally as it onlaps the anticline; the formation remained unaf-
fected towards the Nicaraguan Isthmus (profile st8910;
Figure 19c). Also, in the profiles NIC50 and ns034 (Fig-
ure 19d,e), the Masachapa Fm. presents internal onlap sur-
faces, along which flat-lying reflectors are overlain by
seaward-dipping, prograding successions; progradation
probably occurred in response to the basin depocenter
folding.

By analogy with the present-day forearc sliver tectonics,
we infer that oblique subduction and bathymetric highs col-
lision may have caused transpression and faulting of the
basin depocenter.

Oblique subduction is known from well-studied active
margins such as offshore Sumatra, Kurile, Tonga and Aleu-
tian islands (Ballance et al., 1989; Mann, 2007; Nakano
et al., 2010; Ryan & Scholl, 1989). In general, the stresses
induced by oblique convergence are accommodated in the
forearc basin which experiences strike-slip faulting (Draut
& Clift, 2013; Jarrard, 1986). Consequently, forearc areas
may be transported along the margin as a forearc sliver
(McCaffrey, 1992).

Oblique subduction along the Central American Trench
is thought to have occurred prior to the latest Oligocene
breakup of the Farallon Plate (Lonsdale, 2005; Mann,
Rogers, & Gahagan, 2007; Wilson, 1996). It occurs
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currently along northern Central America, offshore Nicara-
gua, El Salvador and Guatemala, and causes the northwest-
ward motion of a forearc sliver (DeMets, 2001; Norabuena
et al., 2004).

Yet, it remains unclear what role could play the sub-
duction of rough, hotspot-thickened crust on the develop-
ment of transpressional structures. In the present-day
situation, the subduction of the Cocos Ridge and related
seamounts possibly triggers tectonic escape of the forearc
sliver segment coinciding with the southern Nicoya Penin-
sula (Kobayashi et al., 2014; LaFemina et al., 2009; Mon-
tero & Denyer, 2011; Figures 1 and 2). In this case, the
translation of the forearc sliver occurs in a context of
orthogonal subduction. Further to the northwest, the north-
westward translation of the forearc sliver is driven by the
oblique convergence of the Cocos plate (Funk et al.,
2009). Therefore, it appears less likely that the orthogonal
subduction of rough crust influences the motion of the
forearc sliver as far as Guatemala; oblique subduction
represents a better candidate (Funk et al., 2009; Mann,
2007). Similarly, we suggest that the subduction of
bathymetric highs beneath Costa Rica during the late
Eocene–early Oligocene may have caused compression/
transpression in the southern SFB. However, the Oligo-
cene transpressional structures observed as far as the Gulf
of Fonseca (northern SFB; Figures 4, 5, and 19b) are
probably the result of oblique subduction alone, whereas
the Tempisque Basin and the southern SFB experienced
the (oblique?) subduction of bathymetric highs. As a
result, the upper Eocene–lower Oligocene shallowing-
upward sequence observed in the southern SFB has no
equivalent in central and northern SFB. In the central
SFB, localized uplift was related to vertical, strike-slip
faulting (“Argonaut event”) that occurred in deep-water
settings during the Oligocene; shallow shelf environments
were reached only during the latest Oligocene–early Mio-
cene (see below).

4.1.7 | Late Oligocene–middle Miocene

During the late Oligocene, inner parts of the southern SFB
returned locally to marine environments (Figure 21d). After
a period of erosion/non-deposition, enough accommodation
space was created to allow the development of an upper
Oligocene coral reef (Juanilla Fm.; Figures 3, 4, 20, and
21d). The latter grew on an eroded substratum made of
upper Eocene tempestites that was possibly folded during
the early Oligocene (Argonaut-type anticlines; Figures 4,
19c, and 21c). Similarly, in outer-high settings of the Tem-
pisque Basin, upper Oligocene, shallow-water calcarenites
and tempestites were deposited unconformably on eroded
upper Eocene turbidites (Baumgartner-Mora et al., 2008;
Figures 20 and 21d). Also, in back-arc settings (L�ımon

basin; Figure 1c), upper Oligocene–Miocene muddy shelf
deposits (Uscari Fm.) succeeded to shallow-water carbon-
ates (Aguilar, 1999; Amann, 1993; Bottazzi, Fernandez, &
Barboza, 1994; Cassell & Sen Gupta, 1989; Mende, 2001;
Figure 20). According to Brandes et al. (2009), deforma-
tion of the Mo�ın High (Figure 1c) stopped during the late
Oligocene; the anticline was then draped by lower Miocene
sediments (Figure 20). Creation of accommodation space
in these settings suggests that subsidence affected the
southern SFB, the Tempisque Basin, and the Lim�on Basin
(Figure 20). Regional subsidence was probably the result
of tectonic stress relaxation after the end of seamount sub-
duction (e.g. Krawinkel et al., 2000).

