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A B S T R A C T

The northern Andes of Colombia comprise two non-cogenetic Paleogene arcs formed in contrasting geodynamic
settings including continental and oceanic domains. New whole-rock geochemistry and isotopic constraints,
together with a review of 332 geochemical, 76 isotopic and 204 geochronological data from Paleocene to Eocene
volcanic and plutonic rocks exposed in central and western Colombia and Panama, are used to evaluate cause-
effect relations between regional plate kinematics and the spatio-temporal distribution of the circum-Caribbean
magmatic arcs. Short-lived, ~60–45 Ma arc-like magmatism in the Central Cordillera of Colombia was emplaced
in a thickened continental crust due to the oblique subduction of the Caribbean oceanic plate underneath South
America, as suggested by the high Sr/Y ratios. Conversely, the Panama Arc, and its poorly explored extension in
the northwestern segment of the Western Cordillera of Colombia document a major phase of tholeiitic to calc-
alkaline arc magmatism between ~71 Ma and ~34 Ma, mostly derived from a hydrated mantle wedge, and
emplaced in an oceanic plateau crust. This arc record a major phase of magmatic activity between 40 Ma and
50 Ma that can be associated to changes in the convergence direction and subduction rates of the Farallon plate.

Farther to the south, in the Pacific region of Colombia, Eocene arc-related rocks from the Timbiqui Complex
show a geochemical signature that suggests a magmatic origin from melting of both a subduction-modified
mantle and lower tectonically thickened crust. A possible interpretation for the Pacific and Western Colombia-
Panama Arc systems, and its analogous in Ecuador, recall an Aleutian-type convergent margin in which the
continental arc laterally switches to a purely oceanic system along the trailing edge of the Caribbean plate as
consequence of eastward subduction of the Farallon plate.

1. Introduction

The spatial distribution and the composition of arc-related mag-
matism are the product of upper- and lower-plate processes, and con-
sequence of subduction dynamics such as convergence geometry, lower
plate thermal state and composition, slab dip-angle, upper plate
thickness and deformational evolution (Ducea et al., 2015; Gazel et al.,
2015; Kay et al., 2005; Mamani et al., 2010; Wegner et al., 2011;

Wörner et al., 2009). Such patterns are expected to vary through time
and therefore, can be used to reconstruct the long-term evolution of
magmatic arcs and refine paleogeographic models in margins, which
have been shaped by protracted subduction.

In the northern Andes of Colombia and Central America, contrasting
Paleocene-Eocene magmatic arcs have been documented. These, mainly
include a discontinuous belt exposed along the Central Cordillera and the
Caribbean Region of Colombia (Bayona et al., 2012; Bustamante et al.,
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2017; Cardona et al., 2011a, 2011b, 2014), and an apparently continuous
domain exposed in the western flank of the Western Cordillera and the
Urabá region of Colombia (Fig. 1). The latter extends towards the San Blas

Range, the Azuero-Soná peninsula and Central Panama, and is included
within the Panama Arc (Aspden et al., 1987; Lissinna, 2005; Montes et al.,
2015; Wegner et al., 2011; Whattam et al., 2012). Moreover, a poorly

Fig. 1. Regional geological map showing the spatial distribution of Paleocene-Eocene units discussed in text, compiled geochemical samples (black dots), and
selected geochronological data from the compiled database (blue = oceanic Panamanian arc, orange = oceanic Colombian arc, green = Timbiqui Complex,
purple = Central Cordillera continental arc, yellow = Caribbean Region continental arc; not all 204 samples were plotted in order to avoid saturation). Inset A shows
the Panamanian units. Elaborated after Lissinna (2005) and Gómez-Tapias et al. (2015). Complete tables of the used geochronological and geochemical databases can
be found in Supplementary material Tables S1 and S2. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

A. Cardona et al. Tectonophysics 749 (2018) 88–103

89



exposed arc fragment in the southwestern Pacific region of Colombia has
been also reported (McCourt et al., 1990a, 1990b).

The tectonic implications of these arcs in the Central Cordillera, as
well as its relation with the eastern foreland basins of Colombia and the
subduction of the Caribbean plate underneath South American have
already been reviewed in Bayona et al. (2012), Bustamante et al.
(2017), and Cardona et al. (2011a, 2011b, 2014). However, the tec-
tono-magmatic record in the Western Cordillera has been barely studied
(Kerr et al., 1997; Montes et al., 2015; Villagómez et al., 2011), with
most of the discussions limited to the temporal similarities with the
coeval Panamanian rocks. There, a more extensive geochronological
and geochemical database is available, which has been recently dis-
cussed in terms of long-term arc evolution (Buchs et al., 2010; Farris
et al., 2017; Lidiak and Jolly, 1996; Lissinna, 2005; Montes et al.,
2012a, 2012b; Ramírez et al., 2016; Wegner et al., 2011; Whattam
et al., 2012; Wörner et al., 2009). Moreover, the geodynamic sig-
nificance and origin of coeval arc-related rocks exposed in the Western
Cordillera of Ecuador (e.g. Macuchi Arc), also still controversial (e.g.
Chiaradia, 2009; Hughes and Pilatasig, 2002; Vallejo et al., 2009).

