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lithological contacts. Results suggest that the hanging wall 
and footwall accommodated strain along preexisting weak-
nesses, which are dependent on lithology and sedimentary 
structures. The kinematic analysis suggests that shorten-
ing in the NE–SW direction was partitioned between fold-
ing and interlayer shortening, accommodated by flexural 
slip, and reverse and left-lateral faults that resulted from 
contraction. The RGFT represents the Paleogene back arc 
deformation of a bivergent thrust system.

Keywords  Thrust faults · Kinematic analysis · 
Caribbean · Foreland · Island arc · Bivergent

Introduction

Fold-and-thrust belts are major crustal deformational 
structures that accommodate strain in convergent plate 
boundaries (e.g., Boyer and Elliott 1982). In island arcs, 
fold-and-thrust belts form in accretionary prisms above the 
subduction zone (e.g., Davis et  al. 1983). However, some 
island arcs also show back arc thrusts and folds with ver-
gence opposite to the one in the fore arc, thus defining a 
bivergent thrust system (e.g., Willett et  al. 1993; Naylor 
and Sinclair 2008; ten Brink et al. 2009). Modern examples 
of bivergent thrust systems occur in the Eastern Sunda Arc 
(Silver et al. 1983), Banda Arc (Snyder et al. 1996), Costa 
Rica (Plafker and Ward 1992; Suárez et al. 1995), Vanuatu 
(Lagabrielle et  al. 2003), and Puerto Rico and Hispaniola 
(ten Brink et al. 2009).

Fold-and-thrust belts in Puerto Rico and Hispaniola 
formed within the transpressional Caribbean–North Ameri-
can plate boundary zone (Fig.  1a). Today, the offshore 
Muertos Thrust system represents the retrowedge deforma-
tion south of the arc complex in Puerto Rico and eastern 

Abstract  The Río Guanajibo fold-and-thrust belt 
(RGFT), composed of Cretaceous serpentinite and vol-
cano-sedimentary rocks, represents the deformation front 
of a contractional event in SW Puerto Rico during the 
Paleogene. Previous studies inferred structural and strati-
graphic relationships from poorly exposed outcrops. New 
road cuts exposed the Yauco (YF) and El Rayo Formations 
(ERF) providing insights on the deformation of the hanging 
wall and footwall. We described the nature and orientation 
of faults and folds and analyzed the kinematic indicators to 
characterize the deformation. The YF occurs in the hang-
ing wall and shows a sequence of folded, medium-bedded 
mudstone and thinly bedded shale and sandstone. Major 
folds strike NW–SE and are gentle with steeply inclined 
axial planes and sub-horizontal fold axes. Minor folds are 
open with moderately inclined axial planes and gently to 
moderately inclined SE-plunging fold axes. NW–SE strik-
ing reverse and thrust faults cut layers and show move-
ment to the SW. Steep left-lateral faults strike NW–SE and 
NE–SW, and smaller right-lateral strike-slip faults strike 
NNE–SSW. At the footwall, the ERF consists of bioclas-
tic limestone and polymictic orthoconglomerates and par-
aconglomerates. Reverse and strike-slip faults cut along 
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Hispaniola (ten Brink et  al. 2009). Moreover, older thrust 
systems are recognized in the back arcs of Puerto Rico and 
Hispaniola. For example, Paleogene and Neogene fold-and-
thrust belts in the back arc of Hispaniola occur in the Sierra 
de Neiba, the Trois Rivieres–Peralta Terrane, and Río Ocoa 
Group (Witschard and Dolan 1990; Dolan et  al. 1991; 
Mann et  al. 1991; Heubeck and Mann 1991). In Puerto 
Rico, Paleogene fold-and-thrust belts include the Cerril-
los belt, Monte del Estado belt, and the Río Guanajibo belt 
(Mattson 1960; Glover 1971; Erikson et  al. 1990; Mann 
et al. 2005; Laó-Dávila et al. 2012; Laó-Dávila 2014).

The thrust systems in western Puerto Rico resulted from 
transpression along the Southern Puerto Rico Fault Zone 
and within the Southwest Block (Fig.  1b; Mattson 1960; 
Glover 1971; Laó-Dávila et  al. 2012). In the Southwest 
Block (Fig. 2a), the NW–SE striking Monte del Estado and 
Río Guanajibo serpentinite belts were thrust to the SSW 
over folded Late Cretaceous volcano-sedimentary rocks, 
which were also thrust toward the SSW (Slowdowski 1956; 
Volckmann 1984; Laó-Dávila et al. 2012). Mattson (1960) 

suggested a deformation model for the southwest region 
in which NE–SW shortening formed large folds and thrust 
faults with strike-slip faults. Moreover, the prevalence of 
NW–SE striking thrust faults and fold axial planes, NW–
SE and NE–SW striking strike-slip faults, E–W striking 
left-lateral faults, and oblique slip along thrust faults within 
the serpentinite indicate transpression in this region (Laó-
Dávila and Anderson 2009; Laó-Dávila et al. 2012).

