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1. Abstract
Detailed geologic mapping and construction of seven structural cross-sections, redefine the
tectonostratigraphic relationships among rock units of the Azuero peninsula, Panamá. Tectonic
events taking place in the southwestern convergent margin of the Azuero Plateau, from Cretaceous
to Miocene, are explained by the correct delimitation of four tectonostratigraphic units. The
northern unit represents crystalline basement rocks of Cretaceous to Paleogene age, product of a
non-continuous magmatic activity of the Azuero Plateau, the Azuero Proto-Arc and the Azuero Arc,
covered and interbedded with limestones of the Ocú Fm. The central unit is a para-autochthonous and
highly faulted, but recognizable oceanic-floor sequence, accreted to the northern unit, causing
deformation and mineralization on the last. The southern border of this unit, confirms the existence
of a major tectonic boundary, observed on anomalies from gravimetric surveying along the
peninsula. The southern unit is made up of allochthonous seamounts carried by Farallon Plate, and
obliquously accreted to the other two units. Pre-Cenozoic emplacement of dykes all along the
peninsula are related to this last accretion event, which might also have triggered the regional leftlateral deformation that would later develop into Azuero-Soná fault zone. Eocene to Miocene strata
from Tonosi and Covachón Formations, compose the fourth unit, and register events of uplift and
erosion of the entire block. Covachón Fm, is deposited in non-conformity on top of the third unit,
meanwhile Tonosi Fm, is deposited in non-conformity on top of the first unit.

2. Resumen
La construcción de una cartografía geológica detallada y de siete secciones estructurales, redefinen
las relaciones tectonoestratigráficas de la península de Azuero-Panamá. Los eventos tectónicos que
ocurrieron del Cretácico al Mioceno en esta margen convergente, se explican a través de una
correcta delimitación de cuatro unidades tectonoestratigráficas. La primera unidad más al norte se
compone de un basamento cristalino de edad Cretácica-Paleógena, que es producto de un
magmatismo no-continuo entre el Plateau de Azuero, el Proto-Arco y el Arco, el cual está cubierto e
intercalado por las calizas de la Formación Ocú. La unidad central es un cuerpo para-autóctono,
altamente fallado, pero en el cual se reconoce una secuencia de suelo oceánico, el cual se acrecionó
a la primera unidad tectonoestratigráfica, causando deformación y mineralización en esta última. La
tercera unidad se compone de islas oceánicas alóctonas, transportadas por la placa de Farallón, las
cuales fueron acrecionadas de manera oblicua a las otras dos unidades. El emplazamiento de diques
antes del Cenozoico, en toda la península se relaciona a este último evento de acreción, el cual pudo
haber causado el inicio de una deformación sinestral que luego se convertiría en la zona de falla de
Azuero-Soná. Los estratos con edad Eoceno a Mioceno de las Formaciones Tonosi y Covachón,
componen la cuarta unidad tectonoestratigráfica, y registran eventos de levantamiento y erosión de
la península. La Formación Covachón se depositó de manera no-conformante sobre la tercera
unidad, mientras que la Formación Tonosí, se depositó de manera no-conformante sobre la primera
unidad.
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3. Introduction
The western Azuero Peninsula has been interpreted as an example of accreted seamounts, product
of Late Cretaceous plume activity, to a complex convergent margin (Buchs et al. 2010; Buchs,
Arculus, et al. 2011; Buchs, Baumgartner, et al. 2011; Buchs et al. 2009) A large number of
geochemical and geochronological samples have been collected and analyzed in order to support
these interpretations. It is notorious, however, the lack of a detailed geologic map. Likewise,
stratigraphic and structural cross-cutting relationships are not well-established, making it difficult to
build up a full geologic interpretation. The latest, and only, mapping project published in the
Azuero Peninsula was the result of a mineral resources evaluation sponsored by the United Nations
(del Giudice & Recchi 1969). The map shows the general structure of the peninsula, providing little
detail. Given the significance of this margin as an example of accretion of seamounts (Buchs,
Arculus, et al. 2011), and probably the preservation of the record of complex subduction initiation
processes (Whattam & Stern 2015), it seems appropriate to properly document the most important
cross-cutting relationships, their extent, geometry, and precise locations.
Recent mapping and laboratory analyses provide new data to refine the interpretation of the Azuero
Peninsula and the tectonostratigraphic processes that are recorded in their sequences. This new data
includes the location of pronounced gravity anomalies south of the Azuero-Soná Fault zone (Ayala
& Farris 2015), and the location of coherent fault-related rocks in the same area (Perez-Angel 2015)
Also, the presence of large vertical-axis block rotations derived from paleomagnetic data
(Rodriguez-Parra, 2015), as well as new thermochronologic data (Ramírez et al. 2016). The map
herein presented, along with the seven structural cross-sections, serve as background to better
understand the new and existing data.
This project compiles geologic maps from two field campaigns (Uniandes field camp 2014 and
2015), in which more than 30 students and 10 professionals participated. I compiled and
harmonized more than 600 field data points, 2 maps, and nearly 30 field cross-sections. The results
include a new geologic map, 6 structural cross-sections and a new general cross-section of the
Azuero Peninsula. From these, I propose a new delimitation and re-significance of four tectonostratigraphic units (Buchs, Baumgartner, et al. 2011), in order to explain the occurrence of the most
important cross-cutting relationships along the western margin of the Azuero peninsula.

4. Conceptual Framework
4.1 Regional Geology
Panamá Microplate represents the eastern part of the Central American Block (Rockwell, 2010).
Three main tectonic blocks, from west to east, form Panamá´s isthmus (Montes, 2012); the
Chorotega, Panamá, and Choco blocks. These blocks are located on a very complex junction
between Nazca, Cocos, Caribbean and South American plates. Azuero Peninsula is part of the
Central American Forearc, located at the southernmost edge of the Chorotega Block. This bock
contains the easternmost part of the Central American Volcanic Arc (continuous from Guatemala to
Panama). In the south, the peninsula lies in front of the boundary between Chorotega block and
Nazca plate. This southern boundary has been interpreted as a left lateral transform fault; the South
Panama Deformed Belt (accommodating left-lateral motion at 20-25 mm/yr (Rockwell et al. 2010),
and as a subduction zone west to Azuero (Montes et al. 2012).
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Cenozoic to Mesozoic magmatic products form the Azuero Peninsula basement units; the Azuero
Plateau (part of the CLIP), the volcanic proto-arc and arc (covered by hemipelagic limestones), and
the allochthonous accreted basaltic complexes.

Figure 1. Regional Tectonic Arrangement of the Panama micro plate. The squared region indicates the Azuero Peninsula,
showing the general tectonostratigraphic arrangement purposed by Buchs and Baumgartner, et al. 2011

A progressive northern migration of the arc towards the Caribbean, occurring along this margin
between Late Campanian and middle Eocene (Buchs, Baumgartner, et al. 2011), is said to be a
response to a change on subduction mechanisms between Farallón and Caribbean plates; subduction
erosion (consumption of the overriding plate in a subduction zone, causing the retreating of the
trench; or slab flattening (Buchs et al. 2010).
Middle Eocene tectonic events in Costa Rica (Osa Peninsula) and Panama southern margin, are
identified by the uplift of the Central American Forearc, in response to subduction of topographic
highs (Sak et al. 2009), and the accretion of oceanic complexes, which in Panamá have been
described as the accretion of exotic seamounts of Paleocene age (Buchs, Baumgartner, et al. 2011).
Structural, petrological and stratigraphic relationships are still matter of debate, due to the
complicated pattern of accretion that took place on Costa Rica and Panamá margins during
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Paleocene to middle Miocene. The most recent tectonostratigraphic model, divides Azuero
peninsula into four main autochthonus and allochthonous units; the Azuero Marginal Complex, the
Azuero Melange, the Azuero Accretionary Complex, and the overlapping sedimentary sequences
that cover the first three units (Buchs, Baumgartner, et al. 2011; Buchs et al. 2010).