In this contribution, we present a review of published geochrono-
logical, geochemical and isotopic results from Paleogene rocks of
Panama, the Central and Western Cordilleras and the southwestern
Pacific region of Colombia. We additionally present new geochemical
and isotopic (Sr-Nd-Pb-Hf) data from plutonic and volcanic rocks of the
Western Cordillera, together with whole rock Sr-Nd results from plu-
tonic rocks of Central Panama and the Azuero region. The spatio-tem-
poral and compositional characteristics of the Paleogene arc-related
rocks from Panama and Colombia were influenced by changes in plate
convergence obliquity and the velocity of the subducting Farallon and
Caribbean plates, triggered by the collision and subduction of the
Caribbean plate margins with the Americas.

2. Geological setting

The transition between the Cretaceous and the early Paleogene in the
Andes of Colombia is marked by the construction of a magmatic arc
following an oblique arc-continent collision between the leading edge of
the Caribbean plate and the continental margin (Bayona et al., 2012;
Bustamante et al., 2017; Cardona et al., 2011a, 2011b). The Late Cre-
taceous – Paleocene arc-related units are exposed as a series of elongated
plutonic bodies of stock and batholith size, mainly granodioritic and
quartzdioritic in composition, intruding Triassic, Jurassic and Cretaceous
metamorphic rocks of the Central Cordillera, the Sierra Nevada de Santa
Marta and the Guajira Ranges (Bayona et al., 2012; Bustamante et al.,
2017; Cardona et al., 2011a, 2011b, 2014). Such magmatism is char-
acterized by a well-defined arc related geochemical signature that has
been related to the subduction of the Caribbean plate underneath the
South American margin between ~60–45 Ma, and whose distribution
could extend as far as 400 km inboard (Bayona et al., 2012; Bustamante
et al., 2017; Cardona et al., 2011a, 2011b, 2014).

In the Western Cordillera of Colombia, Eocene intermediate plu-
tonic rocks with arc-related geochemical signature have been mostly
included in the Mande and Acandi batholiths, which are related to
Paleogene volcanic rocks of the Santa Cecilia-La Equis Complex or the
so-called Dabeiba Arc (Buchely et al., 2009; González and Londoño,
2002; Kerr et al., 1997). For both, the plutonic and volcanic rocks,
zircon U-Pb as well as Ar/Ar and K/Ar ages ranging between ~59 and
39 Ma have been reported. Volcanic and plutonic rocks across the Co-
lombia – Panama boundary in the San Blas Range, Central Panama
(Chagres-Bayano Complex), and Azuero-Soná Peninsula, are also
characterized by an oceanic arc origin, with crystallization ages be-
tween 70 Ma and 36 Ma. Such arc magmatism that apparently initiated
at ca. 71–66 Ma or earlier (Buchs et al., 2010; Montes et al., 2015;
Wegner et al., 2011), intrudes and overlies Cretaceous plateau-related
rocks (reviews in Buchs et al., 2010; Lissinna, 2005; Wegner et al.,
2011).

Along the Pacific region of southern Colombia, several agglomer-
ates, andesites and volcano-clastic rocks, as well as minor plutonic units
Eocene in age, have been included in the Timbiqui arc Complex (ANH-
GRP, 2011; Annells et al., 1988; Barbosa-Camacho, 2003; McCourt
et al., 1990a, 1990b). The tectono-magmatic origin of these rocks,
however, has been barely explored, being considered as either a con-
tinental arc (Pindell and Kennan, 2009) or as an allochthonous arc that
was accreted to the continental margin by the Oligocene (Echeverri
et al., 2015a).

3. Methods

We compiled 332 geochemical, 76 isotopic and 204 U-Pb, Ar/Ar,
and K/Ar geochronological analyses available from published research
papers and mapping reports of the Colombian Geological Survey. We
only included samples for which the abundances of major oxides, as
well as trace and rare earth elements were available. Additionally, we
present new geochemical (18 samples) and isotopic data (Sr-Nd-Hf-Pb;
71 analyses) obtained from the Norcasia and Hatillo Stocks, the Acandi
Batholith and the Santa Cecilia-La Equis Complex, as well as new Sr-Nd
isotopic data from Central Panama and Azuero-Soná granitoids.
Compiled and new geochemical, geochronological and isotopic data are
presented in Supplementary material Tables S1 to S3. Our sampling
targeted mostly sequences of the oceanic Panama Arc in Colombia,
since its tectono-magmatic significance, at least in a regional frame-
work, is less understood than that of the continental domain.

3.1. Whole rock geochemistry

Whole-rock geochemical analyses of 18 samples from the Acandi
Batholith and the Santa Cecilia-La Equis Complex were obtained by
inductively coupled plasma-mass spectrometry (ICP-MS) at Acme
Analytical Laboratories Ltd. in Vancouver, Canada. For each sample, a
0.2 g of rock powder was placed into a graphite crucible and mixed with
1.5 g of LiBO2 flux. The crucibles were placed in an oven and heated to
1050 °C for 15 min. The molten sample was dissolved in 5% HNO3.
Calibration standards and reagent blanks were added and the solutions
were aspirated into an ICP emission spectrometer. Detection limits for
the major elements vary between 0.001% and 0.004%, whereas trace
elements values are around 0.1 ppm, whereas rare earth elements have
lower detection limits between 0.01 and 0.05 ppm. Results from the
geochemical analyses were handled and processed using the software
GCD Kit 4.1 (Janoušek et al., 2006). In Fig. 4A and B, we report the
distribution and mean values of both Sr/Y and (La/Yb)N values for each
analyzed tectono-magmatic unit. These values were estimated after
running a basic outliers analysis by using R 3.2.1, which were used to
estimate crustal thickness in order to avoid anomalous values that
might be related to altered samples (Chiaradia, 2015).