Although these studies have shown a regional model of 
deformation of fold-and-thrust belts in Southwest Puerto 
Rico, few details have been reported about folding mecha-
nisms, kinematics, and strain accommodation within blocks 
of the fold-and-thrust belts. The lack of details is in part 
caused by the poorly exposed outcrops within the area.

To solve this problem, we studied three new road cuts 
that expose hanging wall and footwall blocks in the fore-
land of the Río Guanajibo belt (Fig.  2a). We conducted 
meso-scale structural analyses of rocks, folds, and fractures 
that define the geometry and kinematics of deformation 
within the blocks. The objectives of this study are to define 

Fig. 1   a Map of the northeast-
ern Caribbean showing major 
plate boundaries (modified from 
Wadge et al. 1984; GeoMa-
pApp, http://www.geomapapp.
org; Ryan et al. 2009; Laó-
Dávila 2014), b geologic map 
of Puerto Rico (modified from 
Monroe 1980; Laó-Dávila 
2014). Red rectangle shows area 
enlarged in Fig. 2a

http://www.geomapapp.org
http://www.geomapapp.org
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the folding mechanism, the kinematics, and the accom-
modation of strain within the lithologically different hang-
ing wall and footwall of the Río Guanajibo belt, a Paleo-
gene back arc fold-and-thrust belt. These results will help 
improve models of strain of bivergent thrust systems and 
tectonic models of island arcs such as the systems in His-
paniola and the Muertos Trough.

Río Guanajibo fold‑and‑thrust belt

Structure

The Río Guanajibo fold-and-thrust belt (RGFT) extends 
from SW of Mayagüez on the west coast to the south 
of Sabana Grande, where it merges with the Monte del 
Estado serpentinite belt (Fig.  2a). The RGFT contains 

Cretaceous serpentinite and volcano-sedimentary rocks 
and represents the deformation front of a contractional 
event in SW Puerto Rico during the Paleogene. Evidence 
of this event is shown by structural relationships between 
the Río Guanajibo serpentinite, in the core of the RGFT, 
and adjacent volcano-sedimentary rocks. The Río Guana-
jibo serpentinite belt is thrust to the SW over the younger 
Yauco, Sabana Grande, and El Rayo Formations (Fig. 2b). 
The Yauco and Sabana Grande formations are in turn 
thrust over the tilted, and younger El Rayo Formation. 
These relationships occur in the foreland of the RGFT 
(Laó-Dávila et  al. 2012). The San Germán Thrust Fault, 
between Cabo Rojo and Sabana Grande (Fig.  2a), is the 
principal fault above which serpentinite, Mariquita Chert, 
and Yauco Formation are thrust onto the Sabana Grande 
Formation (Volckmann 1984). Laó-Dávila et  al. (2012) 
used crosscutting relationships to suggest that the age of 

Fig. 2   a Geologic map of 
southwestern Puerto Rico 
(modified from Laó-Dávila 
2014 and references therein). 
Red rectangle shows area 
enlarged in Fig. 3, b cross sec-
tion of transect A–A′ shown in 
a (modified from Laó-Dávila 
et al. 2012; Laó-Dávila 2014). 
No vertical exaggeration



4	 Int J Earth Sci (Geol Rundsch) (2017) 106:1–17

1 3

thrusting was in the Paleocene with reactivation in the late 
Eocene.

Formations

The rock units that form part of the RGFT are the Río 
Guanajibo serpentinite, the Sabana Grande Formation, 
the Yauco Formation, and the El Rayo Formation (Volck-
mann 1984; Laó-Dávila et  al. 2012). The Río Guanajibo 
serpentinite occupies the core of the thrust belt and formed 
from harzburgite, dunite, and spinel lherzolite during Early 
Jurassic to Early Cretaceous epochs (Hess and Otalora 
1964; Mattson 1964; Lewis et  al. 2006; Laó-Dávila et  al. 
2012). The Sabana Grande Formation consists of mas-
sive volcanic and calcareous conglomerate and breccia, 
andesitic lava flows, sandstone, mudstone, and rare lime-
stone (Slowdowski 1956; Mattson 1960; Volckmann 1984; 
Llerandi Román 2004). The Sabana Grande Formation is 
Campanian to early Maastrichtian in age based on fossil 
data and the interbedded relationship with the Yauco For-
mation (Curet 1981; Volckmann 1984; Llerandi Román 
2004). Next, we describe in more detail the Yauco and El 
Rayo Formations as these units are the focus of this study.