4.2 Azuero Marginal Complex
4.2.1 Azuero Plateau
(Age 89-85 Conacian-Santonian)
The basement of the Azuero Peninsula is composed of massive and pillowed basalts, with
geochemical plateau affinities (Corral et al. 2011; Hauff et al. 2000; Buchs et al. 2010). Local
content of red radiolarian siliceous pelagic sediments has been also reported, as well as crosscutting
of dykes that are related to the later developed proto-arc and arc (Buchs et al. 2010). The deposition
conditions are described as high rates of eruption in a pelagic environment (Buchs, Baumgartner, et
al. 2011), isolated from terrigenous sediment sources (Kolarsky et al. 1995).
Azuero Plateau might be the uplifted western margin of the Caribbean oceanic plate (Corral, 2011;
Hauff 2000), also known as the Caribbean Large Igneous Povince (CLIP). The origin of the protoCaribbean plate is generally accepted to be a product of the Galapagos´ Pacific hot spot (Pindell &
Kennan 2005), although there exists also an “in-situ” model for the plate´s origin (James 2005). The
allochthonous tectonic model shows the existence of a Jurassic to Early Cretacic Proto-Caribbean
Plate, which thickened as a LIP and migrated north-east from its origin in the Galapagos Hot Spot.
Consequently, the plate might have crossed the gap between North America and South America
(which the in-situ finds too small), in order to arrive to its current position. On the contrary, James
(2005) provides an in situ model for the origin of the Caribbean Plate, from a Triassic-Jurassic
extensional rifting between North America and South America that might have produced a
thickened oceanic crust.
According to Corral et al. (2011) and Hauff et al. (2000), the Azuero Plateau might be the uplifted
western margin of the CLIP. Nonetheless Buchs et al. (2010) consider this unit is a basement
different from the CLIP, based on geochemical characteristics on major and minor trace elements
on lava samples, identifying it as the Azuero Plateau. According to the author, if the basement is not
the CLIP, its relationship with this one would be the existence of a heterogeneous mantle source
beneath the CLIP, which could have provided the conditions to form the Azuero Plateau (Buchs et
al. 2010). Ages assigned to this basement are; Valanginian-Maastritchian (Corral et al. 2011),
Turonian-Santonian (Lissina 2005) or Coniacian-Santonian (Mann & Kolarsky 1995; Buchs et al.
2010) Finally, according to Buchs et al. (2010) the formation of the plateau must have ceased prior
to the emplacement of the proto-arc igneous rocks, although other authors propose a continuous
magmatism from plateau to arc (Whattam & Stern 2015).

4.2.2 Ocú Fm.
(Age Campanian-Mastritchian)
Ocú Fm. was named after del Giudice and Recchi (1969) classification of a well stratified
sedimentary sequence made up of fossiliferous, fine-grained limestones that have a grayish
coloration, are interbedded with mudstones, siltstones, tuffs and intermediate lava flows. Buchs et
al. (2010) describe these rocks as “foraminifera-bearing hemipelagic limestones”, interbedded with
lava flows, containing a tuffaceous component and some volcanic clasts from and intermediatesilicic volcanic source (Buchs et al. 2010). In agreement to Buchs, Kolarsky et al. (1995) assure that

6

Ocú limestones are interbeded with basaltic rocks. Corral et al. (2011) report basaltic dykes of the
Azuero Proto-Arc group crosscutting the unit.
(Kolarsky et al. 1995) suggest the Ocú Fm. has an apparent thickness of 1500m, he describes the
unit as being slightly metamorphosed in fresh outcrops, intensely fractured, faulted and folded, and
having bedding dips greater than 45 degrees. The author describes two main facies registered on the
Ocú Fm; The first one containing thin-medium-bedded grayish white limestone and calcareous
siltstone, and the second one containing a light-brown grained calcareous siltstone and sandstone.
Two approaches of the deposition time of Ocú Fm. have been made; one proposes the unit is
deposited after the arc emplacement (del Giudice & Recchi 1969) meanwhile the second and most
accepted approach states that the unit is deposited along with the proto-arc rocks emplacement
(Buchs et al. 2010; Kolarsky et al. 1995; Corral et al. 2011), during the early development of the
South Central American arc, that developed on top of the Azuero Plateau (Buchs, Baumgartner, et
al. 2011).
Microfossil analysis from Del Giudice and Recchi (1969), provide a deposition age between
Maastritchian and Campanian. The authors state that these limestones are older than the intrusive
bodies appearing on the peninsula, leaning on the limestones´ apparition (adjacent and above) of the
prominent intrusive body at Loma El Montuoso (belonging to the arc), without signs of contact
metamorphism.
On the other hand, relying on dated limestones showing sin-volcanic slow deformation, Buchs et al.
(2010) state that Ocú limestones record the age of emplacement of the Azuero Proto-Arc Group,
contradicting Del Guidice and Recchi (1969). Ocú Fm. interbedding with basaltic rocks, supports
the idea of a pre-arc deposition. In the same way Corral et al. (2011) intends to restrict Ocú only to
those grayish “Foraminifera bearing hemipelagic limestones deposited on top of basaltic basement
rocks and interbedded with the proto-arc group”. Corral et al. (2011) proposes that Del Giudice and
Recchi (1969) calcareous layers, could be younger limestones units that might not be Ocu.
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Figure 2. Geologic Map of the Azuero peninsula (Buchs, Baumgartner, et al. 2011), identifying the main rocks
Formations and groups exposed in the peninsula.

4.2.3 Azuero Proto-Arc Group
(Age 75-73 Ma )
Azuero Proto-arc rocks have been described as outcrops of mafic (basaltic to andesitic) lava flows
which are as well locally interbedded with Ocú Fm, pillowed basalts locally overlain by shale and
basaltic flows (Rio Quema; Corral et al. 2011), and mafic dykes cross-cutting the Azuero Plateau
and the Ocú Fm (Corral et al. 2011).
Corral et al. (2011) suggest that the inter-bedding between mafic lava flows and limestones,
indicates an extrusion/deposition activity on a deep marine environment proximal to the volcanic
centre. This stratigraphic sequence contradicts del Guidice and Recchi (1969), who at first stated
that the emplacement of these Cretacic bodies preceded Ocú limestones deposition. In agreement to
Corral et al. (2011), Agudelo-Motta (2016) proposes an initial stage of submarine volcanism
developed on top of the Azuero Plateau, followed by subaerial volcanism emplacing the posterior
Volcanic Arc intrusive bodies on top of the Azuero Proto-Arc sequences.
Occurrence of Proto-Arc rocks in Panamá and Costa Rica (Buchs et al. 2010), also named Azuero
Primitive Arc rocks (Corral 2013), is explained by the early magmatism occurring at the onset of
the subduction of the Farallon Plate beneath the Caribbean Plate (Buchs et al. 2010), whose age
varies among different authors. These igneous rocks, described as the “enigmatic CLIP rocks”, were

8

therefore emplaced between the transition from intraplate to arc magmatism, and represent an
important tectono-magmatic constraint in order to understand Azuero Peninsula`s old subduction
zone and intra-oceanic arc (Agudelo-Motta 2016).
There exists a debate on the emplacement age of the Azuero Proto-Arc, hence for the onset of the
subduction. Onset of subduction ages vary between 88Ma (Lissina 2005) to 66ma (Hauff et al.
2000), including intermediate ages at 73-75 Ma (Buchs et al. 2010). Buchs et al. (2010) state that
Proto-Arc rocks were emplaced 10 Ma after the formation of the Azuero Plateau, whose formation
had ceased when the proto-arc magmatism had begun.
Corral (2013) shows that what he calls the Azuero Primitive Arc has geochemical signatures that
have both plateau and arc affinities, therefore the unit should represent the magmatism occurring
once the subduction initiated and before the posterior volcanic Arc evolved. This statement is
supported by Whatam and Stern (2015), and Agudelo-Motta (2016), which agree on the existence
of a continuous magmatic activity, in which arc volcanism preceded initial younger intraplate
volcanism in the CLIP. Specifically, Agudelo-Motta (2016) reports trace element patterns in protoarc Andesites samples from Loma Iguana, that show proto-arc sequence affinities, suggesting that
these “intermediate igneous unit “, developed during the early stages of magmatism related to the
subduction.
Agudelo-Motta (2016) identifies two types of hydrothermal alteration on these volcanic rocks; The
first one, an epidote-rich zone associated to submarine volcanism interaction with fluids, and the
second one, a mineralized (part of an epithermal deposit), silicified and chloritized zone explained
by magmatic fluid circulation associated to a NW-SE fault system.
Geophysical gravity profiling (Ayala & Farris 2015) exhibits an anomaly related to the possible
magmatic source of the Protoarc; a profound magmatic source, that geographically coincides with
the location of proto-arc rocks.