3.2. Whole rock and zircon Sr-Nd-Pb-Hf isotopes

Sr, Nd and Pb whole rock isotopic analysis were conducted at the
University of Arizona. Rb, Sr, Sm, and Nd were determined by isotope di-
lution following the methodology described by Ducea et al. (2002). The Sr
isotopic ratios of standards and samples were normalized to
86Sr/88Sr = 0.1194, whereas the Nd isotopic ratios were normalized to
146Nd/144Nd = 0.7219. Analyses were performed on a multi-collector in-
ductively coupled plasma mass spectrometer (MC-ICP-MS). Pb isotopic
analysis follows Wetmore and Ducea (2011). Washes from the cation
column separation were used for separating Pb. Isotopic analyses were
conducted on a GV Instruments (Hudson, NH, USA) MC-ICP-MS. All results
were Hg-corrected and empirically normalized to Tl by using an exponential
law correction. To correct for machine and interlaboratory bias, all results
were normalized to values reported by Galer and Abouchami (2004) for the
National Bureau of Standards (NBS)-981 standard (206Pb/204Pb = 16.9405,
207Pb/204Pb = 15.4963, and 208Pb/204Pb = 36.7219). The internal error
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reflects the reproducibility of the measurements on individual samples,
whereas external errors are derived from long-term reproducibility of NBS-
981 Pb standard and result in part from the mass bias effects within the
instrument. In all cases, external error exceeds the internal errors and is
reported below. External errors associated with each Pb isotopic ratio are as
follows: 206Pb/204Pb = 0.028%, 207Pb/204Pb = 0.028% and 208Pb/204Pb =
0.031%.

Zircon Hf isotope geochemistry conducted at the Geoanalytical Lab
of the Washington State University, using a ThermoFinnigan Neptune™
MC-ICP-MS equipped with 9 faraday collectors interfaced with a New
Wave™ 213 nm UP Nd-YAG laser. The laser was operated at a pulse of
rate 10 Hz and a fluence of 10–12 J/cm2. Laser spot size was 30 μm.
Carrier gas consisted of purified He plus small quantities of N2 to
minimize oxide formation and increase Hf sensitivity. The total Hf
signal achieved was between 2 and 6 V. The data were acquired in static
mode with 60-second integrations. Details of analytical procedures and
data treatment are after (DuFrane et al., 2007; Vervoort et al., 2004).
For the Hf-depleted mantle model ages (Hf TDM), we used 176Hf/177Hf
and 176Lu/177Hf for the individual zircon samples to determine their
initial 176Hf/177Hf ratios at their crystallization ages. Projection back
from zircon crystallization was calculated using a present value of
0.0093 for 176Lu/177Hf crust (Amelin et al., 2000; Vervoort and
Patchett, 1996). The depleted mantle Hf evolution curve was calculated
from present-day depleted mantle values of 176Hf/177Hf DM
(0) = 0.283225 and 176Lu/177Hf DM(0) = 0.038512 (Vervoort and
Blichert-Toft, 1999).

4. Results

In the following section, we integrate published results with the
newly obtained data from several localities of Colombia and Panama, in
order to constitute a strong geochronological, isotopic and geochemical

framework for the Paleogene volcanic and plutonic rocks of the region.
Results are presented separately for each domain and are subsequently
discussed in regarding their geochemical-isotopic features. The discus-
sion will be limited to the Late Cretaceous – Eocene record, since
younger magmatic episodes have been more widely discussed in the
context of the Farallon plate fragmentation and the collision of the
Panama Arc with NW South America (Farris et al., 2011; León et al.,
2018; Montes et al., 2012a, 2012b; Ramírez et al., 2016; Schütte et al.,
2010; Wegner et al., 2011; Wörner et al., 2009).

4.1. Continental arc of the Central Cordillera and the Caribbean Region

Paleogene arc-related magmatic rocks in the Central Cordillera and
the Caribbean region of Colombia include different plutonic bodies of
stock and batholith size such as Manizales, Hatillo, Norcasia and Parashi
stocks, and Antioquia, Sonsón, El Bosque, Santa Bárbara and Santa Marta
batholiths (Bayona et al., 2012; Bustamante et al., 2017; Cardona et al.,
2011a, 2011b, 2014; Leal-Mejía, 2011; Ordoñez et al., 2001; Ordoñez-
Carmona et al., 2011). These rocks intrude the Triassic, Jurassic and
Cretaceous metamorphic rocks from the central and eastern flanks of the
Central Cordillera (Fig. 1; review in Bustamante et al., 2017). Composi-
tionally, they vary between gabbros and granodiorites (Fig. 2A), and a
well-defined transitional to calc-alkaline magmatic affinity as observed
in the AFM diagram (Fig. 2B), as well as in the Zr/Y vs. Th/Yb diagram
(see Fig. S1; Ross and Bédard, 2009). Although we attempted to calculate
the tholeiitic index (THI; Zimmer et al., 2010), these continental rocks
are characterized by Mg values out of the range allowed for such cal-
culation, probably linked to their strong crustal input.