The Yauco Formation consists of conglomerate and 
interbedded sandstone, siltstone, and mudstone. The com-
position of coarser-grained rocks ranges from reworked 
volcanogenic grains, especially granule to gravel-sized 
volcanic clasts in polymictic conglomerates, to calcareous 
sandstones. Finer-grained rocks are mainly calcareous, with 
minor carbonaceous mudstones and siliceous rocks that 
locally grade into hard, dark-gray to black chert (Mattson 
1960; Volckmann 1984; Llerandi Román 2004). Calcareous 
mudstone, rich in planktonic foraminifera and radiolaria 
of Campanian to Maastrichtian age, indicate the age of the 
formation, which may be 500–2800 m thick (Slowdowski 
1956; Mattson 1960; Pessagno 1960, 1962; McIntyre et al. 
1970; Curet 1981).

The El Rayo Formation forms the core of a mountain 
range between the Río Guanajibo Valley and the northeast-
ern boundary of the Lajas Valley to the south, from San 
Germán to the SE of Sabana Grande (Volckmann 1984; 
Martínez Colón 2003; Llerandi Román 2004). The forma-
tion consists of basaltic and andesitic flows, volcaniclastic 
and volcanogenic epiclastic conglomerates, and coarse-
grained lithic sandstone interbedded with massive- to thin-
bedded bioclastic limestone lenses and beds (Slowdowski 
1956; Mattson 1960; Volckmann 1984; Santos 1999; Mar-
tínez Colón 2003; Llerandi Román 2004). These lenses 
grade from grain-supported lithic-rich limestone conglom-
erate to fossiliferous limestone with abundant foraminif-
era, gastropods, calcareous algae, and bivalves (oysters 
and rudists), with variable proportions of wackestone and 
packstone within a sequence. In addition, volcanic clasts 

locally occur within the limestone lenses. Limestone beds 
are steeply tilted and are more resistant to weathering than 
the volcanic and volcaniclastic rocks, forming conspicuous 
elongated hills along the exposure zone of the formation. 
The age of the El Rayo Formation, based on fossil assem-
blages, extends from latest Campanian into the early Maas-
trichtian (Volckmann 1984; Santos 1999; Mitchell et  al. 
2012).

Methods

Study site

The study site is located within the foreland of the RGFT 
(Figs. 2, 3). The construction of the new road PR-122 pro-
duced road cuts that expose in unprecedented detail the 
structures in this belt. Three stations where chosen for their 
excellent exposures along the road cuts between kilometer 
markers 1.1 and 1.8: two in the Yauco Formation (ST9W 
and ST9E; north hill), and one in the El Rayo Formation 
(ST11; south hill). The geologic map of the area shows the 
Yauco and Sabana Grande formations in the hanging wall 
and the El Rayo Formation in the footwall of the thrust sys-
tem (Fig. 3).

Description of lithology and structures

At the three sites (Fig. 4), we described the lithology and 
nature of the structures of the hanging wall and footwall 
blocks using meso-scale observations in the field, and pho-
tographs and sketches in the laboratory. We also measured 
orientations of bedding, faults, folds, veins, and stylolites. 
In addition, we noted crosscutting relationships and type 
of deformation with the senses of shear along faults. The 

Fig. 3   Geologic map of the study area (modified from Volckmann 
1984). Red curves are roads and red circles are the study sites
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descriptions and orientations were used to conduct a geo-
metric analysis of deformation.

Kinematic analysis

We conducted a kinematic analysis using the orientations, 
slip directions, and sense of slip along faults. Sense of slip 
along faults was determined by offset of rock layers, drag 
folds, and steps in slickensided surfaces. Only faults that 
had slip directions and reliable senses of slip were used in 
this study. Fault-slip data were plotted on equal-area ste-
reographic projections and analyzed for incremental strain 
principal directions. Shortening and extension (P and T) 
axes were calculated using the method from Marrett and 
Allmendinger (1990) and used in Laó-Dávila and Anderson 
(2009). Shortening and extension axes and tangent linea-
tions were calculated using the Faultkin software (Marrett 
and Allmendinger 1990). Faults were grouped based on 
their type and orientation. The kinematic analysis assumes 
the following: (1) sampling is representative, (2) no post-
faulting reorientation of the fault-slip directions, and (3) 
fault kinematics are scale-invariant (Marrett and Allmend-
inger 1990).

Results

The hanging wall

Lithology

The Yauco Formation in the hanging wall (ST9W and 
ST9E) shows a sequence of folded, medium-bedded mud-
stone and thinly bedded shale, with scarce thickly bedded, 
medium to fine-grained sandstone layers. Thin (2–4  cm 
thick) and foliated shale layers occur between mudstone 
layers. Mudstone layer thickness ranges from 9 to 150 cm, 
with an average of 20  cm. The mudstone contains rare 
pyrite aggregates up to 3  cm in length. Medium- to fine-
grained sandstone layers show normal grading (coarsening 
upwards).