4.2.4 Azuero Arc Group
(Age 71-40 Ma)
Azuero Arc rocks are classified as intermediate-to-silicic lavas and their intrusive bodies, which are
associated to elevated topographic relief. Corral et al. (2011), recognizes the presence of intrusive
diorites, Qz-diorites and granodiorites. In addition, Ramirez et al. (2016) states that during the
Paleocene to the late Eocene, the magmatism related to a continued subduction produced gabbroic
to granitic plutons in Azuero Peninsula (e.g. Parita, Valle Rico batholiths). Azuero Arc rocks have
geochemical supra-subduction signatures representing an extinct volcanic arc, whose activity might
have an age from 71 to 40 Ma (Buchs, Baumgartner, et al. 2011).
The Azuero Arc, belongs to the ancient volcanic front of the Central America Volcanic Arc (Buchs,
Baumgartner, et al. 2011). This group of rocks represent the magmatic evolution from mafic rocks
from the Azuero Proto-Arc, towards more mature and felsic rocks belonging to the Azuero Arc that
is emplaced on top of the Azuero Plateau. This evolution is given due to the compositional
evolution of the mantle wedge during the process of subduction (Buchs et al. 2010).
Several authors support the idea of a continuous evolution from the Azuero Proto-Arc to the Azuero
Arc, due to the existence of an overlapping on ages, chemical and isotopic compositions, and
spacing between Plateau, and Arc-related magmatism, that demonstrate a continuous magmatic
activity from plateau to arc volcanism (Corral et al. 2011; Agudelo-Motta 2016; Whattam & Stern
2015). Buchs et al. (2010) point out that during the Maastritchian, proto-arc and arc-related mafic
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and silicic lavas from the Azuero Arc Group could have been contemporaneously emplaced, due to
the existence of inter-bedding of the Arc lavas with proto-arc lavas and limestones with tuffaceous
components. Whattam and Stern (2015), argue that relationship between the CLIP and the earliest
arc volcanism is reflecting partial melting activity of a modified hybrid plume-subduction source
that has been modified in an evolving tectonic environment.
In addition, the easternmost part of the Central American Volcanic Arc (continuous from
Guatemala to Panama), crops north from Azuero Peninsula. These magmatic products from
Miocene age (Montes et al. 2012), support the idea of a younger volcanism in northern latitudes.
These younger ages on northern samples compared to southern ones, might be proving a
progressive shift or retreat of the volcanic front towards the Caribbean according to Buchs et al.
(2010). According to Ramirez et al. (2016), exhumation of plutonic rocks might have started in
early to middle Oligocene, due to tectonic forces related to steepening of subduction, shift to the
east in the convergence, and breakoff of the Farallon slab.

Figure 3. Tectonostratigraphic Chart representing tectonic events on the Azuero Marginal Complex, and the Azuero
Accretionary Complex. Modified from Buchs et al. (2010).

4.3 Azuero Accretionary Complex
Rocks belonging to the Azuero Accretionary Complex have been described and grouped into five
main lithologies (Buchs, Baumgartner, et al. 2011): 1.Submarine massive and pillowed lava flows
interbedded with hemipelagic calcareous sediments. 2. Submarine sheeted lava flows and pillow
lavas. 3. Clastic deposits like basaltic breccias which are cross-cutted by basaltic dykes. 4. Subaerial
massive lava flows, and 5. Large gabbroic intrusions and dyke networks which are crosscutting
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subaerial and submarine sequences. In some cases there are local low hydrothermal alteration
zones. The unit is said to be overlapped by middle Eocene forearc sediments from Covachón and
Tonosi Fm.
Buchs and Baumgartner, et al. (2011) have defined the southwestern side of the ASFZ as a
Paleocene to early Eocene accretionary complex, based on geochemical analysis. The authors
consider the existence of two Paleogene to early Eocene oceanic islands (intraplate oceanic
volcanoes), accreted during the Middle Eocene, which have been uplifted due to the shallow
subduction of the Cocos and Nazca plates.

Figure 4. Azuero Accretionary Complex lithologies. (Buchs, Baumgartner, et al. 2011)

Buchs and Baumgartner, et al. (2011) propose the existence of three main magmatic groups on
these accreted terrains, each one of them having an OIB geochemical signature. The Quebro group
represents a submarine volcanic sequence, while the Hoya and Punta Blanca groups together
represent submarine, subaerial and intrusive rocks. Indeed, the Hoya and Quebro magmatic groups
appear to be interlayered, indicating a simultaneous deposition. Quebro and Hoya would represent
the geochemical groups that compose the first stack of accretion building up the first oceanic island,
called the “Hoya Island”. On the other hand, there is Punta Blanca, which happens to be the second
oceanic island.
Accretion must have occurred in the early-middle Eocene, and the accreted rocks might be
separated by fault zones (Buchs, Baumgartner, et al. 2011).
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Figure 5. Geological map and structure of Azuero Accretionary Complex (Buchs et al. 2010)

4.4 Azuero Mélange
4.4.1 ASFZ
North central Azuero Peninsula includes rocks from the regional Azuero-Soná Fault Zone (ASFZ),
and from a southernmost faulted body of rocks, which is in contact with the Azuero Plateau. ASFZ
lithologies include fault breccias, cataclasites, phyllonites, mylonites, basalts, conglomerates,
limestones, gabbro, chert and pillowed basalts. This group of fault rocks associated to ASFZ, crop
out discontinuously over a 1-2 km wide area, following the fault`s strike; N64W (Perez-Angel
2015), displacing Cretaceous to Neogene lithologies.
Structural analysis on ASFZ concludes that the fault is a shear zone with brittle (incohesive-tocohesive), and ductile rock domains. Field analysis show at least two events of deformation (Mann
and Corrigan, 1990; Rockwell, 2010), although thin sections register one event of deformation and
a dextral sense for the fault (Perez-Angel 2015).
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Figure 6. ASFZ Cross Section (Perez-Angel, 2015)

Figure 7. ASFZ Cross Section (Perez-Angel, 2015)

Previous tectonic models consider this fault is dividing two geologic blocks, the Azuero Marginal
Complex and the Azuero Accretionary Complex (del Giudice & Recchi 1969; Buchs et al. 2010;
Mann & Corrigan 1990). The fault has a left-lateral movement, suggested by physiographic
expressions and geophysical surveys, which have also proven that the fault presents Neogene
activity (Rockwell et al. 2010; Jara 2016; Revelo 2015). Nevertheless, thin sections microstructural
analysis record dextral shear-sense indicators in the fault (Perez-Angel 2015)(Perez Angel, 2015).
ASFZ is said to be driven by a regional tectonic escape, which would be a NW motion of Panama
away from a collisional zone, due to Panama and South America convergence (Mann & Kolarsky
1995).
Buchs et al. (2010; 2011), defined the ASFZ as “a 2 km wide tectonic mélange”. The author
proposes that this group of rocks can be classified as a tectonic mélange, based on its genesis on a
subduction margin, and it’s frequently composition of metamorphosed igneous/sedimentary
fragments embedded in a shaley or serpentinitic matrix (Buchs et al. 2009). This mélange is thought
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to be a highly deformed décollement zone in contact with the Azuero Plateau, locally containing
accreted pieces of seamounts, whose deformation is related to subduction mechanisms and ASFZ
activity.
South from ASFZ, Buchs and Baumgartner, et al. (2011) identified a sequence of volcanosedimentary rocks (vesicular pillow basalt, reddish siliceous pelagic limestone, red chert, black
shale and carbonate sediments with basaltic fragments). Field campaign and gravity surveys state
that this sequence of rocks is a significant structure in the Azuero peninsula, not only because it’s
prominent gravity signature, but also, because it appears to be a major tectonic boundary, than
ASFZ (Ayala & Farris 2015), which has been considered to be the boundary among in situ and
accreted lithologies (Buchs, Baumgartner, et al. 2011) in the peninsula.

