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Abstract A review of the bedrock geology of the Isthmus of Panama highlights tecton-
ic deformation—tilting, bending, and breaking—, as the major controlling factor in the
sites and modes of Cenozoic sedimentation. Deformation in Paleocene - early Eocene
times folded and faulted a basement complex composed of plateau basalts, pelagic and
hemipelagic sequences, and an overprinted magmatic arc. This deformation episode
brought parts of the isthmus from lower bathyal depths to subaerial exposure, bringing
about basement cooling and eroding the plutonic bodies that make up the roots of a
Campanian to Eocene arc. A clastic-carbonate, less deformed, upper Eocene and younger
sedimentary sequence onlaps nonconformably the basement complex. Southward tilting
of the isthmus controlled the accumulation of the clastic wedge, recording first shallow
marine depositional environments, followed by deepening, and then by shoaling. This
sequence resulted from basin tilting that simultaneously raised the San Blas Range,
eroding it, while deepening the axis of the Chucunaque Basin. Bending and breaking of
the isthmus took place as it was being detached from the trailing edge of the Caribbean
Plate, and marked the start of left-lateral offset of the isthmus in late Eocene times.
Keywords: Panama, isthmus, deformation.

Resumen Una revision de la geologia del basamento del Istmo de Panama muestra que
la deformacion tectonica —el basculamiento, la flexion y la ruptura— es el factor princi-
pal que controla los sitios y modos de sedimentacion cenozoica. La deformacion duran-
te el Paleoceno-Eoceno temprano plego y fallo el complejo de basamento compuesto
por basaltos de plateau, secuencias pelagicas y hemipelagicas, y un arco magmatico
sobreimpuesto. Este episodio de deformacion trajo partes del istmo desde las profun-
didades batiales inferiores a exposicion subaérea, provocando el enfriamiento de rocas
del basamento y la erosion de los cuerpos plutonicos que forman las raices del arco
Campaniano-Eoceno. Una secuencia sedimentaria clastica—calcarea, menos deformada,
del Eoceno superior y mas joven cubre discordantemente el complejo de basamento.
El basculamiento del istmo hacia el sur control6 la acumulacion de la cuna clastica,
registrando primero ambientes deposicionales marinos poco profundos, seguidos por
profundizacion y luego somerizacion. Esta secuencia resulto del basculamiento de la
cuenca que levanto simultaneamente la cordillera de San Blas, erosionandola, mientras
se profundizaba el eje de la Cuenca de Chucunaque. La flexion y la ruptura del istmo
ocurrieron cuando este se despeg6 de la parte trasera de la Placa del Caribe, marcando
el inicio del desplazamiento sinestral del istmo a finales del Eoceno.
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1. Introduction

The Isthmus of Panama is part of an intraoceanic volcanic arc
that is actively colliding with northwestern South America
(Kellogg & Vega, 1995), the last of several collisions (Cardo-
na et al., 2011, 2012) recorded along this accretional margin
(Cediel et al., 2003; Kennan & Pindell, 2009). Because the isth-
mian segment of the arc has enjoyed a longer history of geo-
logical exploration, better access, and logistical conditions than
the segment already attached to South America, a review of its
bedrock geology is justified in a volume about the Geology of
Colombia. Better knowledge of our neighbor’s geology may
shed light on some of the many shared geological processes that
are recorded in the westernmost Andes and the Choco Block.
The geology of the isthmus—across national boundaries —is
key to understanding the patterns of tropical biodiversity and
faunal exchanges, the start of northern hemisphere glaciations,
and the birth of the modern Caribbean Sea.

In very general terms, the Isthmus of Panama is an oce-
anic plateau onto which a young volcanic arc was built, and
then subsequently broken, bent, and tilted. Deformation on the
isthmus controlled the location and sedimentation mode of dep-
ocenters, where clastics and carbonates accumulated after mid-
dle/late Eocene times. Arc volcanism in the isthmus started in
Late Cretaceous times (Buchs et al., 2010; Wegner et al., 2011),
onto a thickened oceanic plateau (Kerr et al., 2003) that had
been interacting during most of the Cenozoic with subducting
plate asperities born in the Galapagos hotspot (Hoernle et al.,
2004), including ridges and large intraoceanic volcanoes (Buchs
et al.,2011a). The evolution of this originally near-linear (Ro-
driguez—Parra et al., 2017) intraoceanic arc was interrupted in
late Eocene times by whole arc deformation, fracturing, orocli-
nal bending (Montes et al., 2012a; Recchi & Metti, 1975), af-
fecting magmatism and causing widespread subaerial exposure.
Later, in Oligocene times, land connections to North America
(Bloch et al., 2016; Kirby & MacFadden, 2005; Rincén et al.,
2015), and in middle Miocene times to South America, com-
pleted the land bridge between the Americas (Ledn et al., 2018;
Montes et al., 2015). It is the Neogene history of the Isthmus of
Panama that remains the most controversial (Coates & Stallard,
2013; Jaramillo et al., 2017; Leigh et al., 2013; Molnar, 2017;
O’Deacet al.,2016), in particular, the time of sill rise from lower
bathyal to become a continuous land path between southern-
most Central America and South America.

In this contribution we provide a general review of the bed-
rock geology of the Isthmus of Panama based on published lit-
erature and several years of field expeditions in the Canal Basin,
eastern Panama, and the Azuero Peninsula. Since comprehen-
sive reviews already exist examining the marine biota (Lessios,
2008), paleoceanographic (Molnar, 2008), biogeographic (Jara-
millo, 2018; Leigh et al., 2013), and molecular data (Bacon et
al., 2015) on isthmus closure, it is perhaps a good opportunity
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to provide a review of the bedrock geology and deformation of
the isthmus, a subject often overlooked in the controversy over
time of closure. The emphasis of this review is to show that
deformation (bending, tilting, breaking) is a major ingredient
in the geological evolution of the isthmus, we therefore focus
our discussion around this point. We first discuss the geometry,
composition, and evolution of the basement complex, we then
discuss the cover sequences, while highlighting observations
on isthmian deformation. We finish this review by evaluating
possible avenues of future research on isthmian geology, which
despite a long history of geological investigations, and much
improved logistical access conditions, still features large tracts
of virtually unexplored land.