Published data show that SiO2 from some of the plutons negatively
correlate with TiO2, Al2O3, MgO, CaO, and Fe2O3, but show a slightly
defined positive correlation with K2O, which is characteristic of a
magmatic differentiation trend (Fig. 3).

Fig. 2. Classification and spider diagrams of Eocene continental arc-related rocks. A) TAS diagram after Middlemost (1994); B) AFM diagram after Irvine and Baragar
(1971); C) Multi-elemental diagram normalized to NMORB after Sun and McDonough (1989); D) REE spider diagram normalized after chondrite values of Nakamura
(1974). In purple are samples from the Central Cordillera; yellow from granitoids of the Caribbean region. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Multi-elemental plots normalized to N-MORB (Sun and McDonough,
1989) show well-defined negative Nb and Ti anomalies and enrichment
in Large Ion Lithophile Elements (LILE) such as Th, Ba and K (Fig. 2C).
The rare earth elements (REE) normalized to the chondrite composition
of Nakamura (1974), are characterized by enrichment in the Light Rare
Earth Elements (LREE) and depletion of the High Rare Earth Elements
(HREE; Fig. 2D). The plutonic rocks present Sr/Y ratios ranging from 21
to 74 which, with a mean value of 39 (Fig. 4A), which is characteristic
of melting/differentiation in mid- to high-pressure conditions in the
amphibole and garnet stability fields (reviews in Cardona et al., 2014;
Bustamante et al., 2017). Furthermore, compiled samples yielded a
mean (La/Yb)N ratio of 3.6 (Fig. 4B).

Published Sr-Nd-Pb whole rock isotopes also show a mixture of
radiogenic to juvenile values, with 87Sr/86Sr(i) varying between 0.7031
and 0.7107, and 143Nd/144Nd(i) from 0.512020 to 0.512735 with ɛNd(i)

values between −10.7 and 3.3. The 206Pb/204Pb spans from 18.764 to
18.978, 207Pb/204Pb between 15.575 and 15.660, and 208/204 Pb from

38.656 to 38.870 (Fig. 7; Bustamante et al., 2017; Leal-Mejía, 2011;
McCourt et al., 1984). We present new zircon Hf isotopic results from
two samples including the Hatillo Stock (Sample MLH-1) and Norcasia
Stock (Sample MLN-1). Their initial 176Hf/177Hf(i) ratio varies between
0.282787 and 0.282946 with ɛHf(i) between 1.5 and 6.9 (Fig. 8).
Bustamante et al. (2017) obtained both similar and more radiogenic Hf
isotopes on the Hatillo stock and El Bosque batholiths, which together
with our new results suggest the presence of heterogeneous radiogenic
continental and juvenile mantle sources (Fig. 8).

4.2. Oceanic Panama Arc

The Panama Arc is an intra-oceanic system whose southwestern edge
collided with the northwestern margin of South America during the
Neogene or probably earlier (Coates et al., 2004; Duque-Caro, 1990; León
et al., 2018; Montes et al., 2015; Pindell and Kennan, 2009). This episode
is interpreted as a major tectonic event with primary influence on the
north Andean mountain building, and as a first-order control mechanism
on the Isthmus closure and the subsequent changes in the global en-
vironmental, ecological and oceanographic configuration (Jaramillo
et al., 2017; Montes et al., 2015; O'Dea et al., 2016). The tectonic limit
between these two domains is marked by the Uramita Fault Zone (UFZ,
Duque-Caro, 1990), which is patchily covered by middle Miocene or older
sequences with a mixed provenance including detritus from both the
Panamian and South-American terranes (León et al., 2018). The suture
zone is sealed by ca. 12 Ma arc-related magmatic rocks, which mark the
transition from collisional tectonics to the subduction of the Nazca plate
underneath South America (León et al., 2018; Rodríguez and Zapata,
2012; Wagner et al., 2017; Zapata and Rodríguez, 2011).

Whattam and Stern (2015) attempted to geodinamically correlate
the magmatic units of northwestern South-America and Central
America, mainly focusing on Cretaceous units, however, scarce at-
tempts have been done for arc-related Paleocene – Eocene rocks re-
garding their temporal and compositional features (Montes et al.,
2015); in this section, we separately describe each domain to further
summarize and discuss the more relevant features.

4.2.1. Panamanian volcanic and plutonic rocks
Paleogene arc-related volcanic rocks have been identified in the San

Blas and Darien Regions, Central Panama and the Azuero Peninsula
(reviews in Buchs et al., 2010; Coates et al., 2004; Lissinna, 2005;
Maury et al., 1995; Montes et al., 2012a, 2012b; Wegner et al., 2011).
Volcanic and plutonic rocks are locally deformed and include inter-
calations of basaltic-andesites to rhyolites, and gabbro-diorite to tona-
lites, respectively. Volcanics also include andesitic lava, as well as
pyroclastic and volcano-clastic rocks (Buchs et al., 2010; Maury et al.,
1995; Montes et al., 2012a, 2012b; Wörner et al., 2009). Basaltic
pillow-lava is present in minor proportion and is particularly restricted
to the lower stratigraphic levels (Buchs et al., 2010; Corral et al., 2016;
Montes et al., 2012a, 2012b).