Figure 8. Gravimetric anomaly interpreted as a southern fault zone. (Ayala,2015)

4.5 Sedimentary Cenozoic Sequences
Sedimentary sequences overlaying the Azuero Marginal Complex and the Azuero Accretionary
Complex, were deposited after a Paleocene to early-Eocene erosional event, recorded in a
stratigraphic hiatus affecting Panama´s southwestern margin (Kolarsky et al. 1995). The first
sedimentary sequence to be unconformably deposited over Cretaceous units is late-Eocene
Covachón Fm. (Buchs, Baumgartner, et al. 2011), which is stratigraphically followed by the
deposition of Tonosi Fm , which Kolarsky et al. (1995) propose to be divided in two units; Upper
and Lower Unit, On the other hand, Krawinkel et al. (1999) propose an extra middle Tonosi Fm.
arguing middle and lower Tonosi Fm, must have been deposited on different tectonic settings.
Finally comes the deposition of Santiago Fm, whose exposures are not included on this project
research area.
The erosional event from Paleocene to early Eocene, represents the end of pelagic sedimentation
and submarine basaltic volcanism, followed by the beginning of terrigenous clastic sedimentation in
the peninsula, representing the initial uplift and erosion of land areas (Kolarsky et al. 1995).

4.5.1 Oldest Units
4.5.1.1 Covachón Fm
The unit is described as a faulted and folded detrital sedimentary sequence presenting volcaniclastic
calcareous lutite, siltstones, and sandstones with basaltic and calcareous grains. Covachón is
assumed to have been unconformably deposited along an already uplifted Azuero Accretionary
Complex, in near-litoral environments on turbiditic and slope deposit environments. Although
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lithologies from Covachón Fm. are described as lower Tonosi units by authors like Krawinkel et al.
(1999) and Kolarsky et al. (1995), and Buchs and Baumgartner, et al. (2011), propose the Covachón
Fm. to represent the first overlapping sedimentary sequences on western Azuero Peninsula. This
basal sequence is given an age of early to middle Eocene.
Del Giudice and Recchi (1969) had previously recognized in the southernmost part of the peninsula,
(Rio Pavo and Rio Varadero), fossiliferous coarse-grained sandstones and tuffs, in some cases with
a bituminous and asfaltic content, possibly analog to this Eocene rocks, which could be what Buchs
describes as Covachón lithologies. Finally, Del Giudice and Recchi (1969) identified Oligocene
lavas, without specifying their location, stating that they could have been deposited above Eocene
sedimentary sequences and below Oligocene tuff sequences.
4.5.1.2 Lower Tonosi
Lower Tonosi lithologies include a 10-20m thick basal conglomerate (composed of basalt,
sandstone, shales, and Ocú Fm. clasts, coarse sandstones and reefal lepydocicline limestones
(Kolarsky et al. 1995). Lower Tonosi is proposed to have been deposited from 40-30 Ma (upper
Eocene to early Oligocene), exhibiting the lateral facies of a shallow water to paralic environment.
Krawinkel et al. (1999) state that Lower Tonosi was deposited in a shallow marine inner fore-arc
basin, whose detrital grains came from uplifted evolved basaltic magma types. The unit represents a
basal shallow water transgressive unit.
Presence of lepydocycline reefal limestones directly overlying the basaltic basement is registered by
Kolarsky et al. (1995) at Punta Blanca. This reefal limestone might have coexisted with the basal
conglomerate registered at the lower unit of the clastic deposition. According to the author, this
Eocene transgressive shallow marine limestones might have extended over southern Azuero and
have been eroded off of basaltic basement during Neogene faulting
Composition of Tonosi Fm support erosion of an evolved island arc, and uplift of accreted
seamounts during middle Eocene and Oligocene (Krawinkel et al. 1999).

15

Figure 9. Tectonostratigraphic chart of the South Azuero Peninsula, representing tectonic deposition of Cenozoic
sedimentary units. Modified from Buchs, 2011a

4.5.2 Youngest Units
4.5.2.1 Upper Tonosi
Upper Tonosi sedimentary unit is represented by deep marine turbiditic sandstone, siltstone, shale,
and calcarenite rocks. Kolarsky et al. (1995) found that the sandstones at Punta Malena are
specifically volcaniclastic lithoarenites, the same as Krawinkel et al. (1999) who state that upper
Tonosi sandstones are lithic volcaniclastic sandstones. The unit must have been deposited between
30-15Ma (Late Oligocene to Early Miocene), according to Kolarsky et al. (1995), by turbiditic
currents controlled by gravity-driven deposition, along a sloping surface (Kolarsky et al. 1995).
Del Guidice and Recchi (1969) have classified the Oligocene sedimentary group (lower upperTonosi Fm) into two main types; the first one being marine deposits made up of sandstones and
limestones, and the second one continental-tuff deposits, interbedded with marine sediments. The
authors agree that the lepydosycline reef limestones might also be contained on the Oligocene
group.
The authors state that by the middle Miocene, continental-facies deposits were the dominant ones.
As a matter of fact, Kolarsky et al. (1995) and Buchs and Baumgartner, et al. (2011), propose the
existence of a second erosional event, leaving an unconformity surface that explains the presence of
younger Oligocene and Miocene rocks, above the basement surface on the Azuero peninsula.
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4.6 Latest Tectonic Reconstruction
Buchs and Baumgartner, et al. (2011) propose a coherent tectonic model that attempts to
incorporate all available data and explain the evolution of the Azuero peninsula southern margin.
The model´s first stage is the formation of the Azuero Plateau (89-85Ma), which becomes the arc´s
basement. Subduction initiation would have taken place at 75-73 Ma, recorded by the emplacement
of the Azuero Proto-Arc Group, whose evolution leads to the development of a more mature arc
volcanism during late Campanian to middle Eocene, leading to the emplacement of the Azuero Arc
Group. Following this, comes the retreat of the volcanic arc front from (50-40 Ma), as a
consequence of subduction erosion or shallowing of the subducting slab (Lissina 2005). In
agreement to this, spatial relationships between the autochthonous and further accreted units means
a significant loss of the outer fore-arc, which supports the assumption that the margin suffered an
event of subduction erosion.
Ramirez et al. (2016) mention the three main hypotheses for the initial uplift, and the erosional
exposure of the plutonic basement, including; 1. The collision and accretion of seamounts (Azuero
Accretionary complex) (Buchs, Arculus, et al. 2011), 2. The collision at 40 Ma between the
Panamanian magmatic arc system and an ‘indentor’ (which coincides with the initiation of leftlateral offset, resulting in the shutdown of the Early Arc system, a steepening of the subducting
Farallon slab and the posterior break-off of this slab (Whattam & Stern 2015) 3. The onset of
collision between Panama and South America (Pindell & Kennan 2005).
Buchs and Baumgartner et al. (2011), propose a “prior to middle Eocene” accretion event of the
Azuero Melange and the Azuero Accretionary Complex. A depositional hiatus between basement
and sedimentary units on the peninsula, along with a period of net erosion of the southern accreted
terrains and the northern units, lead to the deposition of Covachón and Tonosi Fms, until the
Miocene. Termochronology analysis made by Ramirez et al. (2016) on rocks belonging to
Covachón Fm., show that this formation experienced burial followed by cooling and exhumation
during the Miocene (17-9Ma), prior to exhumation of the Tonosí Fm. taking place from Miocene to
Pleistocene. The author states that uplift and erosional exhumation processes of this formations,
were driven by the upper plate response to the final slab breakoff of the Farallon plate beneath
Panama by 20 Ma.
This model gives a general frame of the main tectonostratigraphic events taking place at the Azuero
peninsula. Nonetheless it must be modified according to recent field mapping, generation of
structural cross-sections, geophysical, and microstructural observations. Key cross-cutting
relationships documented in the geologic map can be used to construct a more detailed
interpretation of the sequence of tectonic events.
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5. Methodology
5.1 Presentation of an updated geological map and structural cross sections
Two field seasons were completed in the western Azuero Peninsula under the Uniandes Field Camp
course. The field course ran in June, in the middle of the rainy season. In these two field seasons,
approximately 40 field days were logged with more than 20 students and professionals each day.
The field headquarters were located at Torio, providing the access to the main roads, which
extended from Torio approximately 30 km to the south, and 15 km to the north. Table 1 shows
some statistics regarding the field seasons.
Table 1:
Total covered area
Number of visited creeks
Number of recorded stations
Number of structural Data