2. Isthmus Geology

Geologic research in the isthmus had an early start in the late
XIX century resulting from multiple commissions evaluating
some eight possible interoceanic canal routes, most of them in
today’s Panama and Darien (e.g., Reclus & De Vaisseau, 1880;
Verbrugghe, 1879). While these early exploration efforts were
concerned with the engineering details and financial prospects
of canal construction, they also gathered basic topographic and
geologic information about the proposed interoceanic canal
routes. Choosing the best route for the interoceanic canal was
however, an exercise of political maneuvering, little concerned
with geologic/geotechnical considerations. The French Com-
pagnie Universelle, charged with the digging of the canal under
the direction of Ferdinand DE LESSEPS, obtained a concession
from the Colombian government in 1879, and started excava-
tions with only vague geological insights in 1881 (Douville,
1898; Hill et al., 1898). Digging progressed for more than 20
years at great human and financial cost, completing a large per-
centage of the excavation needed (see photographic material in
Hill et al., 1898) before bankruptcies, Panama independence in
1903, and an operational take over by the United States in 1904
(de Banville, 2004).

It was not until 1910, with the bulk of the excavation near-
ly finished and reservoir flooding on the way, that the oppor-
tunities afforded by the unprecedented man-made digs were
first realized (see Vaughan, 1946). Paleontological and bio-
stratigraphic studies of the Canal Basin quickly followed (e.g.,
Berry, 1914; MacDonald, 1919) from a fruitful cooperation
between the Canal Commission, the U.S. Geological Survey,
and the Smithsonian Institution. Then, massive landslides of
the fossiliferous clays of the Culebra and Cucaracha Formations
in 1915-1916 blocked the recently opened Canal (see Brown,
1920), prompting in—depth geological and geotechnical studies
of the Canal to begin in earnest (Becker, 1917; Lutton & Banks,
1970; MacDonald, 1947). This cooperation yielded beautiful
geologic maps of the Canal Basin, as well as a solid stratigraph-
ic and structural framework of the central part of the isthmus,



all with a paleontological emphasis (see for instance Woodring
& Thompson, 1949; Woodring, 1973; Stewart et al., 1980).

Away from the Canal Basin, studies motivated by Alexander
Agassiz’s early observations (Hill et al., 1898), and by mineral
prospecting, recognized most of the basic geological elements
of the isthmus (Hershey, 1901). These studies were much later
complemented by the UNDP (United Nations Development Pro-
gram) geologic and resource maps in the Azuero Peninsula (Giu-
dice & Recchi, 1969), and in other regions of Panama including
Darien and Bocas del Toro (United Nations Development Pro-
gram, 1972). Petroleum exploration efforts also motivated early
expeditions to Darien and the Chucunaque-Tuira basins setting
up the basic stratigraphic framework (Shelton, 1952; Terry,
1956) in use today. During the last years of World War II, and
the beginning of the Cold War, expansion of the canal became
a military strategic priority, prompting the review of alternative
routes to the east, including the Darien region (binational by
then, Tavelli, 1947), evaluating the use of nuclear cratering as
the main excavation technique (Sheffey et al., 1969).

2.1. Isthmus Basement and Cover

A distinction between basement and cover is used throughout
this contribution. We call cover sequences those sequences,
mostly sedimentary in origin, but also volcanic and volcani-
clastic, that are separated by a nonconformity from a mostly
volcanic, volcaniclastic and plutonic basement that is typically
more intensely deformed than the cover above. This noncon-
formity records a period of deformation, cooling, exhumation,
and erosion of the basement sequences before the accumula-
tion of sequences above, which typically start in middle to late
Eocene times. The distinction between basement and cover is
concealed and blurred by a younger magmatic arc that is pres-
ent west of the Canal Basin and north of the Azuero Peninsula
(Figure 1), and also by the presence of accreted terranes along
the southwestern edge of the isthmus. We therefore restrict our
discussion to the older arc (see Rooney et al., 2015 for a review
of the younger arc).

2.2, Isthmus Basement

The basement of the Isthmus of Panama consists of a Campa-
nian to Eocene magmatic arc (Hoernle et al., 2008; Montes et
al., 2012a; Wegner et al., 2011) built onto the southwestern,
trailing edge of the Caribbean Plate (Pindell & Kennan, 2009).
The Caribbean Plate that served as basement for the construc-
tion of the arcs is a complex, thickened oceanic plateau, buoy-
ant and shallower than normal oceanic crust, with no magnetic
anomalies (Case et al., 1990). This basement complex —pla-
teau plus overlapping arc—seems fairly uniform throughout the
isthmus, except for a magmatic hiatus in the San Blas Range.
The transition from plateau to arc volcanism may have been
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marked by a period of pelagic/hemipelagic sedimentation that
thus may serve as a regional key marker. Regional Bouguer
anomalies over the San Blas Range (Figure 1, >120 milligal;
Case, 1974; Westbrook, 1990) confirm that basement ranges
consist of raised blocks of oceanic crust that host granitic in-
trusions. Geophysical anomalies are remarkably parallel and
continuous along the axis of the San Blas Range, the Chucu-
naque Basin, and the North Panama Deformed Belt (Westbrook,
1990), suggesting continuity of lithologic units and structure, as
also shown by geologic maps (Coates et al., 2004; Ministerio
de Comercio e Industrias, 1991; Shelton, 1952).