Published K-Ar and Ar-Ar ages obtained from intermediate to acid
volcanic rocks, as well as U-Pb ages from plutonic units, have yielded
ages between ~71 Ma and ~34 Ma which are related to the magmatic
crystallization (see Supplementary material Table S2 for references).

The arc-related rocks from Panama show a dominant basic-inter-
mediate composition, with rare acidic units, including basalts to
rhyolites and their plutonic equivalents (Fig. 5A). Both tholeiitic and
calc-alkaline trends are defined in the AFM diagram (Fig. 5B), as well as
in the Zr/Y vs. Th/Yb diagram (see Fig. S1; Ross and Bédard, 2009). The
THI was calculated for 112 samples from the Panama Arc, including the
Panamanian and Colombian rocks, which met the FeO and Mg criteria
(Zimmer et al., 2010). Alike in the AFM and Zr/Y vs. Th/Yb diagrams,
samples show both tholeiitic (THI > 1) and calc-alkaline affinity
(THI < 1), with values between 0.8 and 1.1.

Harker bivariate plots show a fairly defined positive correlation of
SiO2 with Na2O, and clear negative correlations with CaO, MgO, and

Fig. 3. Harker diagrams showing the relation of major oxides for samples from
the Paleogene continental arc-related rocks. Color are the same as in Fig. 2. (For
interpretation of the references to color in this figure legend, the reader is re-
ferred to the web version of this article.)

A. Cardona et al. Tectonophysics 749 (2018) 88–103

92



Fe2O3 total, which may reflect magmatic differentiation (Fig. 6A).
Multi-elemental diagrams normalized to N-MORB (Sun and
McDonough, 1989), show a variable enrichment in the LILE including
Th and Ce, and a common well-defined negative Nb and Ti anomalies
(Fig. 5C). The REE patterns show weak to strong enrichment in LREE,
whereas HREE are characterized by a flat trend (Fig. 5D). Mean Sr/Y
values of 13 were estimated for both the Panamanian plutonic and

volcanic rocks (Fig. 4A). Plutonic rocks yielded a mean (La/Yb)N ratio
of 1.6, whereas the volcanic units yielded a mean (La/Yb)N value of 2.1
(Fig. 4B).

Published Sr-Nd-Pb whole-rock isotopes, and new analyses con-
ducted in this work, are characterized by depleted mantle values, with
87Sr/86Sr(i) varying between 0.7027 and 0.7044, and ɛNd(i) values be-
tween 5.3 and 8.2. The 206Pb/204Pb ranges from 18.643 and 19.152,

Fig. 4. Boxplots showing the distribution of A) Sr/Y ratios and B) La/YbN values (after Nakamura, 1974) for each geological domain presented in text. Mwo = mean
value after removing outliers (represented by black dots).

Fig. 5. Classification and spider diagrams of Paleocene – Eocene arc-related Panamanian and Colombian rocks. A) Nb/Y vs Zr/Ti classification diagram after
Winchester and Floyd (1977; modified after Pearce, 1996); B) AFM diagram after Irvine and Baragar (1971); C) Multi-elemental diagram normalized to NMORB after
Sun and McDonough (1989); D) REE spider diagram normalized after chondrite values of Nakamura (1974). Squares and triangles are for plutonic and volcanic
samples, respectively. In blue Panamanian units; orange Colombian units; in red new results presented in this work from the Santa Cecilia-La Equis and the Acandi
Batholith; green samples from Timbiqui Complex and associated intrusives. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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207Pb/204Pb from 15.539 to 15.697 and 208Pb/204 Pb varies between
38.418 and 38.88 (Fig. 7). Such values are akin to oceanic arcs, which
are characterized by a prominent mantle input lacking of older radio-
genic basement. Furthermore, the variations of Pb isotopic values
suggest additional input from an enriched mantle. It is noteworthy that
the isotopic signature of the plutonic rocks, although similar to that of
the volcanic units, present slightly higher 87Sr/86Sr(i) values.

4.2.2. Colombian volcanic and plutonic rocks
Volcanic and plutonic rocks Paleogene in age, which have been

correlated with the Panama Arc, are included in the Santa Cecilia-La
Equis Complex, and the Acandi and Mande batholiths (Gonzalez, 2001).
These units crop out along the western flank of the Western Cordillera
and in the northwestern Urabá Region of Colombia, and represent the
eastward and southeastward extension of the San Blas and Darien
Ranges in Panama. The volcanic rocks from the Santa Cecilia-La Equis
complex include basaltic to andesitic lava flows, as well as porphyritic
intermediate units, with minor pyroclastic rocks (this contribution,
Buchely et al., 2009; Rodríguez et al., 2010; Salazar et al., 2005). In-
termediate units (i.e., gabbro-diorite-tonalite) dominantly represent the
plutonic rocks from the Acandi and Mande batholiths, with grano-
diorite, monzodiorite and granites present in minor proportion

Fig. 6. A) Harker bivariate diagrams showing the relation of major oxides for
samples from the Paleogene Panama Arc and Timbiqui Complex arc-related
rocks. B) Bivariate diagrams Zr vs. Na2O and K2O for samples analyzed in this
study. Same symbology of Fig. 4.