Structures

Bedding of the Yauco Formation in ST9W and ST9E 
strike NW–SE with poles that define a NE–SW striking 
girdle (Fig.  5a). Folds have sub-horizontal to moderately 

Fig. 4   Panoramas of road cuts in the Yauco and El Rayo Formations. a Site ST9W, b site ST9E, c site ST11. Red dashed rectangles show areas 
enlarged in Figs. 6, 7 and 10
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inclined SE-plunging fold axes and SE–NW striking and 
moderately to steeply inclined fold axial planes with ver-
gence toward the SW (Fig. 5b). A gentle syncline-anticline 
pair with amplitude of 2.9 m and wavelength longer than 
16 m defines the structure of ST9W (Fig. 4a). Drag folds 

occur next to faults throughout the hanging wall road 
cuts (Figs. 6, 7). Several open minor folds occur in ST9E 
(Figs. 5b, 8a).

Faults in ST9W and ST9E are thin discrete surfaces or 
wide tabular zones composed of fault breccia. The south-
ern portion of ST9W shows SW-dipping strata cut by 
steep faults (Fig. 6a). A thrust fault underneath folded lay-
ers is cut by a steep normal fault composed of thick fault 
breccia (Fig. 6a). On the northern part of ST9W, sub-ver-
tical strata are cut by thrust and reverse faults (Fig.  6b). 
On the southern part of ST9W, a steep zone with reverse 
and left-lateral faults cuts along the hinge of the anticline. 
Most reverse and thrust faults dip to the NE and suggest 
transport toward the SW (Fig.  6b). To the east, faults in 
north-central ST9E have reverse and left-lateral sense and 
cut across the SW-dipping layers and folded sequence 
(Figs.  7a, 8b). South-central ST9E contains strike-slip 
faults and fewer thrust faults than on the north-central part 
(Fig. 7b).

Slickensided fault surfaces contain striations and calcite 
steps that indicate the direction and the sense of move-
ment along the faults (Fig. 8c). Some fault surfaces occur 

Fig. 5   Lower hemisphere stereographic projections of bedding and 
folds in the Yauco Formation (sites ST9W and ST9E). a Kamb con-
tour of poles to bedding. NNE–SSW striking girdle suggests similar 
shortening direction, b black-filled circles are poles to axial planes, 
red squares are fold axes, blue ellipse is 95 % confidence area, and 
green great circle is cylindrical best-fit for poles of axial planes

Fig. 6   Photographs showing bedding (white curves) and fractures 
(red curves) in site ST9W. a Moderately dipping mudstone layers 
are cut by steep and shallow faults. Movement along faults folded 

the layers, b steeply dipping layers are cut by thrust and steep faults. 
Insets shows fault orientations in a lower hemisphere stereographic 
projection for each image
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between rock layers and form a flat-ramp thrust geometry 
and duplex structures (Fig. 8d).

Fault orientation and striated plane data in ST9W 
and ST9E are shown in Fig. 9. The main group of faults 
consists of reverse and thrust faults. These faults strike 
NW–SE and have moderate- to low-angle surfaces, 
which mostly dip toward the NE (Fig.  9). Shale layers 
have S–C foliations that also suggest reverse faulting 
(Fig.  9). Left-lateral faults were the second most com-
mon group of faults. These faults strike ENE–WSW and 
WNW–ESE and dip steeply (Fig. 9). Right-lateral faults 
strike NNE–SSW and normal faults strike NE–SW 
(Fig. 9).

Crosscutting relationships show that the reverse faults 
cut the folded bedded sequence. In addition, strike-slip 
faults cut reverse faults in some places and in others are 
connected to the reverse faults. Thus, crosscutting relation-
ships suggest that reverse and left-lateral faults are coeval. 
A large normal fault (Fig. 6a) is younger as it cuts the other 
faults and is composed of unconsolidated fault breccia. No 
crosscutting relationship could be established for the right-
lateral faults.

The layers in ST9W and ST9E contain conspicuous 
white and brown-orange calcite veins (Fig.  8e, f). The 
brown-orange veins cut the white calcite veins and are 
interpreted as younger. Veins of both colors are described 

Fig. 7   Photographs showing bedding (white curves) and fractures 
(red curves) in site ST9E. a Layers are cut by reverse faults. Drag 
folds show sense of movement, b thrust and strike-slip faulting in the 

southern section of the road cut. Insets shows fault orientations in a 
lower hemisphere stereographic projection for each image
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as bed-parallel veins (Fig. 8e), veins at a high angle to bed-
ding, hybrid veins (Fig.  8f), en échelon veins, and veins 
forming the matrix of breccia. Bedding-parallel veins are 
concentrated between layers and at fold hinges. Veins at high 
angle to bedding occur in the limbs, less in hinges of folds, 
and form conjugate pairs in places. Bedding-perpendicular 

joints show twist hackles and cut the veins, which suggests 
that they are younger than the veins.