Yet, local subsidence has already affected some forearc
basin segments during the early Oligocene. The Candelaria
sub-basin (Figures 1c and 20) presents kilometric Oligo-
cene shelf deposits overlying upper Eocene shallow-water
limestones (Rivier & Calvo, 1988); the deposition of this
thick sequence in graben structures possibly reflected the
creation of extensional structures: (1) after a phase of fore-
arc weakening/material removal due to seamount subduc-
tion: (2) due to an outward-stepping of the subduction zone
after the accretion of seamounts. In the area, parts of the
colliding seamounts were accreted as the Tul�ın Fm. and the
Quepos Chaotic Complex (Figure 1b). After their accretion,
these terranes may have represented high reliefs which
were one of the sediment-sources which filled the Cande-
laria graben.

In contrast, the central and northern SFB remained in
deep-water settings until the latest Oligocene–early Mio-
cene (Figures 3, 20, and 21d). At this time, a second phase
of strike-slip faulting affected the inner SFB (profile ns102;
Figure 19b), which resulted in: (1) the uplift of basin parts
that coincide with the present-day Nicaraguan Isthmus; (2)
the arcward thinning of the uppermost Masachapa Fm.
which onlaps the uplifted high in the northern SFB (profile
ns102; Figure 19b); (3) the deposition of a shallowing-
upward sequence in the central and northern SFB (upper-
most Masachapa and El Fraile formations; Figure 21e); (4)
the formation of a sub-basin in the central SFB depocenter
which was filled with the El Fraile Fm. (profile st8910-
215; Figures 19c and 21e). Despite the regional subsidence
affecting the forearc basins, strike- slip faulting in the inner
SFB produced enough uplift to allow a transition from
deep-water (Masachapa) to shallow-shelf (El Fraile) envi-
ronments.

During the early Miocene, the volcanic arc started to
migrate seawards. At this time, the volcanoes were active
east of the present-day Nicaraguan Depression (Figure 2).
Yet, the upper Oligocene–lower Miocene faulting of the
Nicaraguan Isthmus possibly allowed the subsequent
emplacement of the middle Miocene Tamarindo Fm. vol-
canics (Figures 2 and 3). As it has been suggested for the
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Quaternary volcanic arc (MacKenzie et al., 2008), it is pos-
sible that the faults occurring in the forearc basin may have
locally acted as a preferential path for the ascent of magma.
The growth of a volcanic center favoured the emergence of
the central and northern SFB; in its northern exposures
(north of El Transito; Figure 3), the El Fraile Fm. presents
continental facies which are interstratified with the Tamar-
indo Fm. (McBirney & Williams, 1965; Weyl, 1980). In
contrast, the southern exposures of the El Fraile Fm.
(Casares-Huehuete; Figures 3 and 12) exhibit only shelf
facies. These sectors were probably fed by volcaniclastics
originating from volcanoes that were located on the eastern
side of the present-day Nicaraguan Depression (Coyol
group; Ehrenborg, 1996; Figure 2b).

During the early–middle Miocene, the Tempisque Basin
remained in shelf environments, as it is attested by the
Santa Teresa and Punta Carballo fms. (Amann, 1993;
Baumgartner et al., 1984; Denyer, Aguilar, & Alvarado,
2003; Figures 20 and 21).

4.1.8 | Plio-Pleistocene

During that time, the southern SFB experienced a renewed
episode of uplift, possibly related to rough crust subduction
along the Costa Rican margin. The offshore, basin-parallel
seismic profiles (ns105, MAS-1A, and ns109; McIntosh
et al., 2007; Stephens, 2014; Figure 19g–i) show the differ-
ential uplift experienced by the southern SFB; in profiles
MAS-1A and ns109, Pliocene–Pleistocene deposits are very
thin; in profile ns109, the basement top is separated from
to the sea floor surface by a very thin Pliocene–Pleistocene
sedimentary veneer; in the profile ns105, Pliocene–Pleis-
tocene deposits present a reduced thickness in the south-
eastern part, whereas they thicken and prograde towards
the NW. Uplift is also active nowadays in the southern
SFB. The Punta Descartes (Figure 3) records active coastal
emergence with the occurrence of Holocene shore plat-
forms, beach ridges and stream terraces (Marshall & Van-
nucchi, 2003). Uplift rates reach 3.5 mm/year and are
comparable with those evidenced for the Nicoya Peninsula,
which experiences active subduction of seamounts (Fisher,
Gardner, Marshall, Sak, & Protti, 1998; Sak, Fisher, Gard-
ner, Marshall, & La Femina, 2009).