Fig. 7. 87Sr/86Sr(i) vs. εNd(i) and 206Pb/204Pb vs. 207Pb/204Pb diagrams (after
Thompson et al., 2004 and references therein) for both continental and oceanic
Paleocene – Eocene arc-related units presented in text. Same symbology of
Figs. 2 and 5.
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(González and Londoño, 2002; Rodríguez et al., 2010; Salazar et al.,
2005). The intermediate-acid plutonic rocks of the Acandi and Mande
batholiths, intrude basic-intermediate volcanic rocks from the Santa
Cecilia-La Equis Complex (Calle and Salazar, 2007; González and
Londoño, 2002).

Available zircon U-Pb crystallization ages for these rocks span be-
tween ~59 Ma and ~42 Ma, with additional K/Ar and Ar/Ar ages,
which may reflect either crystallization or cooling ages ranging from
~55 Ma to ~34 Ma (see Supplementary material Table S2 for refer-
ences). However, the aforementioned paucity of geochronological data
for the Panama Arc-related Colombian rocks hinders the discrimination
of different magmatic episodes, as those older than 60 Ma registered in
the Panamanian units. Middle to late Eocene pyroclastic rocks as well as
siliciclastic coarse-grained deposits with both volcanic and plutonic
lithic fragments on top of the main volcanic sequence of the Santa
Cecilia-La Equis, are interpreted as the subaerial and erosional ex-
pressions of the Panama Arc (León et al., 2018; Montes et al., 2012a;
Rodríguez and Sierra, 2010).

Five analyzed samples from the Santa Cecilia-La Equis Complex, are
mainly represented by silicified and hydrothermally altered porphyritic
basalts and andesites and minor pillow-lava intermediate in composi-
tion. Since most of the samples show significant alteration, we rather
used relatively immobile elements such as Nb, Ti, Zr, and Yb (Pearce,
1996), in order to classify them appropriately (Fig. 5A). SiO2 values
vary from 49.4 wt% to 67 wt% in the most silicified samples, and total
alkalis ranges between 4.3 wt% and 7.4 wt%, whereas Fe2O3 and MgO
span from 5.48 wt% to 8.9 wt%, and 1.82 wt% to 3.8 wt%, respectively.
In the AFM diagram, samples follow both tholeiitic and calc-alkaline
trends (Fig. 5B). Harker bivariate diagrams, show fairly defined nega-
tive correlations of SiO2 with Al2O3, Fe2O3 and CaO, which may be
related with magmatic differentiation, whereas the cloudy pattern of
K2O and Na2O (Fig. 6A) suggest elemental mobility and alteration, as
also indicated by the lack of a linear trend when plotted against Zr
(Fig. 6B). Multi-elemental patterns normalized to NMORB (Sun and
McDonough, 1989) are characterized by a slight enrichment in the LILE
such as Cs, Rb and Ba, with well-defined negative anomalies of Nb and
Ti (Fig. 5C). REE normalized to the chondrite values (Nakamura, 1974)
show a relative steep pattern (Fig. 5D), as suggested by the (La/Yb)N

ratio varying from 4.2 to 6.0.
Thirteen analyzed samples from the Acandi Batholith mostly include

variably altered intermediate and minor acidic rocks. Alike the samples
from the Santa Cecilia-La Equis, we evaluate the compositional features
of this unit by using the abundances of elements such as Nb, Ti, Yb, Zr,
which are considered immobile during hydrothermal processes (Fig. 5A;
Pearce, 1996). SiO2 varies between 48.1 wt% and 76.3 wt%, with total
alkalis ranging from 2.9 wt% and 8.6 wt%, whereas Fe2O3 and MgO
range from 0.9 wt% to 12.4 wt%, and 0.1 wt% to 5.4 wt%, respectively.
Analyzed samples follow both tholeiitic and calc-alkaline trends in the
AFM classification diagram (Fig. 5B). Alike the Panamanian rocks, the
plutonic and volcanic rocks from the Colombian segment analyzed here
(Santa Cecilia Complex and Acandi Batholith), also show a bimodal
tholeiitic and calc-alkaline affinity in the Zr/Y and Th/Yb diagram (see
Fig. S1; Ross and Bédard, 2009). Harker bivariate diagrams show well-
defined negative correlations of SiO2 and Fe2O3, CaO and MgO (Fig. 6A),
which may represent magmatic differentiation, whereas cloudy patterns
of K2O, Na2O and Al2O3 indicate elemental mobility and alteration,
supported by the absence of a linear trend when compared against Zr
(Fig. 6B). As observed in the volcanic samples from the Santa Cecilia-La
Equis Complex, the multi-elemental patterns normalized to NMORB of
rocks from the Acandi Batholith, show a slight enrichment in the LILE
with strongly defined negative anomalies of Nb and Ti (Fig. 5C). REE
abundances normalized to the chondrite values (Nakamura, 1974) show
both flat to steep patterns as suggested by the (La/Yb)N ratio spanning
between 0.9 and 5.3 (Fig. 5D). One sample present a strong Eu negative
anomaly (Eu/Eu* = 0.2), which may indicate plagioclase fractionation
in the magmatic system.