Number of rock samples

1,000 km^2 (20km x 50km).
32
507
493= 290 (Dipping Planes data) 130 (Fault
and Shear Planes data) 73 (Cleavage and
Foliation data)
252

Sample nomenclature consisted in a 6-digit number assigned to each participant of the course. Each
6-digit number corresponds to a geologic locality whose geographic/stratigraphic extent are left to
the discretion of each participant. A locality can contain many samples that were labeled with
consecutive subscripts. Once in the laboratory all samples were given an unique database identifier
(STRI database).
Each group of students was in charge of either a specific area to map, or a particular geologic
project to be completed in the available time. Table 2 shows the project, responsible persona and
nomenclature for locality naming in the field.
Table 2:
Year
2014

2015

Project

Person Responsible

Locality
Nomenclature
Alejandro Cortes
991400
Marco Rodriguez
992600
Andres
Rodriguez 990200
Corcho
Elena Stilles
Nicolas Perez
Aura Cuervo
990400
Daniel Gongora
991200
Manuel Ariza
992400
Camilo Arenas
990600
Juliana Ayala
991800
Lina Perez
992000
Alejandro Rodriguez
990000
Carolina Rubiano
990800
Catalina Agudelo
991000
Esteban Gaitan
993400
Maria Paz Urdaneta
994600

Petrology
Petrology
Petrology
Stratigraphy and Sedimentology
Stratigraphy and Sedimentology
Stratigraphy and Sedimentology
Stratigraphy and Sedimentology
Stratigraphy and Sedimentology
Stratigraphy and Sedimentology
Gravity Geophysical Survey
Microstructural Project
Paleomagnetic Sampling Campaign
Minerals and Ore Deposits Project
Minerals and Ore Deposits Project
Paleomagnetic Sampling Campaign
Petrology
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Petrology
Petrology
Petrology
Petrology
Microstructural Project
Rock Mechanics
Stratigraphy and Sedimentology
Stratigraphy and Sedimentology
Stratigraphy and Sedimentology
Stratigraphy and Sedimentology
Stratigraphy and Sedimentology
Structural Analysis
Structural Analysis
Near-surface Geophysical Survey
Near-surface Geophysical Survey
Carthography and Structural Analysis

Margarita Ariza
Natalia Pineda
Melanie Patiño
Nicolas Zuluaga
Juan Camilo Meza
Lina Pua
Enrique Suarez
Paula Leal
Sebastian Garzon
Rocio Jaimes
Alejandro Fernandez
Jose Avellaneda
Sergio Diaz
Andrea Jara
Billy Revelo
Carolina Ortiz

993000
994200
994100
994700
993900
994300
994500
993800
993500
993600
993300
993100
993200
993700
994400
994000

Geologic contacts were mapped in the field in paper maps of Instituto Tommy Guardia. 26
quadrants were covered at a scale of 1:25,000. Navigation and mapping were performed with
compass and maps only, while handheld GPS were used to locate samples and structural data.
Structural data was taken as dip/dip direction. Mapping took place nearly exclusively along creek
beds, and wave-cut platforms during low-tide. Contacts were interpolated in between creeks based on
geomorphology in the field.

5.2 Data Compilation Process
Digitalization of the contacts from 2014 and 2015 field geological maps was performed using
ArcGis 10.3 software and Google Earth Pro, the latter used as a tool to double-check geomorphic
features and to attempt interpolation between field data points. Correction and geological
harmonization of the map was possible due to the construction of a database, with nearly 800 GPS
localities, with at least nearly 500 of them, containing geological information. Data collection and
organization was performed, by reading all of the participants´ field notebooks, and checking if all
the described localities were registered on the GPS data base. Nearly 200 non-registered localities
were added to the data base, with their descriptions. After this, four ‘.shp’ files were generated in
order to work with them in ArcGis; Three of them containing structural data (Dip, faults, and
cleavages), and the fourth containing just the localities´ lithologic description.
Structural cross sections were generated on seven zones, based on the final generated cartography.
Topography was exported from ArcGis tool “3D Analyst”, to Adobe Illustrator. Structural data was
carefully corrected and projected over generated topography with a linear nomogram method
(Marshak and Mittra 1988). Final digitalization of these cross-sections was made using Adobe
Illustrator software, where geologic profiles were generated with VE of 1.
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6. Results
6.1 Geologic mapping and cross-cutting Relationships of the south western Azuero
peninsula

Figure 10. Detailed Geologic Map with structural data
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6.1.1 North
Two cross-sections were constructed to illustrate the northern structural style. The first section was
based on observations made in excellent outcrops along the Mariato and Angulo rivers, the Rio
Negro, and El Tiestal creeks. A southern second section compiles a series of expeditions to Naranjo
and Palo Seco rivers, Cerro Juncal, Bejuco de Sangre, Limones and Pontones creeks. The main
access point is the road that connects the landing track at Limones, with Dos Bocas, near Loma
Iguana.

Figure 11. Detailed mapping on northwestern Azuero Peninsula. For location look at Figure 10 square #1

The first cross-section and geologic map (Figure 11, and Figure 12) show a non-conformity that
separates crystalline basement rocks with mafic affinity, from a mostly clastic sequence. This nonconformity can be easily followed by the topographic contrast that produces very coarse and
massive conglomerate beds resting on top of basaltic and andesitic sequences. Andesites appear on
top of the basalts, dipping west. At least four mapped thick mafic dykes (3 to 4 m) stick out and
can be followed in the landscape cutting the mafic and andesitic sequences. The dykes do not crosscut the clastic sequence mentioned above. A prominent and extensive geomorphological structure
crops at the northeast of the map, described as an intrusive granodiorite body.
Near Angulo River, at the northernmost edge of the mapping area, the base of the clastic sequence,
this time constituted by lepydocycine limestones was observed faulted on top of silty and muddy
segments of the same sequence. This fault brings a sliver of basaltic basement that pinches out
toward the south. This fault dips to the west and verges to the east with a low angle. Repetition of
the sedimentary basal sequence reveals that the easternmost basal sequence is a thick, massive
conglomerate, which seems to grade westward to a basal carbonate sequence characterized by
presence of lepydocycline fossils, overlaid by thin grained sedimentary sequences.
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1st Cross Section

Figure 12. Structural Cross Section A-A’ 1:20,000. Angulo Creek, Cerro Juncal, and Loma Iguana.
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Fragile deformation and two types of hydrothermal alteration affect both basalts and andesites;
epidote-rich, and silicified-chloritized types. On the contrary, mafic dykes appear to have less
deformation and alteration than the intruded rocks.

Figure 13 Mafic dyke at Loma Iguana. Photo: Camilo Montes.

The second cross section (Figure 14) shows the same non-conformity contact, this time in between
Ocú Fm. and conglomerate beds dipping to the NW. Massive basalts are exposed at high
topographies at Cerro Juncal and Cerro Jacinto, on the contrary, two andesitic rock bodies outcrop
at lower topographies, and pinch out at the lowermost part of Cerro Juncal. Ocú Fm. appears
overlying andesites and basalts. Dykes appear intruding basalts, andesites and Ocú Fm, and do not
intrude sedimentary sequences. An east-vergent fault has been recognized in the westernmost fine
grained sedimentary sequences, linked to the already described northern fault.
Ocú Fm. is dipping in a NW direction and presenting localized folding at Palo Seco and Naranjo
rivers. Latest field sampling shows that the the base of the Formation may be a, tuffaceous and
cherty group of rocks, intercalated almost 50%50% with tabular basalt flows, (exposed at Naranjo
River). Instead, the top of the Formation is made up of foraminifera bearing limestone. Ocú Fm.
seems to have an apparent thickness of 800-1000m, derived from this cross-section.
A non-faulted sedimentary sequence is exposed in Bejuco de Sangre Creek, and was projected in
the air over the cross section. The sequence is exhibiting a continuous bed of fine grained rocks, on
top of a lenticular exposure of lepydocycline limestone, on top of beds of conglomerate that pinches
out, and appears again in the south. All of the sedimentary sequence dips to the W and NW.
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2nd Cross Section

Figure 14. Structural Cross Section B-B’.1:20,000. Naranjo, Palo Seco and Bejuco de Sangre Creeks.
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Figure 15 Non-conformity. Contact between Ocú and Basal Conglomerate at Bejuco de Sangre Creek. Photo: Aldo
Rincón

6.1.2 ASFZ
One cross-section was constructed to illustrate ASFZ structural style. The section describes
outcrops from the beach at north of Torio and Malena beach (northeast from Torio), and was made
by compiling structural data from two field campaigns at this sites, taking place on 2014 and 2015.
The access to Malena beach is about 50 minutes walking from Torio, although there also exists
access through the main road that goes north from Torio.