Orientation data for veins in the Yauco Formation are 
shown in Fig. 9. Most veins are oriented perpendicular to 
the strike of bedding and strike NE–SW with moderate to 
steep dip. However, two groups of veins strike NW–SE 

Fig. 8   Photographs of meso-scale structures within sites ST9W and 
ST9E. a Small fold in the mudstone. Hammer is 32 cm long, b steep 
reverse fault cutting and offsetting beds of the Yauco Formation, c 
steps and striations in slickenside plane at bedding contact. Pencil 

is 14.5 cm long, d thrust faults forming fault-bend folds at the con-
tact of bedding planes, e layer-parallel calcite veins, f Brown-orange 
hybrid calcite veins cutting white calcite veins
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with moderate dip and opposite dip direction (Fig.  9). 
These veins occur at high angle to bedding and parallel to 
bedding.

The footwall

Lithology

At the footwall, the El Rayo Formation consists of rudist-
bearing bioclastic limestone, lithic-rich limestone conglom-
erate, and volcanogenic polymictic orthoconglomerates 
and paraconglomerates (Fig.  10). At the southern end of 
the outcrop (Fig. 10a), two beds are exposed: (a) a massive 
bioclastic limestone (Fig. 11a), and (b) a matrix supported, 
lithic-rich limestone conglomerate (Fig. 11c). The massive 

bioclastic limestone consists of gray mudstone–wackestone 
with some localized packstone zones. It also contains well-
preserved whole and fragmented fossils of Parastroma 
sp. and other unidentified species. This massive bioclastic 
limestone is in a transitional, possibly depositional, contact 
with the matrix supported, lithic-rich limestone conglomer-
ate to the north (Fig. 10a).

The lithic-rich limestone conglomerate contains abun-
dant (30–40  %) subangular–subrounded mafic-interme-
diate volcanic clasts, and fewer rudist fragments, mainly 
Parastroma sp. The matrix consists of wackestone–pack-
stone with 10  % or more of 0.5–4  cm long subangular–
subrounded bioclasts (including rudist shell fragments). 
Toward the south, subangular to subrounded volcanic clasts 
are 5–8  cm long, while toward the north, subangular to 

Fig. 9    Lower hemisphere stereographic projections of faults, striated 
planes, and veins. Arrows show direction of movement of the hanging 
walls of faults and shear planes. Faults interpreted as forming due to 

flexural slip are grouped together. Kamb contours show distribution 
of poles to veins within the Yauco Formation (sites ST9W and ST9E)
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angular volcanic clasts are 6–20 cm long. On its north side, 
this unit is in fault contact with the dark volcanogenic and 
epiclastic conglomerate (Figs. 10a, 11d) that is part of the 
complex faulted region described below.

In the south-central section of the outcrop, there is a 
complex zone where several irregular faulted blocks of vol-
canogenic and epiclastic conglomerates occur (Fig.  10b). 
A light volcanogenic and epiclastic conglomerate block 
is located within a dark volcanogenic and epiclastic con-
glomerate. A highly weathered conglomerate with several 
subrounded to angular blocks of limestone 0.5–5 m long, 
in a gravel to sandy matrix lies above the volcanogenic and 
epiclastic conglomerates (Fig.  10b). To the north of these 
rock bodies, there is a gray, bioclastic limestone with a 

packstone–grainstone matrix, locally conglomeratic, with 
gravel-sized volcanic clasts (Fig. 10c).

A massive bioclastic limestone occupies the north-
ern half of the outcrop and is in contact with an irregu-
larly shaped lens of a lithic-rich limestone conglomerate 
(Figs. 10d, 11b) similar to the conglomerate in the southern 
end of the outcrop. This lens is composed of subrounded–
subangular volcanic clasts 1–12  cm long (5–8  cm is the 
main size fraction) mixed with limestone clasts, including 
rudist bivalves and fragments of rudist shells (Fig.  11c). 
The conglomerate is predominantly clast-supported, 
although locally clasts are supported in a packstone–grain-
stone matrix. Volcanic clasts decrease their abundance 
toward the north. The contacts of this lens with the massive 

Fig. 10   Photographs showing contacts (white curves) and fractures 
(red curves) in site ST11. a Southern section showing massive bio-
clastic limestone (MBL), limestone conglomerate (LC), and dark vol-
caniclastic and epiclastic conglomerate (DVEC). The DVEC is thrust 
over the LC, b south-central section showing the light volcaniclastic 

and epiclastic conglomerate (LVEC) inside the DVEC and under the 
complex zone of faulted blocks, c northern half section showing the 
bioclastic limestone (BL) wedged between a DVEC and MBL, d 
northern section shows a large irregular mass of LC within the MBL
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Fig. 11   Photographs of meso-scale structures within site ST11. a 
Stylolite within massive bioclastic limestone (MBL). Scale is 10 cm 
long, b contact between MBL and limestone conglomerate (LC), c 
details of the LC with rudist clast, d close-up photo of the dark vol-

caniclastic and epiclastic conglomerate (DVEC), e horses in duplex 
structure within reverse fault separating DVEC and LC. Hammer is 
32 cm long, f sub-vertical fault cutting DVEC. Authors show scale in 
photograph
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bioclastic limestone are mainly faulted or abrupt (Fig. 11b). 
However, the contacts are transitional in a few places.