2.2.1. The Plateau

The proto—Caribbean province came to be a Large Igneous
Province (LIP) as Galapagos hotspot plume activity thickened
it through ~70 Ma of hotspot volcanism (from 139 Ma to 69
Ma; Hoernle et al., 2002, 2004) to form one or several pla-
teaus (~89 to 75 Ma pulses; Lissina, 2005; Baumgartner et
al., 2008; Buchs et al., 2011b) collectively grouped—perhaps
loosely — within the Caribbean Large Igneous Plateau (CLIP).
This plateau may contain a much more diverse collection of
fragments incorporated by subduction or collisions. Once the
thickened Caribbean Plate was on a collision course with the
westward—drifting American plates, its higher buoyancy fa-
vored accretion and preservation of its frontal fragments on
the American margins. Fragments detached from the colliding
leading edge of this plate are found today as accreted blocks
along the northwestern margin of South America and the An-
tilles (e.g., Nivia, 1996; see review in Kerr et al., 2003). The
processes involved in the formation of this plateau consoli-
dated a complex igneous basement that seemingly left little
or no trace of the original proto—Caribbean oceanic plate onto
which the plume vulcanism took place. The exception to this
in the isthmus may be distorted beds of red cherts and radio-
larites intermingled with lava flows found only in the Azuero
Peninsula near Torio (Hershey, 1901), south of Malena (Coni-
acian; Kolarsky et al., 1995), and fringing the Chortis Block in
Nicaragua (Upper Triassic — Cretaceous; Baumgartner et al.,
2008), among others. These strata may represent remnants of
the pre—Campanian ocean floor onto which long—lived plateau
volcanism took place.

Once the plateau was established, and while the Caribbean
Plate was ploughing through the Americas with west—dipping
subduction at its leading edge (Kennan & Pindell, 2009), sub-
duction also started along its trailing edge, giving birth to the
Central American arc in Cretaceous times (~70 Ma, Lissina,
2005; ~75-73 Ma, migrating east, Buchs et al., 2011b; ~71 Ma,
and migrating east, Wegner et al., 2011). The location of this
early Central American arc should outline an edge where the
Caribbean Plate was thick, buoyant, perhaps still hot, at the time
of subduction initiation. It is however, difficult to discriminate
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Figure 1. Geologic map of the Isthmus of Panama (modified from Buchs et al.,, 2010; Cowan et al., 1998; Di Marco et al., 1995; Giudice
& Recchi, 1969; Kesler et al., 1977; Kirby et al., 2008; Ministerio de Comercio e Industrias, 1991; Montes et al., 2012b, 2015; Silver et al,,
1990; Stewart et al., 1980; Rodriguez-Parra et al., 2017; Woodring, 1957). Topography and earthquakes from Amante & Eakins (2009), U.S.
Geological Survey (2010, 2017). (RGFZ) Rio Gatun Fault zone; (RIF) Rio Indio Fault.

the magmatic products of the Galapagos hotspot from the first
subduction—-related magmatism, especially where Galapagos—
modified crust is being subducted. Temporal and geochemical
continuity between the last Galapagos—derived magmatism in
the Caribbean Plate and the first subduction—related arc mag-
matism, open the possibility that subduction may have instead
started as a result of the interaction between the hot plume and
the cold lithosphere around it, thus hypothetically pushing the
date of subduction initiation as far back as ~100 Ma (Whattam
& Stern, 2015).

While the Caribbean Plate drifted away from the Galapagos
hotspot, and became isolated by inward—dipping subduction
zones along its leading and trailing edges, the hotspot continued
its activity giving rise to plate asperities (Buchs et al., 2011a,
2016; Hoernle et al., 2002; Lissina, 2005) onto the Farallon
Plate (Lonsdale, 2005; Lonsdale & Klitgord, 1978). These as-
perities —seamounts and ridges — were sequentially transported
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to the Central American trench where they eventually docked
to a margin that thus contains the compressed history of the
Galapagos hotspot. Docking of the more buoyant fragments, and
subduction of the Galapagos—modified plate, left isotopic trac-
ers that have been used to track margin—parallel asthenospheric
flow as far west as Nicaragua (Gazel et al., 2011; Hoernle et
al., 2008). The basement of the isthmus, has therefore always
been interacting either directly or indirectly with the Galapagos
hotspot. Directly, through the formation of large igneous prov-
inces over nearly 70 Ma; indirectly, as plate asperities born in
the hotspot have been brought to the trench, and have been either
accreted, or assimilated in the asthenospheric flow.

2.2.2. Basement Composition

The basement of the isthmus is therefore made of thickened,
long-lived Galapagos—derived oceanic plateau magmatic prod-



ucts (mostly submarine basalts) intercalated with two main
sequences, also part of the basement complex: a Campanian
— Maastrichtian pelagic and hemipelagic strata interbedded
with submarine basalt flows and volcaniclastic materials, and
a Campanian to Eocene subduction—related magmatic arc, vol-
canic and plutonic, and only partially subaerial. This of course,
becomes a major source of ambiguity when mapping isthmus
basement in the field, where distinct tectono—stratigraphic se-
quences are virtually identical basaltic successions. Geochem-
ically also, most plateau and early arc and arc vulcanism are
mafic with geochemical and isotopic signatures derived from,
or contaminated by, Galapagos hotspot materials. Unambigu-
ous geochemical discrimination of plateau versus arc vulcanism
(e.g., Lietal.,2015), also remains a challenge in the isthmus.