Figure 16. Geologic Map. Western ASFZ. For location look at Figure 10 square #2
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3rd Cross-Section

Figure 17. Structural Cross Section C-C’ 1:20,000, along Malena Beach, and beach north from Torio.
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The map and the cross-section (Figure 16 and Figure 17) show a densely faulted sequence of mafic
and sedimentary rocks, outcropping along the northern part of the Azuero peninsula. Coherent
bodies of fault-bounded rocks, and also fault-rocks were projected in to the section downplunge. A
northwestern plunging direction was estimated as deeper crustal levels, such as phyllonites, are
exposed towards the southeast within the fault zone. The phyllonites´ foliation planes have a NWSE strike.
No preferential faulting directions are presented in the outcrops over the beach, and sinestral and
dextral markers are found. Nevertheless, the map shows how faulted contacts follow ASFZ strike.
The group of fault rocks cropping at the beach, is in faulted contact with nearby rock sequences;
clastic sediments at the north and undifferentiated basalts at the south. These sequences present
deformation too; mylonitization on basalts, and faulting on the clastic sequence.
North of Malena beach, lithologies include faulted and folded limestone in faulted contact with
basalt, conglomerate lenses and fault breccia. Breccia appears in faulted contact with limestone and
conglomerate, and contains gabbroic lenses too. On the other hand at the beach north from Torio, a
prominent basaltic body appears faulted within clastic sedimentary units containing conglomerate,
sandstone and chert, the last one showing sinestral displacements marcators. Another breccia,
described as a carbonated cataclastic rock from the Ocu Fm., appears in between a faulted contact
among conglomerate and basalt.
Field description and clasification of cataclasites, breccias and phyllonites, was made according to
their textures. Myllonites were recognized as the ductile part of the fault zone, whose foliation
planes are striking in a NW-SE direction. On the other hand, cataclasites and breccia were
recognized as the brittle part of the fault zone, and were classified by distinguishing the sizes of
their clasts, being the breccia the one containing large clast sizes and the cataclasite smaller clast
sizes.
A second structural cross-section was constructed east of Torio across Salitre creek. Access is
possible by walking 3km from the town.
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4th Cross Section

Figure 18. Structural Cross Section D-D’. Salitre Creek. Authors: Camilo Montes Carolina Ortiz
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The cross section (Figure 18) and the map show a highly folded Ocú Fm. limestone unit, which
extends from Salitre creek at the south, to Palmilla, Malena and Malenita creeks at the north. This
cross-section shows two south-vergent fault slices that repeat and fold tabular strata of the more
limestone-rich part of the Ocú Fm. The structural style is one of a postive flower structure, where
the innermost fault slice contains the more folded strata. The northernmost Ocú Fm. strata is more
silicic and is in faulted contact over Cenozoic conglomerates and conglomeratic lithic arenites. This
fault has a northern vergence. Mafic dykes cross-cut this folded and faulted sequence and clearly
postdate most of the deformation.
At the southeast, this body of Ocú Fm. limestones is in faulted contact with a phyllonite body, and
at the south west with undifferentiated basalt having mylonite rocks. Gabbroic lenses were observed
at the northern outcrops of the unit, and at the south in Salitre creek, a dyke was registered
crosscutting Ocu. Fm limestones.
An augen-shaped phyllonite rock body outcrops east from Salitre creek, at Rio Torio. The unit is in
faulted contact with massive basalts, except at the north-west where it is in a faulted contact with
the Ocú Fm. folded limestones sequence previously described. The lithology is highly sheared
basalt. Some of the outcrops appear to be hydrothermally alterated, or containing talc. Augen
deformation was observed, along with dykes crosscutting the unit.
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6.1.3 South- Centre

Figure 19. Geologic Map. South-Central Azuero Peninsula. For location look at Figure 10 square #3

One cross-section was constructed to illustrate the structural style south from ASFZ, based on
observations in outcrops all along La Honda creek, which leads to Cerro La Honda, a high
topographic feature shown in the map. Access to the lowermost part of the creek at Boca de la
Honda, is possible driving through the main road that connects Torio with the southern localities
that are part of the National Park La Hoya. A compass and tape section was measured in the 2015 field
campaign, by the petrology and structural team, collecting structural data and plenty of samples for
further laboratory and geochemistry analysis. The section can be correlated to Guayabo and Caña
Brava creeks, shown in an easternmost side of the map.
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5th Cross-Srection

Figure 20. Structural Cross Section E-E’ Honda Creek. For location look at Figure 10 square #3. Authors: Sergio Diaz
Carolina Ortiz
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A dismembered body of mafic and deep marine sedimentary rocks, outcrops all along La Honda
creek (Figure 20). The sequence has a south-vergent thrust-faulting structural arrangement. Folded
rocks from Ocú Fm. behave as a detachment horizon, to over-thrust gabbro and basalts, over a
sequence of mafic lavas and scarce pelagic sedimentary rocks.
Lithologies in the southern half of the section include: olivine-picritic tabular lava flows (2-3 m thick),
vesicular and pillowed basalt (also in nearly tabular 2-3 m flows), chert, mudstone, and volcanic
breccia. Pillowed basalt has been observed folded in outcrop-scale, open syncline folds. The
southernmost part of this mafic sequence is being crosscutted by diabase dykes. Nevertheless, dykes
crosscutting Guayabo and Caña Brava creeks at the east, are basaltic dykes. North of the creek, at
higher topography outcrops, folded rocks from Ocú Fm. are exposed, containing the typical
hemipelagic, bioturbated limestone, chert and tuff. As mentioned above, this unit is in faulted contact
at the south with the sequence of mafic rocks, and at the north with gabbro, which appears as a
prominent geomorphological feature at the top of the creek.
Faulting evidences in the sequence are found on highly serpentinized rocks, and fault breccia
outcrops, on the southernmost mafic sequence. A unit of red chert faulted with highly sheared basalt
was also observed and mapped, at the west, on top of massive basalt.

Figure 21. Pillowed Basalt. Quebrada La Honda. Photo: Camilo Montes
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6.1.4 South

Figure 22. Geologic Map. Southern Azuero Peninsula. For location look at Figure 10 square #4

A cross-section and a map were constructed to illustrate the structural style of the southernmost
outcrops of the western Azuero peninsula. The access is made by car, taking the road heading to La
Hoya National Park, crossing the middle range, where the northernmost part of the section is
constructed. In the middle range outcrops were not as good as in other localities, because most of
the range is covered by crops, and virtually no creek cuts down to fresh rock. Nevertheless some good
exposures were observed at Los Cativos creek, and at Loma de los Monos. On the contrary the
southernmost outcrops at La Hoya National Park, were very well exposed, at Playita and Varadero
rivers, as well as outcrops at the west at Pachotal, and La Plaza beaches.
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6th Cross-Section

Figure 23. Structural Cross Section F-F’. Serranía Intermedia and Playita Creek. Amigdular Basalt (brown), Covachón
(orange)

The cross-section and the map (Figure 22 and Figure 23), show volcano-sedimentary and clastic
sequences from Covachón Fm, laying on angular unconformity on top of a nearly homogenous unit of
mafic rocks. This last unit is composed of: pillowed basalt flows 2-3 m thick, and vesicular and nonvesicular basalt. This unit outcrops in the middle range at Loma de los Monos, and in the south, at
high topographic levels in La Hoya National Park. The unit is cross-cutted by mafic dykes, and is
overthrusting, in a north-western direction, Covachón Fm.
On the other hand, the base of the Covachón Fm. is composed of lithoarenites and conglomeratic
fossiliferous sandstones, whether the top of the sequence, is made up of calcareous and volcanosedimentary rocks, including; basalt, volcanic breccia, agglomerate beds, conglomerate, and
limestone.