The northern bioclastic limestone is light gray, mas-
sive, and locally stylolitic (Figs. 10d, 11a). It is a wacke-
stone (locally packstone) with numerous fragments of 
rudist bivalves in the matrix, and also contains some gas-
tropod fossils. Well-exposed, whole or slightly fractured 
specimens of Parastroma sp., 10–20  cm long, occur as 
clasts throughout the limestone and decrease in abundance 
toward the south.

Structures

The El Rayo Formation contains many fractures within 
the blocks and faults located along lithological contacts 
(Fig. 10). Within the conglomerates, fracturing occurred in 
the matrix and around clasts. Many non-systematic joints 
occur within the massive bioclastic limestone on the north-
ern half of the outcrop. Faults are abundant in the contacts; 
however, few faults were observed cutting through the 
limestone. Throughout the outcrop, faults occur as thin to 
wide zones that are stained brown in places. Major fault 
zones contain fault breccia and thrust duplexes that indicate 
sense of movement (Fig. 11e, f). Four steeply to moderately 
inclined reverse faults strike E–W and three of those show 
transport toward the south (Figs. 10, 12). Most of the faults 
with large fault traces are reverse faults. Left-lateral, right-
lateral, and normal faults strike NE–SW and have small 
fault traces (Fig. 12). However, most faults have unknown 

sense of slip as there were not many observed offsets or 
preserved striations with reliable sense of motion (Fig. 12).

Stylolites in the massive limestone are red, brown, 
orange, and black (Fig.  11a). They have amplitudes of 
0.2–3 cm, wavelengths of 0.2–6 cm, and lengths >80 cm. 
Serrated surfaces in the stylolites are moderately to steeply 
dipping to the SW and SE (Fig. 12). However, few stylo-
lites dip to the NE and NW.

Discussion

Geometric and kinematic analyses of the hanging wall

The structure in the hanging wall is that of a folded and 
faulted sequence of calcareous mudstone and sandstone 
layers. Poles to bedding form a girdle that suggests NE–
SW shortening (Fig. 5a). Major and small folds have fold 
axes that trend SE and NW and axial planes that strike 
SE–NW and dip NE. Both of these structures suggest that 
folds formed from NE to SW shortening. Most reverse 
and thrust faults strike NW–SE and dip to the NE, which 
along with the SW vergence of the folds, as deduced from 
the dip of the axial planes, suggest that transport was to the 
SW. In addition, veins with a strike of NE–SW formed at 
a high angle to the bedding and are compatible with a SE–
NW extension (Fig.  9). Thus, orientation data from beds, 
folds, reverse and thrust faults, and veins suggest NE–SW 
shortening.

Fig. 12   Lower hemisphere ste-
reographic projections of faults 
and poles to stylolites within the 
El Rayo Formation (site ST11). 
Arrows show direction of move-
ment of the hanging walls
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Kinematic analysis of faults and striated planes in the 
hanging wall shows the relationship between structures and 
how strain was accommodated. Reverse faults have shal-
low P-axes and steep T-axes as expected from contractional 
structures (Fig.  13). The shortening axes trend NE and 
SW and the extensional axes are steep, suggesting a NE–
SW contractional regime, which agrees with the orienta-
tion data from the beds, folds, and veins. Left-lateral faults 
show NNE–SSW trending P-axes and WNW–ESE trending 
T-axes. These orientations suggest that the reverse and left-
lateral faults may have formed during a similar NE–SW 
directed shortening event that was accommodated as pure 
shear strain. This is supported by the large coeval reverse 
and left-lateral structures observed in the outcrops.

In the case of the right-lateral faults, these show E–W 
trending P-axes and SSE–NNW trending T-axes (Fig. 13). 
We hypothesize that this E–W shortening is related to a 
later event in which steep structures were reactivated. This 
hypothesis is supported by the similarity of orientations of 
right-lateral faults with the left-lateral faults, and the fact 
that right-lateral faults consist of many striated planes or 
hybrid veins that are smaller than the reverse and left-lat-
eral faults.

Normal faults show ESE–WNW T-axes with moder-
ately plunging P-axes (Fig. 13). Slip directions in the fault 
planes show that most normal faults have a component of 
strike-slip and are better described as oblique faults. These 
slip directions, and the crosscutting relationship in which a 

Fig. 13   Lower hemisphere stereographic projections showing kin-
ematic data for faults in the Yauco Formation. Top row shows faults 
with known sense of slip and used in kinematic analysis. Middle row 

shows calculated P–T axes for faults. Bottom row shows tangent line-
ations for faults
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steep normal fault cuts a thrust fault (Fig. 6a), suggest that 
normal faults are younger and may have formed during the 
reactivation of older structures.