Previously published geochemical data show that the Santa Cecilia-
La Equis Complex and the Acandi and Mandé batholiths are mostly
intermediate in composition, including mainly basaltic-andesites and its
plutonic equivalents, with minor basic and acid rocks (Fig. 5A). In the
AFM and Zr/Y vs. Th/Yb diagrams, samples dominantly plot within
both the calc-alkaline and tholeiitic fields (Fig. 5B, see also Fig. S1).
Harker bivariate diagrams show weak positive correlations of SiO2 with
Na2O, whereas well-defined negative correlations with CaO, MgO, and
Fe2O3 are observed, which may be related to fractional crystallization
of the major mineral phases such as feldspar, pyroxene and amphibole
(Fig. 6A). Multi-elemental patterns, normalized to the N-MORB com-
position of Sun and McDonough (1989), are similar to the Panamanian
segment, with enrichment in LILE such as Th and Ce, together with
weak to strong Nb and Ti negative anomalies (Fig. 5C). REE abundances
show moderate enrichment in the LREE with flat HREE (Fig. 5D). The
Colombian plutonic and volcanic rocks related to the Panama Arc show
mean Sr/Y values of 25 and 17, respectively (Fig. 4A). As for the Pa-
namanian units, those values are considerably lower than those esti-
mated for continental-affinity rocks. Furthermore, plutonic and vol-
canic rocks from the Colombian segment yielded a similar mean (La/
Yb)N ratio ca. 3.4 (Fig. 4B).

Since no isotopic data from the volcanic rocks of the Panama Arc in
the Colombian segment are available so far, we focus our discussion in
the Sr-Nd-Pb-Hf isotopes of the plutonic rocks.

New Sr-Nd results obtained from the Acandi Batholith, and pub-
lished data from the Mande Batholith (Sánchez-Celis et al., 2018; Leal-
Mejía, 2011), are characterized by juvenile values with 87Sr/86Sr(i)

varying between 0.7032 and 0.7050. 143Nd/144Nd(i) ranges between
0.512901 and 0.513275 with εNd(i) between 6.4 and 13.6. Pb isotopic
signature of the same samples is characterized by 206Pb/204Pb values
between 18.758 and 18.969, 207Pb/204Pb ranging from 15.610 to
15.643, and 208Pb/204Pb spanning between 38.560 and 38.704 (Fig. 7).
Such results are similar to those described above for the Panamanian
volcanic and plutonic rocks.

Twenty zircon crystals from one sample of the Acandi Batholith
(sample GA-003) were analyzed for Hf isotopes. The initial 176Hf/177Hf(i)
ratio varies between 0.283060 and 0.283129 which are depicted by ɛHf(i)
values from 10.8 to 13.2, which suggest a juvenile mantle source close to
the depleted mantle fingerprint (Fig. 8). Although the new reported Hf
isotopes are similar to those recorded in some of the Panamanian plutons
(Ramírez et al., 2016), these authors also found lower ɛHf(i), which may
reflect oceanic sediment contribution to the magmatic sources (Vervoort
et al., 1999; Chauvel et al., 2008).

4.3. Timbiqui Complex

In the western foothills of the Western Cordillera and the Pacific
region of southwestern Colombia, a volcano-sedimentary succession
intruded by a series of small intermediate plutonic and sub-volcanic
bodies, crops out (ANH-GRP, 2011, ANH-Universidad de Caldas, 2011;
Annells et al., 1988; McCourt et al., 1990a, 1990b). This magmatic
domain includes andesitic lavas and tuffs, agglomerates and breccia,
overlain by fossiliferous mudstones and sandstones, which are sepa-
rated to the east from the Cretaceous volcano-sedimentary units of the
Western Cordillera by the prominent N to NNE trending regional Junín-
Sambiambí Fault (Gómez-Tapias et al., 2015).

The Timbiqui Complex is also reported in fault contact with a series
of highly deformed gabbros and serpentized peridotites from the Guapi
Ultramafic Complex, which are intruded by deformed tonalitic and
andesitic dikes with a zircon U-Pb age of 53.3 ± 0.3 Ma (ANH-GRP,
2011). Minor basic to intermediate plutonic units, including gabbros,
diorites, and tonalites (i.e., Rio Napi Intrusive, Balsitas Pluton, and El
Salto Pluton), have been associated to the Timbiqui Complex (McCourt
et al., 1990a, 1990b).

Upper Eocene to Oligocene sequences of external platform en-
vironments overly the Timbiquí Complex and its basaltic Cretaceous
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basement (ANH-GRP, 2011; ANH-Universidad de Caldas, 2011; Borrero
et al., 2012; Echeverri et al., 2015a; López-Ramos, 2009). Miocene –
Pliocene sandy and conglomeratic siliciclastic sediments of the Raposo
and Mayorquín formations overly these units in angular unconformity
(ANH-GRP, 2011; ANH-Universidad de Caldas, 2011; Annells et al.,
1988).