2.3. Volcanic-Granitic Basement

The volcanic basement in most of the isthmus is composed of
basalt flows, pillow basalt, diabase, interbedded chert and other
siliceous sedimentary rocks intruded by granitoids and mafic
dykes. Such sequences, with some variation, have been report-
ed in the Morti River headwaters (Maury et al., 1995; Tavelli,
1947), near San Miguel Gulf (Bandy & Casey, 1973; Barat et
al., 2014; Case, 1974), in the upper Chagres River (Worner et
al.,2005), and in a nearly 4 km thick sequence east of the Canal
Basin (Montes et al., 2012b). Geologic explorations along the
coastal transect of the northern flank of the San Blas Range con-
firm that its composition remains mostly basaltic and granitic,
with granitoids between 59 and 39 Ma (Montes et al., 2015),
but lacking the interbedded pelagic sediments ubiquitous in the
southern flank of this range. This basement continues uniformly
east to the Cuchillo Hills in the Darien region, perhaps with
a greater thickness of the volcanic—volcaniclastic component
with mafic tuffs, volcanic breccias, and cherts as young as mid-
dle Eocene (Barat et al., 2014), and magmatic activity as young
as ~19 Ma (Whattam et al., 2012) correlative to the younger
arc. Further east this sequence may continue into the Western
Cordillera of Colombia (Case et al., 1971) with the Mande Ba-
tholith (Villagémez et al., 2011; Montes et al., 2015; see review
in Ledn et al., 2018).

A similar basement composition has been reported, and
more thoroughly studied in the Azuero Peninsula, both in its
eastern and western sides. In the eastern side of the peninsula,
Corral et al. (2016) describe and map the ~1600 m thick Rio
Quema Formation, a folded unit that sits on top of a basement
that is composed of basalts, pillow basalts, and interbedded
chert. The Rio Quema Formation contains a lower, crystal-rich
sandy unit, a middle hemipelagic limestone unit, and siltstone
upper unit, all intruded by dikes and a mineralized dacite. The
Rio Quema Formation is covered by younger volcanic and vol-
caniclastic material with arc affinities. In the western side of the
Azuero Peninsula, Buchs et al. (2011b) describe a basement
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sequence consisting of massive, columnar, and pillow basalts
interbedded with small volumes red siliceous pelagic sediment
with Coniacian — early Santonian radiolarians. This sequence
is covered by hemipelagic limestones of the Ocu Formation
and interbedded basalts, and then volcanic and plutonic rocks
with arc affinities.

2.4. Hemipelagic and Pelagic Sequences

A key marker horizon that may help discriminate the different
tectono—stratigraphic packages within the basement complex
is defined by hemipelagic light—colored carbonates, and pelag-
ic siliceous sequences. These pelagic/hemipelagic sequences
may correspond to the B” horizon mapped, nearly reached in
the ODP 999 in the Kogi Rise in the Caribbean Plate interior
(Abrams & Hu, 2000; Bowland, 1993; R6hl & Abrams, 2000).
Geologic maps of the eastern Azuero Peninsula by Corral et
al. (2011, 2013), and by Montes et al. (2012b) in the southern
flank of the San Blas Range, have delineated the outcrop pat-
tern, and cross—cutting relationships of hemipelagic carbonates
and pelagic mudstone and chert with the tectono—stratigraphic
units above and below. Both studies use these sequences to
separate plateau products from arc products, thought to repre-
sent the transition from plume vulcanism to subduction—related
vulcanism.

Despite being a conspicuous unit (or units), the tectono—
stratigraphic position of the hemipelagic sequences in the
Azuero Peninsula remains unclear. Buchs et al. (2011b) report
them resting on the CLIP, interbedded with the early arc sys-
tem, and also within the accreted intraoceanic islands (Buchs
et al., 2011a). These unusually thick hemipelagic limestones
are characteristically light—colored, bioturbated, and contain
planktonic foraminifera dated as late Campanian to Maastrich-
tian (Buchs et al., 2010; Corral et al., 2013; Fisher & Pessa-
gno, 1965; Giudice & Recchi, 1969). Hemipelagic carbonates
include the Torio Limestone and Ocu Formation, no more than
200 m thick in the Azuero Peninsula (Giudice & Recchi, 1969;
Hershey, 1901), 350 m thick in Coiba Island (Kolarsky et al.,
1995), ~1 km thick in eastern Azuero (Rio Quema Forma-
tion; Corral et al., 2016), and ~1 km thick in Bocas del Toro
(Changuinola Formation; Fisher & Pessagno, 1965). Reports
of hemipelagic limestones with similar ages also come from
the San Miguel Gulf, the Portobelo Peninsula (Barat et al.,
2014), extending the range of these limestones to the central
and easternmost isthmus.

Still very poorly studied, the undifferentiated basalt se-
quences (Stewart et al., 1980) in the upper Chagres River
catchment area are interbedded with thin pelagic beds of black
siliceous siltstones, shales with thin sandstone stringers, and
cherts. The siliceous pelagic sequence could be correlative
to the hemipelagic limestone units above described, perhaps
recording deeper accumulation environments. The age of this
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pelagic—hemipelagic sequence must be younger than the mafic
volcanics on which it rests (pre—Campanian?), and older than
the oldest granitoids that intrude them in the San Blas Range
(~59 Ma; Montes et al., 2012b, 2015).