In the central Nicaraguan Isthmus, the shallow-water,
Pliocene El Salto Fm. unconformably overlies older
sequences (Figures 3 and 4). It is not clear what event
caused the tilting of the pre-Pliocene strata. The extensional
structures associated with the formation of the Nicaraguan
Depression (e.g. Alonso-Henar, Schreurs, Martinez-D�ıaz,
�Alvarez-G�omez, & Villamor, 2015; Canora et al., 2014)
may be a candidate. Fault scarps up to 900 m high are
reported along the half-graben (Alonso-Henar et al., 2015;
Funk et al., 2009); these faults may have caused the tilting

of the neighbouring Nicaraguan Isthmus (Figures 2 and 3).
The present-day occurrence of the El Salto Fm. at more
than 100 m.a.s.l. may be explained by a tectono-thermal
uplift related to the emplacement of Holocene volcanic cen-
ters (Gerth et al., 1999).

4.2 | The question of tectonic erosion/
accretion

During at least the last 100 million years, various subduc-
tion-related processes operated along the Middle American
trench. In recent years, the Neogene–Quaternary evolution
of the active margin was mainly considered in terms of tec-
tonic accretion/erosion processes and subduction of various
bathymetric highs (Mann et al., 2007; Morell, 2015). The
most popular models for the recent evolution consider tec-
tonic erosion as one of the dominant factors affecting the
arc-trench system. Indeed, the present-day collision of sea-
mounts and ridges induces erosion of upper plate material.
Basal erosion leads to trench advance and forearc subsi-
dence, although forearc regions may temporarily experience
strong uplift due to the impingement of bathymetric highs.
Clift and Vannucchi (2004) estimate a trench advance of
2 km/Ma for the Nicaraguan margin, as an intermediate
value between those of Guatemala (0.9 km/Ma since
25 Ma) and Costa Rica (3 km/Ma since 17 Ma). If such
rates operated during Neogene–Quaternary times along the
Nicaraguan margin, it would imply a trench advance of
~50 km. However, such a trench advance is incompatible
with the long-term, trenchward migration of the volcanic
front in Nicaragua (~100 km since the early Miocene;
Ehrenborg, 1996; Plank et al., 2002; Figure 2b). Other pro-
cesses are to be invoked to explain the Neogene subsidence
of the basin.

The geometry of the SFB changed during the Oligocene
(Noda, 2016). Until the late Oligocene, the sedimentation
was mainly restricted to the depocenter, resulting in a
ridged basin geometry (sensu Dickinson, 1995). The outer
high possibly acted as a barrier for sediment transport
towards the trench slope (Figure 5). Noda (2016) explains
this geometry by a compressional state of the outer wedge,
which concentrated subsidence in the axis of the forearc
basin. Beginning in the early Miocene, forearc sediments
were more uniformly distributed on the shelf and the slope
(seaward advance of the shelf edge; McIntosh et al., 2007),
tending to a sloped basin configuration (sensu Dickinson,
1995; Figure 5). Indeed, the uplift of the depocenter during
the Oligocene temporarily favoured the accumulation of
sediments in more distal settings. Yet, a subsidence of the
outer high must have occurred during the late Oligocene–
early Miocene to allow sediment transport as far as the
trench slope. A mechanism of basin overfilling can be
excluded because the prograding Miocene–Pliocene
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sequences present similar characteristics (thickness, age)
among the northern, central and southern SFB, although
these basin segments display very contrasting pre-Miocene
subsidence histories (i.e. major thickness variations in the
basin infills). In contrast, this subsidence phase may have
been facilitated by two processes that possibly co-occurred:
(1) relaxation of the tectonic stress that affected the basin
during the late Eocene–Oligocene; (2) upper plate exten-
sion induced by slab rollback or steepening (Funk et al.,
2009; Weinberg, 1992).