Folding mechanism in the hanging wall

Structural data collected in this study suggest that major 
folds in the Yauco Formation (sites ST9W and ST9E) 
formed by a flexural slip mechanism (e.g., Tanner 1989, 
1992; Fowler 1996). Boundaries between layers (especially 
shale layers) are filled with bed-parallel calcite veins with 
slip directions that indicate movement toward the hinge of 
the fold (Fig. 9) and are orthogonal to the trends of the fold 
axes (Fig. 5b). The occurrence of duplex structures within 
bed boundaries (Fig.  8d) and en échelon veins within the 
layers, with the same slip directions as the interlayer stria-
tions, support the flexural slip mechanism for the formation 
of these folds. The structures in these sites and the flexural 
slip mechanism suggest that strata were folded in the upper 
brittle crustal regime.

Geometric and kinematic analyses of the footwall

In contrast to the hanging wall, rocks on the footwall occur 
as faulted blocks with no clear orientations and no coher-
ent sequence of stratification along the outcrop. However, 
in small contact areas between the north and south mas-
sive bioclastic limestone and the limestone conglomer-
ates, there is evidence of transitional and abrupt contacts 
that could be gradational and thus, depositional. If this 
is the case, we interpret these contacts to occur within 
the faulted and discrete limestone–limestone conglomer-
ate blocks, which in turn are faulted against the volcano-
genic epiclastic conglomerates, and not an indication of 
lithostratigraphic units bounded by stratigraphic contacts 
throughout the outcrop. In general, the structure of the 
footwall is defined by a series of faulted blocks of rocks 
that originated in related volcanic and shallow marine 
environments, but with different lithological and struc-
tural characteristics, and not a series of stratigraphically 
bounded rocks.

For most of the faults in the footwall, we were not able 
to determine the sense of slip and direction of slip along 
the fault plane. However, the orientations of the fault planes 
without sense of slip and slip direction are similar to the 
reverse and left-lateral fault planes with known sense of 
slip and slip direction (Fig.  12). This similarity suggests 
that most of the faults with unknown sense of slip and slip 
direction may be reverse and left-lateral faults with a simi-
lar sense of slip and direction as the measured faults. Left-
lateral faults have N–S trending P-axes and E–W trend-
ing T-axes, which suggest N–S shortening (Fig. 14). This 
shortening orientation is compatible with the orientations 

of the reverse faults. The modest amount of evidence col-
lected on the kinematics of faults in the footwall suggests 
that the reverse and left-lateral faults dominate the accom-
modation of strain and that a N–S shortening event pro-
duced the faults. ESE–WNW striking stylolites may have 
formed by the same shortening event, while the NNE–SSW 
striking stylolites may have formed by shortening during 
compaction normal to the surface (Fig. 12).

Strain localization

These results suggest that the hanging wall and footwall 
accommodated strain along preexisting surfaces of weak-
ness, such as interlayer surfaces, contacts between units 
and blocks, and fractures. However, the different sedimen-
tary structures (i.e., bedding vs. blocks) and composition 
of the hanging wall and footwall blocks were a control-
ling factor into the nature and location of the preexisting 
weaknesses and the localization of strain within the rocks. 
In the hanging wall, strain was accommodated by slip 
between medium-bedded and thinly bedded mudstone, for-
mation of veins, and formation of folds by the flexural slip 
mechanism. Additional strain was principally localized 
along reverse, thrust, and left-lateral faults (e.g., Fig. 6b). 
Strain in the hanging wall, accommodated by flexural 
slip mechanism, may have been transferred from imbri-
cate thrusts rooted in the detachment of the thrust sheet 
(Fig.  15). In the footwall, strain was accommodated by 
fracturing the matrix of volcanogenic and limestone con-
glomerates (Fig. 11c, d) and the massive bioclastic lime-
stone (Fig.  11a), and by faulting at the contacts between 
different lithological units (Fig.  11b). The many planes 
of preexisting weaknesses in the hanging wall (i.e., weak 
layer boundaries) compared to the fewer planes of preex-
isting weaknesses in the footwall (i.e., thick and compe-
tent blocks) could explain why more strain was localized 
within the hanging wall.