2.4.1. Basement Age

Several magmatic arcs are superimposed in the isthmus, with
magmatic activity being nearly continuous west of the Canal
Basin, and with magmatic gaps east of it. As stated above,
only those arc—related rocks of Campanian to Eocene age are
included within the basement complex. Those include intru-
sives in the eastern and western edges of the San Blas Range
yielding hornblende and feldspar K/Ar ages between ~61 and
48 Ma (Kesler et al., 1977). Similarly, Ar/Ar dates in amphi-
bole and plagioclase of unreported rock type, in its western
half, range between ~66 and 41 Ma (Wegner et al., 2011). U/
Pb zircon geochronological studies in granitoids of the base-
ment complex exposed in the San Blas Range confirmed this
age distribution with dates between ~59 and 39 Ma (Montes
etal.,2012b, 2015; Ramirez et al., 2016), further constrained
by zircon U/Pb detrital analyses in modern river sands, and
in Eocene — Miocene strata (Montes et al., 2012b; Ramirez
et al., 2016). Geochronological K/Ar, Ar/Ar, and U/Pb dates
in the Azuero Peninsula range from ~71 to 41 Ma in basalts
and granitoids (Corral et al., 2016; Giudice & Recchi, 1969;
Kesler et al., 1977; Lissina, 2005; Montes et al., 2012a; We-
gner et al., 2011). Two Ar/Ar step—heating plateau ages from
the volcaniclastic sediments of the Rio Quema Formation are
reported but discarded (143 + 11 Ma and 105 + 3 Ma; Corral
et al., 2016), solely on the basis of being too old, therefore
requiring further scrutiny as they still are within the age range
of radiolarian determinations.

Lack of detailed geologic maps in the western side of the
Azuero Peninsula hinders efforts to construct a reliable geo-
chronological framework. Coastal transects along southwestern
Azuero and Sona peninsulas report a large spread of ages with
Ar/Ar step-heating plateaus between ~71 and 20 Ma (Hoernle
et al., 2002). It has been noted though, that these ages are in
conflict with the ages of overlying cover strata (Eocene Tonosi
Formation; Kolarsky et al., 1995), so step—heating plateau ages
may have suffered from Ar loss, and therefore may be unreli-
able (Buchs et al., 2011a). Since detailed geologic maps are yet
to be produced in southwestern Azuero, the relationships of Eo-
cene strata to sampled basalt sequences are still open to debate,
as it is the tectono—stratigraphic affinity (plateau basement ver-
sus exotic accreted seamounts) of dated samples along coastal
transects. Although geologic maps of southeastern Azuero show
a nonconformable relationship of Eocene strata to isthmus base-
ment (Mann & Kolarsky, 1995), such relationship may not be
extrapolated to southwestern Azuero across the Azuero—Sona
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Fault zone, as this fault may represent the basement versus ex-
otic boundary.

2.4.2. Basement Cooling Ages

The cooling history of the isthmus is recorded by numerous
intermediate and felsic intrusive bodies exposed in the Azu-
ero Peninsula and the San Blas Range all along the isthmus.
Middle Eocene cooling events recorded by thermochronom-
eters have been tied to exhumation and erosion by mapping
the nonconformable relationship between the basement com-
plex and upper Eocene and younger sedimentary sequences
(Figure 2). Basement sequences below this nonconformity
are pervasively deformed, tightly folded and faulted, while
sequences above are simply tilted and folded (see for instance
Figure 3c in Montes et al., 2012b). Cooling of the basement
rocks in the San Blas Range is consistent with those noncon-
formities: apatite fission track and apatite and zircon U-Th/
He analyses from 58—54 Ma granitoid bodies east of the Canal
Basin record cooling from ~200 °C to ~70 °C (47-42 Ma),
and cooling below ~40 °C between 12 and 9 Ma (Montes et
al., 2012b). Apatite—zircon U-Th/He and fission—track ther-
mochronology from the central part of the isthmus mark a
cooling event between 22-28 Ma, with a peak at ~25 Ma,
simultaneous with the onset of magmatism in the Canal Basin
(Farris et al., 2011). Ramirez et al. (2016), using apatite—zir-
con U-Th/He, and fission tracks, show that most of the plu-
tonic bodies of the isthmus were intruded and rapidly cooled
to below ~200-110 °C by 30—40 Ma. The same authors, using
modern sands from the Mamoni and Portogandi Rivers (drain-
ing the southern and northern flanks of the San Blas Range
respectively) reveal a large spread of apatite—He ages (41-9
Ma) that together with the stratigraphic sequences onlapping
the basement complex, suggest southward tilting of a crustal
block (Figure 2, see below). In general, thermochronology
of basement sequences shows a coherent history of early
cooling of the roots of the magmatic arc (perhaps at shallow
crustal levels), erosion, and development of a corresponding,
regional nonconformity throughout the San Blas Range and
the Azuero Peninsula.

2.4.3. Basement Deformation

The basement of the isthmus is intensely folded and faulted (Cor-
ral et al., 2016; Fisher & Pessagno, 1965; Montes et al., 2012b).
Only locally this basement complex develops dynamic metamor-
phic lithologic types as foliated basalts and mylonites along the
Azuero—Sona Fault zone (Buchs et al., 2011b; Hershey, 1901;
Mann & Corrigan, 1990; Tournon et al., 1989), and along the
Rio Gatun Fault zone (Worner et al., 2005). The hemipelagic car-
bonate—basalt sequences described above serve as strain markers,
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Figure 2. Conceptual diagram showing tilting of the Isthmus of Panama, exhumation and erosion of the basement complex and devel-
opment of a northward-tapering, upper Eocene and younger sequence. See text for explanation.

revealing intense folding and faulting within the basement com-
plex, marking a period of significant deformation after accumula-
tion of these hemipelagic sequences, and before the accumulation
of the first Eocene clastic/carbonate strata (Montes et al., 2012b).

Fault-related rocks in the Azuero Peninsula have been
grouped as a melange (Buchs et al., 2010, 2011b) along the
Azuero—Sona Fault zone. Vannucchi et al. (2006, 2007, 2013)
in Costa Rica classify the Osa Melange as coherent, mappa-
ble blocks of fault-related rocks recording fragile to ductile
conditions. Whether the sequences Vannucchi and co-workers
refer to, are continuous into the Azuero Peninsula as coherent
units, or they are a chaotic mixture of fault rocks and olisto-
stromes formed in a subduction channel is still matter of de-
bate. Detailed mapping should help locate the boundary, and
the nature of the sequences involved, between the autochtho-
nous plateau—related basalts, and the exotic, seamount—related
basalt sequences.