Process 1 relies on the following observation: in south-
ern Nicaragua and northern Costa Rica, the late Oligocene
epoch was marked by the deposition of shallow-water lime-
stones on subaerially eroded upper Eocene lithologies, fol-
lowed by the deposition of shelf siliciclastics during the
Miocene. This palaeoenvironmental change suggests that
the considered forearc areas subsided after an uplift phase
created by seamount collisions associated with oblique sub-
duction.

Process 2 is supported by the Neogene trenchward
migration of the volcanic arc, and ultimately, by the late
(?) Miocene development of an intra-arc half-graben
(Nicaraguan Depression). It remains unclear if or how slab
rollback/steepening may be related to the plate reorganiza-
tion that occurred at ~23 Ma, following the breakup of the
Farallon Plate.

Yet, a change from oblique (pre-23 Ma Farallon Plate)
to faster, more orthogonal (post- 23 Ma Cocos Plate) sub-
duction seems to have accompanied the transition from a
compressional/transpressional regime to an extensional
regime in the overriding plate. The mechanism behind this
transition is not straightforward, challenging the common
view that increased subducting plate or convergence veloci-
ties result in shortening of the overriding plate (Lallemand,
Heuret, Faccenna, & Funiciello, 2008). Moreover, some
natural and modelled subduction systems suggest that
upper plate deformation may not be directly correlated with
convergence rates, as well as subducting slab age and
velocity (Baitsch-Ghirardello, Gerya, & Burg, 2014; Gerya
& Meilick, 2011; Schellart, 2008). Interestingly, Jordan
et al. (2001) report extension of the Southern Andes mar-
gin after the fission of the Farallon Plate. This extensional
phase occurred after a change in the subduction regime,
with faster, less oblique convergence in post-25 Ma times.
Although seeming to involve a contradiction in plate kine-
matics, Cembrano et al. (2007) consider that the extension
could be related to a reduction in plate coupling. They con-
sider that increased convergence velocities reduced the
effective viscosity at the trench. Also, decoupling may have
been facilitated by an increasing dehydration of the slab
(Baitsch-Ghirardello et al., 2014), which was possibly
reduced during the episode of oblique subduction and sea-
mount collisions (Seno, 2007).

In addition, the extension of the forearc area could have
been enhanced by an eastward motion of the overriding
plate segment (Chortis Block s.l.; Figure 1). During the
Cenozoic, the northwestern and the southwestern edges of
the Caribbean Plate experienced very different tectonic evo-
lutions. Since the middle Palaeogene, the northwestern cor-
ner of the Caribbean Plate has been marked by left-lateral,
strike-slip movements which accompanied the eastward
migration and counter-clockwise rotation of the Chortis
Block with respect to North America (Rogers, Mann, &
Emmet, 2007; Rosencrantz, Ross, & Sclater, 1988; Pindell,
Kennan, Stanek, Maresch, & Draper, 2006; Figure 1).
These movements induced an extensional regime in the
Chortis Block, with the opening of N–S-directed rifts at
least since the Miocene (Mann & Burke, 1984; Mor�an-Zen-
teno, Keppie, Martiny, & Gonz�alez-Torres, 2009; Rogers
& Mann, 2007; Sanchez, Mann, & Emmet, 2015; Fig-
ure 1). On the other hand, the southwestern corner of the
Caribbean Plate has been characterized by a compressional
regime, mainly related to the collision of the South Central
American arc with South America, possibly since the latest
Eocene (Barat et al., 2014; Montes, Bayona, et al., 2012).
Since the Eocene, this segment of the Middle American
trench has also endured periodic collisions of bathymetric
highs, augmenting the compression in the upper plate. It is
noteworthy to point out that the SFB recorded the influence
of both tectonic regimes. The southern SFB has experi-
enced uplift/subaerial exposure phases due to bathymetric
highs indentation, resulting in a basin thickness of ~5 km
(Figures 5c and 19f). On the contrary, the northern SFB
did not experience such compressional tectonics. During
the late Oligocene and the Pliocene–Pleistocene, it was
only affected by localized strike-slip faulting that induced
slight uplift of its inner part (profiles NIC100 and ns102;
Figure 19a,b). Since the Late Cretaceous, almost continu-
ous subsidence of the depocenter has allowed the accumu-
lation of a 16-km-thick sedimentary pile (Figure 5a), which
precludes the possibility that an efficient, long-term process
of subduction erosion affected the northern SFB (Mann
et al., 2007). Nevertheless, there is no evidence of accre-
tion processes at the trench or underplating beneath the
wedge, since the later seems to be only composed of
igneous basement rocks emplaced prior to the basin incep-
tion (McIntosh et al., 2007).