Fig. 14   Lower hemisphere stereographic projections showing kin-
ematic data for left-lateral faults in the El Rayo Formation (Fig. 12). 
a Calculated P–T axes for faults, b tangent lineation for faults
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Back arc deformation

The Yauco and El Rayo Formations represent sedimentary 
sequences that formed in environments near an island-
arc. The volcanic centers in Puerto Rico during the Late 
Cretaceous and Eocene occur in the Central Block as 
indicated by the location of the Utuado Pluton and San 
Lorenzo Batholith (Fig. 1). The Yauco Formation formed 
south of this volcanic center in a basin where marine car-
bonate sediments and epiclastic material of volcanic ori-
gin accumulated. Larue et  al. (1991) suggests that the 
Yauco Formation originated in an intra-arc basin in the 
Late Cretaceous. The El Rayo Formation formed closer 
to a volcanic source south of the island’s volcanic center. 
The formation contains rocks from volcanic, epiclastic 
and carbonate environments. These materials were occa-
sionally reworked and mixed in near-shore environments, 
and in some cases, carbonate sediment was derived from 
carbonate platform sources. The juxtaposition of the 
Yauco and El Rayo Formations that originated in different 
environments and the structural information analyzed in 
this study indicate crustal shortening (Fig. 15). The loca-
tion of the subduction zone to the north of Puerto Rico 
since the formation of the island arc in the Early Creta-
ceous (Boschman et al. 2014), the location of the volcanic 
centers in the Central Block, and the SW vergence of the 
thrust system suggest that the deformation occurred in the 
back arc of the island arc. Thus, the Río Guanajibo fold-
and-thrust belt represents the Paleogene back arc defor-
mation of a bivergent thrust system in the northeastern 
Caribbean (Fig. 16).

The crustal deformation is described as a major NNE–
SSW shortening event that produced folding, and reverse, 
thrust and left-lateral faulting in the upper crust during 

the Paleocene–Eocene. This event is correlated with the 
proposed collisional tectonic events in the northern mar-
gin of the Caribbean during this time, which transmitted 
stresses to the back arc region of Hispaniola and Puerto 
Rico (Laó-Dávila 2014). A later E–W shortening event 
was accommodated along steep structures and may have 
occurred by counterclockwise rotation of Puerto Rico 
during the Eocene (van Fossen et  al. 1989; Laó-Dávila 
and Anderson 2009). Subsequent normal faulting was pro-
duced by extension with similar orientation to the exten-
sion described in younger Oligocene and Miocene car-
bonates in southern Puerto Rico and suggests that these 
faults formed by the same extensional event (Mann et al. 
2005).

Fig. 15   3D view of the RGFT 
belt. Geology from Fig. 3 was 
draped over a Shuttle Radar 
Topography Mission Digital 
Elevation Model with vertical 
exaggeration of 10. Interpreted 
cross section shows the thrust 
sheet that was transported 
toward the SW. Imbricate 
thrusts may have transferred 
strain from the detachment to 
the hanging wall rocks where it 
was accommodated by the flex-
ural slip mechanism. Footwall 
rocks also accommodated strain 
from the contractional event 
(see text for details)

Fig. 16   Geodynamic regional model of the Puerto Rico region in 
the Late Maastrichtian–Paleocene (modified from Laó-Dávila et  al. 
2012). The RGFT and the deformation in the Monte del Estado (ME) 
formed in the back arc of the subduction zone of the North American 
Plate (NAP). The Caribbean Plate (CP) underthrust the Puerto Rico 
terrane. Oblique motion of contraction created transpression at the 
northern and southern margins
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Conclusions

New road cuts along the foreland of the Río Guanajibo 
fold-and-thrust belt provide insights on the deformation of 
the hanging wall and footwall within this thrust system. We 
described the nature and orientation of meso-structures to 
characterize the folding mechanisms, kinematics, and strain 
accommodation within blocks of the fold-and-thrust belt. 
The hanging wall shows a sequence of folded, medium-bed-
ded mudstone and thinly bedded shale and sandstone of the 
Yauco Formation. Fold orientations and kinematic analysis 
of reverse and left-lateral faults within the hanging wall sug-
gest a strong NE–SW shortening direction that formed dur-
ing pure shear strain. Right-lateral faults indicate that an E–W 
shortening event reactivated some of the structures. Normal 
faults extended the rocks most likely in the Neogene. Dur-
ing the major deformational event, flexural slip, reverse and 
strike-slip faulting, and veining accommodated the strain in 
the hanging wall. At the footwall, bioclastic limestone and 
polymictic orthoconglomerates and paraconglomerates com-
prise a mixture of lithological units in the El Rayo Formation. 
Steeply inclined reverse and strike-slip faults cut through the 
blocks and along lithological contacts. Kinematic analysis 
and descriptions of fault orientations suggest N–S shortening 
in a contractional regime. These results suggest that both the 
hanging wall and footwall accommodated strain along preex-
isting weaknesses, although the weaknesses are of different 
nature due to their different sedimentary structures and com-
position. The Río Guanajibo fold-and-thrust belt represents 
the Paleogene back arc deformation of a bivergent thrust sys-
tem in the northeastern Caribbean.
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