In summary, the basement of the Isthmus of Panama con-
sists of a fairly homogeneous deformed belt of submarine ba-
salts and andesites, interlayered with pelagic and hemipelagic
sequences of Campanian — Maastrichtian ages, and rare occur-
rences of red, older radiolarites, probably pre-Campanian in
age. This complex is intruded by intermediate granitoids (68 to
39 Ma) that cooled quickly after intrusion, and were intense-

ly deformed, exposed, and eroded before late Eocene times. A
younger set of Galapagos—born oceanic asperities was accret-
ed in early Paleogene times to the southwestern border of the
isthmus and is therefore not considered part of the basement of
the isthmus.

2.5. Isthmus Cover Sequences

We consider cover sequences those packages of rock accumu-
lated after middle to late Eocene times, and discriminated from
the basement by the absence of pervasive deformation. The ab-
sence of Paleocene — lower Eocene strata (Kolarsky & Mann,
1995; Woodring, 1957), marks a prominent, isthmus—wide hi-
atus, probably related to the accretion of plate asperities born
in the Galapagos hotspot (Buchs et al., 2011a; Lissina, 2005),
collisions with other plateaus (Kerr & Tarney, 2005), or very
early interactions with South America (Barat et al., 2014).
Cover sequences are mostly clastic and carbonates in two
main, and strikingly different onshore sedimentary basins: the
Canal and the Chucunaque basins. Middle Eocene and younger
sedimentary packages are also preserved in the Azuero Pen-
insula, in the Quebro, Mariato, and Tonosi valleys. Offshore,
the North Panama Deformed Belt (Silver et al., 1990), and the
Gulf of Panama to the south (Kolarsky et al., 1995), are sites of
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active sedimentation and contain mostly Neogene sedimentary
packages (Barat et al., 2014). Cover sequences are influenced
by volcanism where interbedded tuffs and volcano—sedimentary
packages are abundant.

2.5.1. Canal Basin

The Canal Basin is defined by a complex collection of fault—
bound compartments containing a very heterogeneous, but
generally thin (~500 m), mostly clastic infill, intruded by large
subvolcanic, mafic bodies and spotted by volcanic edifices. In
a broader sense, the Canal Basin—centered around the Culebra
Cut—also includes the Quebrancha Syncline, and the Alajuela
(Madden) Basin to the north, as well as the Gatun Basin to the
northwest. The Canal Basin sits at the westernmost tip of the
San Blas Range, where not only the San Blas Range basement
complex has its last outcrops (Stewart et al., 1980), but also
where nearly continuous gravity anomalies following the axis
of the range have their first break, and are found displaced to
the southern Azuero Peninsula (Case, 1974; Westbrook, 1990).
A fault, sometimes called the Canal fracture zone (Wolters,
1986), needed to explain the ~100 km left—lateral offset of the
Campanian to Eocene magmatic arc from Azuero to the San
Blas Range, must be located—but concealed—by younger
volcanics west of the Canal (Montes et al., 2012a; Recchi &
Metti, 1975). This fault may be continuous north of the North
Panama Deformed Belt, as inferred by changes in seismic fa-
cies (Figure 16b of Bowland, 1993), and the texture in regional
gravity anomaly maps (Figure 4 of Carvajal-Arenas & Mann,
2018). This northwest—trending fault, roughly parallel to the
East Panama Deformed Belt (Mann & Kolarsky, 1995), was
active at ~28 Ma (Montes et al., 2012a) and could be the master
fault along which the isthmus reached its present northward—
convex shape. As the isthmus was being offset along this fault,
northeast—trending, strike—slip, right—stepping faults became
active (Rio Gatun and Rio Indio faults) that, if both have a
dextral character, must have defined an extensional step—over,
with conjugate N-S trending, and NNE—trending faults (Azota
and Pedro Miguel faults). Extension, subsidence, vertical-axis
rotation, and a change in the character of volcanism from a
hydrous subduction magmatism to extensional arc magmatism
took place between 21-25 Ma as a result of this kinematic ar-
rangement, and tectonic thinning of the crust of the isthmus
(Farris et al., 2011, 2017; Montes et al., 2012a).
Sedimentation in the Canal compartment (see comprehen-
sive description in Woodring, 1957) was nearly always punctu-
ated by some volcanic activity (Farris et al., 2017). It starts with
very coarse—grained, volcanic and volcaniclastic interfingering
deposits of the middle Oligocene (~25 Ma; Rooney et al., 2011),
Bohio and Bas Obispo Formations. These units are overlain by
the volcaniclastic, tuffaceous, fossil-rich, lower Miocene (~21
Ma; Bloch et al., 2016) Las Cascadas Formation, grading to
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the east and northeast into a tuffaceous shallow—marine Caimi-
to Formation. Shallow marine conditions were established by
~19 Ma (Montes et al., 2012b) in the Canal compartment with
the accumulation of the Culebra Formation. This sequence is
followed by the subaerial Cucaracha Formation, and then by
the volcanic Pedro Miguel Formation (~18 Ma; Wegner et al.,
2011). Younger deposits are present to the south of the Culebra
Cut, but in general are poorly exposed.