Figure 24 Fossiliferous limestone from Covachón, in La Playita River. Photo: Felipe Lamus
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Figure 25. Volcanic Breccia, from Covachón Fm, at La Plaza beach. Photo: Camilo Montes

7. Analysis and Discussion
7.1 Tectonostratigraphic Units
Four main tectonostratigraphic units were defined on the basis of geologic mapping, cross-section
construction and field observations. Description of the units would take place, linking the results to
the literature and field analysis. Finally, a tectonic sequence of events will be presented, in order to
provide a chronological order on the events that happened in the peninsula and that relate each
tectonostratigraphic unit with the other.

7.1.1 1st Tectonostratigraphic unit; Northernmost Unit
The first tectonostratigraphic unit comprises basement crystalline rocks exposed at the northern part
of the peninsula, overlain by the distinctive Ocú Fm, which serves as a lithologic marker, in order to
separate this unit from other tectonic domains. The Ocú Fm. may correspond to the B" seismic
horizon laying on top of the Caribbean crust, defined by Bowland and Rosencratz (Bowland &
Rosencratz 1988). The northern tectonostratigraphic unit has the greatest affinity with the
Caribbean plate, having: massive basalt, andesite, granodiorite, gabbro and Ocú Fm limestone.
Cross-sections number 1, 2, 3, and 4 (Figures 12, 14, 17, 18), represent the cross-cutting
relationships on this unit. Cross section #5 (Figure 20) shows the southern margin of this
tectonostratigraphic unit, which is folded and faulted over a para-autochthonous oceanic sequence,
belonging to the second tectonostratigraphic unit.
ASFZ
Geologic mapping, structural description and sampling on this fault zone agree with Perez-Angel
(2015), who had described the fault as a shear zone, striking N64W, having brittle (incohesive-tocohesive), and ductile rock domains. Our geologic mapping and cross-sections (Figures 17 and 18)
show that the ASFZ contains mappable fault blocks. Within this zone there are coherent map-scale
bodies of folded/faulted limestones (Ocú Fm.), massive basalts, phyllonites, pillow basalts, and
gabbros. These map-scale blocks, which are coherent and although deformed, maintain structural
and stratigraphic integrity in a way that cannot be interpreted as a melange zone. A classic melange
zone is characterized by being a group of deformed rocks, which lacks internal continuity of
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contacts, and where blocks are exotic and native, can have any size, and are embedded in a matrix
of finer grained material (Raymond 1984).

7.1.2 2nd Tectonostratigraphic Unit; Central Unit
This unit groups a recognizable sequence of pelagic sedimentary rocks, and locally serpentinized
mafic volcanic rocks: massive basalts flows, pillow basalts, olivine-rich basalts. This body of rocks,
which do not contain rocks from the Ocú Fm, can be named an ophiolite, as being an accreted slice
of oceanic crust. This second tectonostratigraphic unit may represent a para-autochthonous oceanfloor sequence, originally emplaced next to the Caribbean plateau, and later emplaced as an
ophiolite. This unit has a distinctive gravity signature that represents the more significant change in
the gravity profile of the peninsula (Ayala & Farris 2015). This analysis shall modify the
significance and extension of what Buchs et al. (2010, 2011) defined as the Azuero Accretionary
Complex, and the extension of the Azuero Plateau, and the Ocú Fm.

7.1.3 3rd Tectonostratigraphic Unit; Southern Unit
The third and southernmost tectonostratigraphic unit, represents two accreted seamounts, south of
the central unit, composed by a sequence of nearly homogenous vesicular and non-vesicular basalt,
described in cross-section #6 (Figure 20). This unit was previously described by Buchs et al. (2011)
as the Azuero Accretionary Complex, stating it as a complex of accreted intra-plate volcanoes. The
previous description of these volcanoes’ structure, state that they are mainly composed of gabbro
and lavas, said to be locally interlayered with hemipelagic sediments, basaltic breccias, shallowwater limestones, and subaerial basaltic lava (Buchs, Arculus, et al. 2011). However, this
description does not match field observations. Our geologic mapping shows that this unit contains
no gabbros, hemipelagic sediments, nor shallow-water limestones. Instead, this unit is composed
almost exclusively by basaltic lavas, amigdular lavas and basaltic breccias. Thrust faulting of
basaltic basement over sedimentary units, belonging to the fourth tectonostratigraphic unit, is the
main structural feature of this unit.

7.1.4 4th Tectonostratigraphic Unit; Cenozoic Depositional Unit
The fourth tectonostratigraphic unit has been described in cross-sections #1, #2 and #6 (Figures 12,
14, 23 ), and represents the sedimentary sequences that were unconformably deposited on top of a
regional erosion surface through all the peninsula. This unit is composed of heterogeneous and
discontinuous strata belonging to Covachón, Tonosi Formations and an unnamed Miocene strata.
According to Buchs and Baumgartner, et al. (2011), Covachón represents the first sedimentary unit
to be deposited after a depositional hiatus, over the Azuero Accretionary Complex, or that we have
delimited as the third tectonostratigraphic unit (Figure 20). Geologic mapping shows that indeed
Covachón Fm. does not outcrop in the northern and central tectonostratigraphic units (Figure 12,
14). On the other hand, Tonosi Fm. has been said to be outcropping all along the peninsula (Buchs,
Baumgartner, et al. 2011), nevertheless our mapping shows that the unit is not exposed south from
ASFZ. Only the Miocene unnamed strata is exposed a few kilometers south from ASFZ, making
Covachón Fm. the only sedimentary unit exposed in the southernmost locations. An east vergent
fault has been mapped and represented on the cross sections #1 and #2, over-thrusting basal over
younger Tonosi rocks.

7.1.5 Dykes
As shown in the map, mafic dykes are well distributed all along the northern, central and southern
tectonostratigraphic units, following the same strike. These dykes only intrude the basement of
these units, and do not intrude the sedimentary sequences from the fourth tectonostratigraphic unit.
Consequently, their occurrence serves as a chronostratigraphic and strain marker through all the
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peninsula. Additionally, their lack of mineralization and high deformation provides too an insight
on when did these processes happened in the northern tectonostratigraphic unit.

Figure 25. Tectonostratigraphic Charts. Comparision between Buchs (2010; 2011; 2011(1)) Tectonostratigraphic units
(left) and this project`s tectonostratigraphic units (right).
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7.2 Tectonic and Structural Reconstruction
A new tectonic and structural arrangement presents updated important crosscutting relationships
among lithologies all along the peninsula, establishing new limits to previously delimited
geometries for rock units, and a detailed chronostratigraphic order derived from these cross-cutting
relationships.