4.3 | Origin of the Nicaraguan Depression
and its relation to vertical motions in onshore
Central America

4.3.1 | State of the art

The timing and the cause of the Nicaraguan Depression
(Figures 1 and 2) opening remain an enigmatic issue.
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Several studies have tentatively described the tectonic
structure of the today Nicaraguan Isthmus and the neigh-
bouring Nicaraguan Depression, which represent the
emerged parts of the SFB. Different structural models have
been proposed and are gathered in essentially two groups
(Funk et al., 2009). The first group is composed of models
which suggest that the Nicaraguan Depression developed
either as an asymmetrical graben (Carr, 1976; McBirney &
Williams, 1965; Weinberg, 1992), in relation to slab roll-
back-induced extension or changes in the subducting slab
dip angle (volcanic front migration; Figure 2b), or as a
symmetrical graben formed by strike-slip faulting (Cruden,
1989). Mann et al. (2007) proposed that the depression
formed either in relation to slab rollback, possibly triggered
by a slab break-off during the late Miocene (Rogers, Kara-
son, & van der Hilst, 2002), or by right-lateral, strike-slip
faulting (forearc sliver) due to the oblique subduction of
the Cocos Plate. On the contrary, the second group pro-
poses that the depression represents a piggyback syncline
which was produced by a shortening event during the Plio-
cene (Borgia & van Wyk Vries, 2003; Van Wyk Vries,
1993). In these models, the neighbouring Rivas anticline is
related to a thrust-fault.

However, recent offshore and onshore seismic-reflection
studies of Stephens, Fulthorpe, and McIntosh (2007), Funk
et al. (2009), and Stephens (2014) have shed a new light
on the structure of the Pacific coast of Nicaragua. It
appears that the slightly-folded Nicaraguan Isthmus repre-
sents an uplifted rift shoulder bordered to the east by the
Nicaraguan Depression. The latter corresponds to a highly
asymmetrical half-graben separated from the uplifted isth-
mus by northeast-dipping, oblique-slip normal faults (Funk
et al., 2009). These geophysical studies point out signifi-
cant variations in the uplift pattern along the 300-km-long
Nicaraguan Isthmus. The southeastern isthmus, close to the
border with Costa Rica, shows the most extensive footwall
uplift with a supposed offset of more than 4 km along the
master fault which separates it from the Nicaraguan
Depression (mature footwall uplift). Also, the oldest
outcropping rocks of the isthmus (Uppermost Cretaceous)
are exposed in this area. Offshore structures such as the
Argonaut and Corvina anticlines (profile st8910-215; Fig-
ure 19c) are explained by an out-of-syncline compression
due to the extension-related uplift of the Nicaraguan Isth-
mus. In contrast, the northwestern isthmus, close to the
Gulf of Fonseca, displays juvenile footwall uplift, with an
offset of only a few hundreds of meters along the normal
faults that delimit the border with the depression (profile
ns102; Figure 19b). Funk et al. (2009) explain these along-
isthmus uplift variations by a time-transgressive migration
of the extensional event. According to these authors, the
rifting event initiated in the southeast, during the late
Oligocene–early Miocene, and propagated to the northwest

during the Miocene–Pliocene. Masachapa, El Fraile and El
Salto formations are considered as syn-rift deposits.

4.3.2 | The Nicaraguan Depression: mode
and timing of initiation

In the most recent model of development of the Nicaraguan
Depression, Funk et al. (2009) suggested that the SFB off-
shore anticlines (e.g. Argonaut, Corvina) formed in
response to the time-trangressive uplift of the Nicaraguan
Isthmus (“out-of-syncline folding”; see examples in Mitra,
2002). This solution is not feasible for the following rea-
sons: (1) the anticlines are separated from the uplifted
Nicaraguan Isthmus (“rift shoulder or footwall”) by a 10-
km-long, undeformed, flat-lying section of the basin which
shows no connection between the two structures (profile
st8910-215; Figure 19c); (2) the anticlines formed prior to
the uplift of the Nicaraguan Isthmus, as discussed previ-
ously; (3) these narrow, high-amplitude, folded structures
appear as push-up ridges clearly related to vertical faults,
suggesting a strike-slip mechanism of formation (e.g.
Ranero et al., 2000); (4) the folding of the depocenter in
the offshore was not time transgressive, as it occurred in
southern (Andji�c et al., 2016) and central SFB (profile
st8910-215; Figure 19c) during the Oligocene.