Sedimentation in the Canal compartment is coeval with sed-
imentation in the other compartments, except for the presence
of Eocene strata in the Quebrancha and Alajuela compartments
(Coryell & Embich, 1937; Tripati & Zachos, 2002), predating
the opening of the Canal compartment. Upper Eocene strata
in the westernmost San Blas Range is probably related to the
beginning of the Paleocene — Eocene tilting of the isthmus (see
below). Rediscovered upper Miocene fossiliferous strata in the
Alajuela compartment (MacFadden et al., 2017), suggests con-
tinuity of Gatun, Chucunaque, and Alajuela Formations across
the isthmus at that time. The Gatun compartment, on the other
hand, acted as the up—thrown block of the Rio Gatun Fault,
with no record of sedimentation before the accumulation of
the clastic and volcaniclastic wedges of the Gatun (Hidalgo et
al.,2011; Rooney et al., 2015) and Chagres Formations (upper
Miocene; Collins et al., 1996).

2.5.2. Chucunaque Basin

The Chucunaque Basin is an elongated, east—plunging,
oroclinally curved (Montes et al., 2012a) trough whose
north—northeastern flank is defined by a simple, south and
southwest—dipping onlap onto the basement complex above
described. The south—southwestern limb of this trough is more
complex, where en—echelon left—stepping, left-lateral, north—
south trending folds start near the Baudo Range, and culminate
in the Maje Range (Mann & Corrigan, 1990; Mann & Kolarsky,
1995; Stephan et al., 1986). Cross—sections showing normal
faults (Barat et al., 2014) are not supported by any geologic
mapping, so they may not represent the structure of the basin.
Onlapping strata are older (middle — upper Eocene), near the
northern compartments of the Canal Basin, getting younger to
the east, so that middle Miocene strata directly onlap volcanic
and volcaniclastic rocks that may be considered basement in the
Darien region (Coates et al., 2004; Shelton, 1952). This basin
could be continuous southward into the Atrato Basin (Coates et
al., 2004; Duque—Caro, 1990).

The sedimentary sequence in the Chucunaque—Tuira Basin
starts with the middle — upper Eocene Gatuncillo Formation,
which is better known in the Canal Basin, but has outcrops as
far east as the Mamoni-Terable River, and other affluents of
the Bayano River in the westernmost area of the Chucunaque
Basin (Terry, 1956; Tripati & Zachos, 2002). The Gatuncillo
Formation is a fining—upward mudstone, conglomerate—sand-



stone, and carbonate unit, of very variable thickness and facies,
that nonconformably rests on the volcanic—plutonic basement
complex (Woodring, 1957), deposited in fluvial to shallow—ma-
rine environments. To the east in the Darien region, the sed-
imentary sequence starts with ~400 m shale, limestone, and
arkosic sandstone with large foraminifera (Shelton, 1952; lower
bathyal, middle upper Oligocene Pocorna Formation, Coates et
al., 2004; shallow marine, upper Oligocene, Barat et al., 2014),
sitting nonconformably onto volcanic basement. This unit is
conformably followed by hard, gray, tuffaceous limestone, lo-
cally nearly lithographic, more massive to the base (Shelton,
1952; lower bathyal, middle Miocene Clarita Formation, Coates
et al., 2004,), directly onlapping the basement to the east (Shel-
ton, 1952). This unit grades transitionally to a massive, uniform
dark brown, calcareous foraminiferal shale with leaf remains
and tuffs and thin sandstone beds (Arusa Formation of Shelton,
1952; or middle bathyal, middle to upper Miocene Tapaliza
Formation of Coates et al., 2004; near—shore depths, Barat et
al., 2014). This unit transitionally changes to a more conglom-
eratic and arkosic unit, with shales and dark brown/black car-
bonaceous material and lignite beds (Aquaqua Formation of
Shelton, 1952; or neritic, upper Miocene Tuira Formation of
Coates et al.,2004). This is in turn followed by the more region-
ally extensive, and lithologically more uniform Chucunaque
Formation, correlative to the Gatun (Collins et al., 1996), and
Alajuela (MacFadden et al., 2017) Formations.

Ages reported by Coates et al. (2004), for Cenozoic stra-
ta in the Chucunaque Formation have been confirmed using
nannofossils and other microfossils (Barat et al., 2014). A ma-
jor difference between these two studies, however, resides in
paleobathymetric interpretations (see above), highlighting the
need of a multi—proxy approach that includes—and prioritiz-
es—sedimentological observations over microfossil inferences.
Microfossils can be transported and reworked, severely limiting
their usefulness as paleobathymetric indicators (see discussion
in Jorissen et al., 2007). Multi—proxy approaches that include
sedimentological, or ichnological analyses are conspicuous-
ly absent in paleobathymetric estimations in isthmian strata
(Coates et al., 2004; Collins et al., 1996).

2.5.3. Offshore Deformed Belts, North,
and South

Large negative gravity anomalies over the north and south
Panama deformed belts outline the position of thick prisms of
deformed, low—density strata (Case et al., 1990; Westbrook,
1990), thickened by Neogene convergence (Breen et al., 1988;
Camacho et al., 2010; Reed & Silver, 1995; Reed et al., 1990;
Silver et al., 1990, 1995). To the north, this deformed belt may
contain a thick, Eocene and younger sedimentary sequence in-
volved in an accretional belt with northward vergence (Reed &
Silver, 1995; Rodriguez & Sierra, 2010; see seismic sections in
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Barat et al., 2014). To the south, surface sections, seismic sec-
tions, and boreholes have shown the presence of thick, middle
Eocene and younger clastic sequences resting nonconformably
on basement complex rocks (Kolarsky & Mann, 1995; Kolarsky
et al., 1995; Mann & Kolarsky, 1995). These clastic sedimen-
tary sequences may have resulted from erosion of the axis of
the San Blas Range, and the Azuero Peninsula (Herrera et al.,
2012; Krawinkel et al., 1999; Pérez—Consuegra et al., 2018)
as they shed clastic materials to the north and south, including
high—quartz clastics product of the erosion of intermediate and
felsic intrusives, which were at the surface from latest Eocene
times (Montes et al., 2012b; Ramirez et al., 2016). Deformation
along the North Panama Deformed Belt may have started in
middle Miocene times resulting from incipient south—dipping
underthrusting/subduction of the Caribbean Plate under the
Panama Block defining a Wadati—Benioff zone (Camacho et al.,
2010; Wolters, 1986). A younging—eastward sequence directly
overlapping the basement (see above) may record the direction
of subduction/underthrusting initiation. Since penetration of
the Caribbean Plate is ~150 km (Camacho et al., 2010), and
assuming the current convergence rate of 11 mm/yr (Kellogg
& Vega, 1995), a minimum age of underthrusting/subduction
initiation would be middle Miocene. A slower convergence rate,
likely during the initial stages of underthrusting of the Carib-
bean Plate, would push the age of initiation to Oligocene, and
perhaps latest Eocene times (Figure 2).