7.2.1 Tectonic sequence of events
Figure # 25 compares the tectonostratigraphic chart made by Buchs’ et al. (2010; 2011; 2011(1))
tectonic reconstruction to the left, and a more detailed tectonostratigraphic chart derived from the
tectonic analysis and observations made in this project, to the right. The three columns to the right
represent northern, central and southern tectonostratigraphic units from left to right, and a fourth
column, names the most important tectonic events happening on the peninsula.
The sequence of tectonic events starts with the emplacement of the basement of the northern and
oldest tectonostratigraphic unit. The age of emplacement of the Azuero Plateau (or southern margin
of the CLIP-Caribbean plate), has been dated since Lower-Cretaceous (Corral et al. 2011) to Upper
Cretaceous (Buchs et al. 2010). Nevertheless, as the Plateau has also been considered a southern
extent of the CLIP, older ages might be considered.
The beginning of the convergent margin between Farallon Plate and the Azuero Plateau, followed
by subduction initiation of Farallon beneath the Plateau at 73-75 Ma (Buchs et al. 2010), is
associated to the emplacement of andesites, belonging to the Azuero Proto Arc. (Buchs et al. 2010;
Corral et al. 2011; Agudelo-Motta 2016). This Proto-Arc sequences represent the first magmatic
stage of the Arc, and would have been deposited over the Azuero Plateau, under submarine
volcanism (Agudelo-Motta 2016).
Although deposition of Ocú Fm, is said to have occurred during the emplacement of the Proto-Arc,
being intercalated with it (Buchs et al. 2010), field analysis and geologic mapping show that rocks
from Ocú Fm, record distinct depositional stages in a deep marine environment. Volcanic products
from the base of Ocú Fm. may be the interbedded sequence with the Proto-Arc magmatism. Instead,
the nearly pure limestone sequences, could be the youngest sequence of the Formation. On another
hand, the western sequence of red chert on top of massive basalt, shows the deepest marine
deposition on top of the peripheral localities of the Plateau at this moment, and below the carbon
compensation depth. The sequence could have been synchronously deposited with Ocu.
The development of a more mature arc in the Azuero peninsula from 71-40 Ma (Buchs et al. 2010)
and the emplacement of granodioritic, and gabbroic rocks (Cross sections #1, and #5), ended the
Proto Arc volcanic submarine deposition, and began a subaerial deposition of volcanic products
from the Azuero Arc (Agudelo-Motta 2016). Mineralization on basalts and andesites, must have
been caused due to the circulation of magmatic fluids during the development of the Arc, and
maybe since the Proto Arc (Agudelo-Motta 2016).
Overlapping Plateau, and Arc geochemical signatures and ages, have been previously analyzed as
being an indicator of a continuous magmatism happening on this margin, causing a transition on
plume to arc magmatism (Whattam & Stern 2015; Corral et al. 2011; Agudelo-Motta 2016).
Crystalline rocks belonging to the northern tectono-stratigraphic unit, (massive basalt, granodiorite,
gabbro, and andesites on cross-sections # 1, 2, and 5) would be product of this continuous
magmatism. Nevertheless the deposition of Ocú Fm’s nearly pure limestones, on top of pre-Arc
sequences, demonstrate that the magmatism on the margin, might not have been at all continuous.
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Figure 26. Non-scaled Tectonic Reconstruction of southern Azuero peninsula

The emplacement of the second tectonostratigraphic unit, as a para-authoctonous unit, in between
the subduction complex between Farallón Plate and the Azuero Plateau, occurred during the
development of the convergent margin. The accretion of this oceanic sequence, or ophiolite, to the
northern tectonostratigraphic unit, must have begun sometime during the development of the
Azuero Arc, or in the latest stage of the Proto Arc, due to changes on the subduction complex. This
accretion caused deformation in the northern unit, and especially in the described southwestern
margin of this unit (Figure 20). Circulation of magmatic fluids causing mineralization and
alteration processes, was enabled due to this deformation stage that affected northern sequences.
The oblique accretion of the third and southernmost tectonostratigraphic unit, to the margin where
the northern and central units were placed, triggered transtensional deformation, which would later
develop into the ASFZ, and the opening of tension gashes that filled with mafic dykes. Thrustfaulting of the northern unit, over the central unit, could have been also triggered by this event.
The observed time hiatus in deposition all along the peninsula, followed by an erosional period of
the margin, deposits Covachón Fm by the early to middle Eocene (Buchs, Baumgartner, et al.
2011), beginning a non-conformable deposition of the fourth tectonostratigraphic unit, on top of the
southern tectonostratigraphic unit. Southern volcano-sedimentary sequences, might be the
lowermost unit of the Covachón Fm, representing an ongoing volcanism in this post collision
margin, whereas the clastic component might represent its uppermost deposition.
Deposition of Tonosi Fm. takes place from the late Eocene to early Oligocene (Kolarsky et al.
1995). The unit is deposited in a non-conformity over the Northern tectonostratigraphic unit,
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representing a marine transgression on the margin. Northernmost sequences at Bejuco de Sangre
(Garzón Alvarado 2016) and Angulo creek (Figure 14 ), might represent the Lower Tonosi Fm.
Meanwhile a dated tuff at Palo Seco beach, yields an age of 25 ma, which according to the literature
belongs to Upper Tonosi (Gongora 2016). Finally, analysis of fossils and nanofossils over a
southernmost exposure of unnamed strata (not resembling Tonosi Fm.) at Torio beach, yields a
Miocene age for these rocks (Perez-Consuegra et al., in prep 2016).
An Oligocene event of exhumation and erosion occurring from 17-9 ma, registered on
termochronological data (Ramírez et al. 2016), relates to the idea of a second erosional event on
Azuero, stated by Kolarsky et al. (1995). These ages matches with the deposition of Upper Tonosi.
Most recent deformation happening at the peninsula is related to the ASFZ activity. The fault
offsets Cretaceous to Neogene lithologies. The last has been confirmed by recent near-surface
geophysical surveys in unconsolidated deposits, which suggest the existence of Quaternary faulting
(Jara 2016; Revelo 2015). Geologic mapping shows approximately 17km of displacement of mafic
dykes all along the peninsula, which must be linked to the left-lateral displacement component of
ASFZ.
Ramirez et al. (2016) states that uplift and erosional exhumation processes of Covachón Fm. was
driven by the upper plate response to the final slab breakoff of the Farallon plate beneath Panama
by 20 Ma. Whattam and Stern (2015) state that the shutdown of what they call the Early Arc
System, could have happened because the steepening of the Farallon slab, producing a further
break-off of the slab at 20 ma.
Finally, paleomagnetic data analysis (Rodríguez Parra 2015) suggest a 90 degrees rotation of the
entire block of the Azuero peninsula, which suggests a different spatial arrangement between the
old convergent margin among Farallon and the Azuero Plateau, and the ubication of the Azuero
peninsula, nowadays.

8. Conclusions
Detailed geologic mapping, harmonization of structural, stratigraphic and petrographic data, and
construction of structural cross-sections, allow the delimitation of four tectonostratigraphic units in
the southern Azuero peninsula. Each of these units, reflect distinct internal cross-cutting
relationships, and are related to each other by two accretion events that took place at the CretacicEocene ongoing subduction margin, between Farallon plate and the Azuero Plateau.
The appearance of Ocú Fm. on top of basement crystalline rocks, is used as a lithologic marker for
delimiting the northern tectonostratigraphic unit. This northern unit represents the south western
extent of the Caribbean Plate, and holds a record of a transition from plume to arc magmatism,
which might have not been continuous. Deposition of red chert over massive basalts belonging to
the Plateau, must have occurred in the most peripheral parts of the Plateau.
The central tectonostratigraphic unit represents a para-autochthonous accreted oceanic sequence,
over-thrusted in a southern direction, by the Azuero Plateau. The southern edge of this unit represents
a major tectonic boundary, and is supported by the existence of gravimetric anomalies on its
location (Ayala & Farris 2015). The unit is interpreted as a faulted coherent oceanic-floor sequence,
and not as a tectonic mélange.
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Emplacement of the central tectonostratigraphic sequence, or ophiolite, occurred on top of the
subduction complex, due to changes on subduction mechanisms, which allowed creation of oceanic
crust, and further accretion. The exposures of oceanic lithologies might be carefully analyzed, as
recent petrologic sampling and microscopic analysis finds evidence that this might be a subductiontype ophiolite (Urdaneta 2016). Emplacement of ophiolites mechanisms and geochemical analysis
shall provide an insight on this sequence provenance.
The southern tectonostratigraphic unit contains the geochemical signature of two seamounts (Buchs
et al. 2010), accreted to the northern and central units. The limits for these seamounts have been
redefined, being a nearly homogeneous basement, overlaid by Covachón Fm, and where no
exposures of Tonosi Fm. were found,
The northern, central and southern tectonostratigraphic units, are basement units, over which
Eocene to Miocene sedimentary strata is unconformably deposited. Covachón Fm. only overlays the
southern unit, meanwhile Tonosi Fm. lays on top of the northern unit. An unnamed Miocene strata
at Torio beach lacks of cross-cutting analysis for the moment.
Mafic dykes along the peninsula, striking in the same direction, serve as a chronostratigraphic and
strain marker, due to their lack of mineralization and deformation, which is present on the rocks
they are intruding. This alteration is related to circulation of magmatic fluids during the
development of the arc caused by a first deformation event, consequence of the accretion of the
central unit, to the northern unit. Intrusion of the dykes is related to the space generated by a
posterior oblique accretion of the southern unit towards the already accreted northern and central
units.
The second deformation event is dated by the accretion of seamounts, which represents the
beginning of a left-lateral offset that will later develop into the regional ASFZ, deforming
Cretaceous to Neogene strata.
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