During the Oligocene, the southern SFB experienced a
transpressional regime which produced strike-slip faulting
in the entire SFB, with a decreasing intensity of deforma-
tion towards the north (i.e. only one low-amplitude anti-
cline formed in the northern SFB). The transpressive
structures formed during the deposition of the Oligocene
Masachapa Fm., which shows syn-sedimentary folding
(profiles st8910-215, NIC50, ns034, NIC20; Ranero et al.,
2000; Stephens, 2014; Figure 19c–f) and lateral thinning
towards the uplifted Nicaraguan Isthmus (profile ns102;
Funk et al., 2009; Stephens, 2014; Figure 19b). Therefore,
we are doubtful that the Masachapa Fm. recorded the initi-
ation of the Nicaraguan Depression as the consequence of
an Oligocene extensional regime (rifting), as stated by
Funk et al. (2009). An extensional regime intervened only
after the transpressional events and affected the whole
basin, possibly starting during the latest Oligocene–early
Miocene (see above). Subsidence of the outer high led to
progradation of Miocene–Pliocene strata as far as the lower
trench slope (Figure 5).

Funk et al. (2009) also stated that a rifting event initi-
ated in the south during the late Oligocene–early Miocene
and reached the Gulf of Fonseca during the Miocene–Plio-
cene. Several observations may be opposed to their view of
a time-transgressive rifting in the Nicaragua Depression:

1. Earliest evidence for the uplift of the Nicaraguan Isth-
mus correspond to; (1) the eastward, lateral thinning of
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the Masachapa in the northern SFB (offshore profile
ns102); (2) the eastward, lateral thinning of the El Fraile
Fm. on uplifted Masachapa lithologies in the central
SFB (offshore profile st8910-215). In both areas, the
uplift event occurred during the same time period, i.e.
the late Oligocene–earliest Miocene. Similar uplift tim-
ings for both basin segments preclude a time-transgres-
sive rifting event. Moreover, the uplift of the
Nicaraguan Isthmus in the Gulf of Fonseca may not
have occurred later than the early Miocene, contradict-
ing the Miocene–Pliocene timing proposed by Funk
et al. (2009).

2. If a rifting event initiated in the southern SFB during
the Oligocene and reached the northern SFB during the
Miocene–Pliocene, one should expect: (1) a northward
younging of the volcanic activity along the volcanic
front located in the Nicaraguan Depression; (2) a rela-
tively short period of time (a few m.y.) between the ini-
tiation of forearc rifting and onset of arc volcanism in
the forearc rift (see for example Martinez & Taylor,
2006); (3) a northward younging of the syn-rift deposits
formed in the Nicaraguan Depression and in the off-
shore SFB. Phenomenon (a) is not observed, since no
volcanic center older than 3.6 Ma is observed in the
Nicaraguan Depression (Saginor et al., 2011). Phenom-
enon (b) is not observed, since no volcanic centers
formed in the vicinity of the Nicaraguan Isthmus
following its late Oligocene–early Miocene uplift. In
other words, it is not possible to reconcile a late
Oligocene–early Miocene rifting event with an onset of
arc volcanism 20 m.y. later, i.e. during the Quaternary.
Phenomenon (c) is not observed, since the oldest “syn-
rift deposits” systematically correspond to Oligocene–
early Miocene Masachapa Fm. in all the basin segments
(see above and Funk et al., 2009).

3. There is no sedimentary evidence in the onshore and
offshore SFB for significant footwall uplift during the
Miocene. The earliest uplift event occurred in the south-
ern SFB during the late Eocene–early Oligocene, fol-
lowed by a period of subsidence during the late
Oligocene (Andji�c et al., 2016). Then, all the basin seg-
ments were affected by strike-slip faulting during the
Oligocene, first along the depocenter (lower Oligocene)
and then along the Nicaraguan Isthmus (late Oligocene–
early Miocene). Finally, Miocene–Pliocene shallow-
shelf drape sequences were deposited above these
anticlines. In summary, the Nicaraguan Isthmus reached
shallow-shelf environments until the early Miocene,
discarding a northward uplift propagation from the
Oligocene to the Pliocene.

In contrast, several arguments are in favour of a Plio-
cene development of the Nicaraguan Depression:

1. The seaward-tilting of pre-Pliocene strata and the
unconformable deposition of the Pliocene El Salto Fm.
occurred in the vicinity of the most prominent fault
bounding the depression, the Mateare Fault, which pre-
sents a relief of 900 m (Funk et al., 2009).