2.6. The Isthmus Is Tilted, Bent, and Broken

An overall isthmus—wide southward tilting was recognized
since the very first geological explorations of the isthmus
(Hershey, 1901). This overall tendency can also be read in
geological maps of the San Blas Range (Coates et al., 2004;
Montes et al., 2012b; Shelton, 1952) that show a simple north-
ward onlap of Eocene — Oligocene strata onto the deformed
basaltic/granitic basement complex below, and a corresponding
southward thickening of the same strata. The first post—hiatus
strata (upper Eocene) record shallow marine, or even fluvial ac-
cumulation environments that later become deeper, punctuated
by small hiatuses, that get progressively shallower towards the
top. Although unencumbered by sedimentological data, paleo-
bathymetric analyses (Coates et al., 2004) show first fluvial/
coastal environments, followed by relative deepening, and then
shoaling accumulation environments. Such sequence is better
explained by an isthmus—wide tilting, erosion, and progressive
filling of sedimentary basins, all while highlands to the north
provided clastic materials to fill up the basin (Montes et al.,
2012b). Southward tilting predicts that as the San Blas Range
gained elevation, so the Chucunaque Basin gained accommo-
dation space. It is therefore the interplay between subsidence
rate and sediment availability —not a passive sill shoaling from
ocean depths—that dictates changes in bathymetry. Detrital
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thermochronology in modern river sands on both flanks of the
San Blas Range independently suggest that the wide distribu-
tion of cooling ages found (Ramirez et al., 2016), is better ex-
plained by tilting and exposure of the upper crustal section of
the San Blas Range.

The isthmus is also bent. Paleomagnetic data in the isth-
mus show that the northward—convex shape of the isthmus may
be the result of oroclinal bending (Montes et al., 2012a) that
would have taken place after magmatic arc shut-down (~39
Ma), and was nearly completed around the time arc reinitia-
tion, and Canal Basin opening in late Oligocene times. The
incipient subduction/overthrusting mapped by Camacho et al.
(2010), suggest that the isthmus detached from the trailing edge
of the Caribbean Plate east of the Canal Basin. Approximately
150 km of subduction/overthrusting resulted from tightening
the orocline that started forming following initial collision with
western South America, starting at ~25 Ma (Farris et al., 2011).
An under—thrusted, buoyant Caribbean plate provides geody-
namic support for the tilted San Blas Range. The western half
of the isthmus was affected by the collision of intraoceanic plate
asperities born in the Galapagos hotspot (Buchs et al., 2011a),
causing vertical-axis rotations in the Azuero Peninsula (Ro-
driguez—Parra et al., 2017), and shifting magmatic focus to the
north during Paleocene — Eocene times.

The Canal Basin is broken at the point where the isthmus
reaches its lowest topographic elevation, originally reaching
~90 m above sea—level, thus making it the best location for the
construction of the interoceanic canal. The Canal Basin is also
the point where the Campanian to Eocene magmatic arc is dis-
placed nearly 100 km to the northwest (Lissina, 2005; Montes
et al.,2012a; Recchi & Metti, 1975; Wolters, 1986), and where
geophysical anomalies indicate changing basement types (Case,
1974; Westbrook, 1990). Tightening of the orocline, and left—
lateral displacement of the arc may have contributed to thin the
crust of the isthmus, changing magma sources, and open the
Canal Basin (Farris et al., 2011, 2017).

3. A Way Forward for Isthmian Geology

This attempt to provide a review of current understanding of
isthmian geology highlights just a few of the many issues in
this topic. For instance, the stratigraphic location of the pe-
lagic/hemipelagic strata within the basement sequences. Also,
the bathymetry recorded by Neogene strata in the Chucunaque
Basin, or the nature, or even the existence, of the Canal Basin
Fault zone, and the cause of the Paleocene — Eocene deforma-
tion in the isthmus. Finally, the age of accretion and location
of the boundary between the plateau and accreted sequences.
A recurrent underlying problem that is common to most of
these issues is rooted in the lack of consistent, standardized,
detailed geologic maps at scales larger than 1:250 000. This
problem is particularly acute in the eastern part of the isthmus,
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and even more pronounced east of the border in the Choco—
Darien region. Another related problem is the reliance of single
proxies to interpret paleobathymetric data, when a multi—proxy
approach that includes sedimentological, ichnological, or oth-
er primary features, that cannot be transported, would provide
more reliable results.

In general, except for the Canal Basin, most of the isthmus
has only been through one generation of geologic mapping,
and most of it has only been reconnaissance mapping at very
general scales (1:250 000 or smaller). As noted by Woodring
in 1957, even in the thickest jungle conditions, the availability
of closely—spaced drainages and steep topography offer a very
rich network of fresh outcrops where accurate geologic maps
can be made. The geology of the isthmus is far too complex
to attempt understanding it without basic geologic mapping to
support analytical efforts.
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