2. The oldest volcanic rocks recovered from the Nicaragua
Depression so far are dated at ~3.6 Ma (middle Plio-
cene, Encanto; Saginor et al., 2011). If we assume that
the faults underlying the Nicaraguan Depression repre-
sent a preferential path for magma emplacement, then
these structures may have been formed during the Plio-
cene.

3. The most recent structural studies of the El Salvador
Fault Zone (or Median Trough) show that the graben
structures are the result of a two-phase evolution
(Alonso-Henar et al., 2015; Canora et al., 2014). An
initial, extensional phase occurred between 7.2–6.1 Ma
(latest Miocene) and 1.9–0.8 Ma (early Pleistocene) and
may be related to the slab rollback of the Cocos Plate.
It produced 300-m-high fault scarps. A second, transten-
sional phase has occurred since 1.9–0.8 Ma and reacti-
vated the extensional structures as strike-slip faults.
Oblique subduction is considered to drive the margin-
parallel movement of the forearc sliver.

4. Slab breakoff beneath northern Central America is
thought to have occurred between 10 Ma (middle Mio-
cene) and 4 Ma (early Pliocene) and triggered epeioro-
genic uplift of the Central American plateau (Rogers
et al., 2002). Formation of the Nicaraguan Depression
may represent an additional effect of this event (Mann
et al., 2007), since extensional tectonics generally
accompany or follow episodes of slab breakoff in fore-
arc and back-arc settings (Boutelier & Cruden, 2017;
Garzanti, Radeff, & Malus�a, 2018; Guillaume, Funi-
ciello, Faccenna, Martinod, & Olivetti, 2010).

Finally, it is possible that some of the Oligocene strike-
slip faults have been reactivated during a subsequent exten-
sional tectonic regime, facilitating the development of the
Nicaraguan Depression. The apparent rift shoulder geome-
try of the Nicaraguan Isthmus (Figure 19b,c,f) may be a
push-up structure inherited from the Oligocene transpres-
sional phase. Examples of such transpressional structures
were imaged offshore California (Legg, Kohler, Shintaku,
& Weeraratne, 2015) and Sumatra (Berglar et al., 2010;
Ghosal, Singh, Chauhan, & Hananto, 2012; Mosher, Aus-
tin, Fisher, & Gulick, 2008).

In summary, the extensional structures of the Nicara-
guan Depression must have formed after the upper
Eocene–upper Oligocene compressional/transpressional phase
and prior to the Pleistocene–Holocene transtensional
phase (e.g. Alonso-Henar et al., 2015; Canora et al., 2014).
These extensional structures possibly reactivated some of
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the Oligocene strike-slip faults of the inner SFB that are
observed along the Nicaraguan Isthmus (Figure 19b). Exten-
sional faulting along the Nicaraguan Depression possibly
occurred during the Pliocene and caused seaward-tilting of
the Nicaraguan Isthmus with the unconformable deposition
of the El Salto Fm. Although it appears as the apparent foot-
wall of the Nicaraguan Depression, the folded Nicaraguan
Isthmus represents an inherited structure from an earlier tec-
tonic phase, as suggested by Weinberg (1992). Faults of the
depression acted as magma conduits for the emplacement of
the Pliocene–Recent volcanic front. The latter migrated
westward to its present position over a distance of 100 km
during the Miocene–Pliocene (Figure 2b).

4.3.3 | Thickness variation in the SFB

The drastic thickness variation between the southern SFB
(5 km; Figure 5c) and the northern SFB (16 km; Fig-
ure 5a) has probably not been produced by the uplift of
Nicaraguan Isthmus (footwall of the Nicaraguan Depres-
sion). If a rifting process was responsible for the post-Oli-
gocene geometry of the basin (e.g. Funk et al., 2009), the
southern SFB, which inner part presents the most uplifted
footwall, should have presented the thickest “syn-rift”
deposits of the entire basin (see e.g. Sharp, Gawthorpe,
Underhill, & Gupta, 2000). In other words, the greater rift
shoulder uplift the greater subsidence should be produced
seaward of this shoulder. Actually, the opposite is true for
the different segments of the SFB. In our view, the reduced
thickness and the almost complete absence of post-Eocene
lithologies in the southern SFB may be explained by the
proximity of this basin segment with a domain periodically
affected by uplift and possibly strike-slip in relation to the
collision of bathymetric features. The resulting erosion and
lack of accommodation space allowed the preservation of
an only 5-km-thick depocenter (Figure 5c). The strong
uplift of the Nicaraguan Isthmus in this area (“mature foot-
wall uplift” of Funk et al., 2009) is actually the result of
high compression/transpression. Inversely, the much thicker
northern SFB (16 km; Figure 5a) seems to have experi-
enced only one uplift phase of much lower amplitude,
which excludes an influence of rough crust subduction on
this basin segment during the Cretaceous–Cenozoic.

Finally, the northward thickening of the SFB may be
additionally explained by contrasting, along-basin sediment
supplies. The Central American Isthmus is wide and moun-
tainous inboard of the northern SFB, whereas it is charac-
terized by narrow lowlands further to the south; this
morphology difference has probably persisted since Creta-
ceous times, given the basement difference between north-
ern Nicaragua-Honduras (continental crust, Chortis Block)
and southern Nicaragua (oceanic ultramafics-mafics,
MCOT; Figure 1b). The Gulf of Fonseca area has drained

a large area with longer river systems than those of the nar-
row isthmus. Therefore, the northern SFB has received a
much higher sedimentary supply when compared to its
southern counterparts.

Interestingly, back-arc basins located along southern
Central America (Providencia, Lim�on; Brandes et al., 2009;
Mu~noz, Artiles, Duarte, & Barboza, 1997) present a thick-
ness of 8–10 km, which is twice as much as the southern
SFB. This fact suggests a predominance of tectonic factors
in the subsidence history of the southern SFB.

5 | CONCLUSIONS

Despite its long geological history, the SFB revealed the
existence of new geological features which are meaningful
for the understanding of the southern Central American
margin evolution. New bio-lithostratigraphic data allowed
us to update the chronostratigraphic chart of the basin and
to propose a tectono-stratigraphic evolution of the basin.

Three new, shallow-shelf formations were recognized in
the basin stratigraphy; the upper Eocene Junquillal and the
upper Oligocene Juanilla formations in Costa Rica (Andji�c
et al., 2016), and the lower Oligocene El Astillero Fm. in
Nicaragua (Figure 3). During the late Eocene, a shallow-
ing-upward of the southern SFB is evidenced by a transi-
tion from turbidites of the Descartes-Brito formations to
shelf deposits of the Junquillal-El Astillero formations. A
similar sedimentary evolution is recorded in the forearc
basins located further to the south (Figure 20). A regional
uplift caused the shallowing and is regarded as the
response of the forearc basins to the collision of bathymet-
ric highs. In the southern Sandino and Tempisque basins,
erosion/non-deposition encompassed the latest Eocene–
lower Oligocene as a possible result of eustatic sea-level
drops and active tectonic uplift; subsidence occurred during
the late Oligocene–early Miocene, leading to the deposition
of shelf volcaniclastics and scarce carbonates.

In contrast, the central and northern SFB hosted deep-
water sediments until the latest Oligocene-earliest Miocene.
There, the basin depocenter experienced two phases of
transpressional, strike-slip faulting: (1) a lower Oligocene
phase caused localized uplift of the basin depocenter (Arg-
onaut-type anticlines); (2) an uppermost Oligocene phase
uplifted the inner SFB (Nicaraguan Isthmus) and possibly
favoured the seaward progradation of shelf volcaniclastics
(El Fraile Fm.; Figure 21). We propose that the transpres-
sional events were the result of oblique subduction, which
occurred along the Central American trench prior to the
breakup of the Farallon Plate during the latest Oligocene
(Lonsdale, 2005).

The Nicaraguan Depression probably developed after
the Oligocene transpressional events, as its formation
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implies an initial phase of extension (Alonso-Henar et al.,
2015; Canora et al., 2014). Yet, the extensional structures
of the depression formed prior to the renewed Quaternary
strike-slip faulting and forearc sliver development along
western Nicaragua. During the Neogene, trenchward arc
migration and outer-high subsidence were the result of
slab-roll back; these conditions were favourable to the
development of the Nicaraguan Depression, possibly during
the Pliocene.

Although the Nicaraguan Isthmus appears as the pre-
sent-day footwall of the Nicaraguan Depression, its uplift/
folding has already occurred during the Oligocene trans-
pressional faulting of the SFB. Structural measurements of
Weinberg (1992) also imply that folding of the Nicaraguan
Isthmus occurred prior to the extensional episode which
formed the Nicaraguan Depression.

The depositional record of the SFB represents a unique
example of sedimentary response to tectonic events and
subduction zone processes. This record may serve as a pre-
cious guide for the recognition of past tectonic events in
forearc basins exposed around the world.
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