K/Ar ages between ~53 Ma and ~32 Ma have been reported for
different andesitic lavas, porphyries, and tuffs, as well as for the asso-
ciated basic-intermediate plutonic bodies (McCourt et al., 1990a,
1990b). Although these ages may be meaningful, the nature of the
analyzed material is not described; therefore no further interpretations
can be done regarding the geological meaning of them. However, a
zircon U-Pb analysis conducted on andesitic lava, suggest a crystal-
lization age of 44.2 ± 0.5 Ma (ANH-GRP, 2011), confirming an Eocene
age for this magmatism.

Geochemically, rocks from the Timbiqui Complex and associated
plutonic rocks (i.e., Middle Eocene Magmatic Event; ANH-GRP, 2011),
are dominantly intermediate in composition, including andesites, to-
nalites, and quartzdiorites, which follow a calc-alkaline magmatic trend
(Fig. 5A, B). Harker bivariate plots show slightly to strongly defined
negative correlations between SiO2 and CaO, MgO, Fe2O3 and Al2O3,
and a poorly defined positive correlation with Na2O, which may suggest
the existence of fractional crystallization processes (Fig. 6A). Multi-
elemental patterns normalized to NMORB after Sun and McDonough
(1989) exhibit enrichment in the LILE such as Cs, Rb, Ba, and Th, with
strong to weak negative anomalies of Nb and Ti (Fig. 5C). REE abun-
dances when normalized to the chondrite composition of Nakamura
(1974) show a notable enrichment in the LREE, whereas the MREE and
HREE present a flat pattern (Fig. 5D).

When analyzing the mean Sr/Y and (La/Yb)N values of the Timbiqui
Complex rocks and associated plutons an outstanding feature is ob-
served. Intermediate plutonic rocks (i.e., Middle Eocene Magmatic
Event, ANH-GRP, 2011) show a mean Sr/Y ratio of 57, whereas the
andesite and andesitic tuffs present a mean Sr/Y value of 22 (Fig. 4A).
Moreover, plutonic and volcanic units yielded a mean (La/Yb)N value of
7.3 and 2.8, respectively (Fig. 4B).

Coeval magmatic units have been described in the Western
Cordillera of Ecuador (i.e. Macuchi Arc; Vallejo et al., 2009), which

include basaltic to dacitic effusive and pyroclastic rocks showing both
MORB-like and IAT-like geochemical affinities (e.g. Hughes and
Pilatasig, 2002; Lebras et al., 1987). Available Ar/Ar and U-Pb zircon
radiometric ages for the volcanics range from ~42 to 35 Ma (Vallejo
et al., 2009), and detrital zircon U-Pb analyses in associated sediments
have shown the presence of Permian-Triassic and older ages (Vallejo
et al., 2009). This Paleocene-Eocene arc-related rocks was initially
considered as an accreted island arc intruding Cretaceous oceanic crust,
however the older host rocks was apparently already accreted to the
continent in the Paleogene and together with presence of older detrital
zircons have been used to suggest that it represent a Paleogene con-
tinental arc (Chiaradia, 2009; Vallejo et al., 2009).

5. Discussion

We presented a review of published and new temporal and com-
positional constraints of the early Paleocene to middle Eocene mag-
matic rocks exposed in the Colombian Andes and central – eastern
Panama, which allowed us to characterize not only the shared arc-re-
lated geochemical signature (Fig. 9), but also their chemical and iso-
topic particularities. Although it has been demonstrated that at least
two different tectono-magmatic domains exist, including a continental
and a dominantly oceanic island arc, they together reflect the complex
tectonic interactions between the South American, Caribbean and
Farallon plates during the Paleogene. In this section, we evaluate causal
relationships between the regional-scale kinematic framework and the
magmatic record described above in order to better explore its tectonic
implications. See Fig. 11 for a plausible paleogeographic snapshot at for
the early – middle Eocene of the northwestern margin of South America
and the southwestern Caribbean.

5.1. Paleogene transition from collision to oblique subduction and the
magmatic record of the continental margin

Plutonic rocks exposed in the Central Cordillera and northeastern
Caribbean region of Colombia (Santa Marta and Guajira), formed after
the Late Cretaceous arc-continent collision of the South-American
margin with the leading edge of the Caribbean Plate (Bustamante et al.,

Fig. 8. Hf isotope data for samples analyzed in this study and compiled from Bustamante et al. (2017) and Ramírez et al. (2016), for both the Panama and the
continental arcs.
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2017; Cardona et al., 2011a, 2011b; Pindell et al., 2005; Villagómez
et al., 2011). This oceanic plate was formed during the Cretaceous
(> 90 Ma) as a large igneous province in southwestern Pacific latitudes,
until it achieved its inter-American position since the Late Cretaceous
(Burke, 1988; Lugo and Mann, 1995; Pindell and Barret, 1990; Pindell
and Kennan, 2009; Hincapié-Gómez et al., 2018). Geophysical con-
straints have revealed that the Caribbean plate thickness varies from
typical oceanic crust values of ca. 5–10 km to values as high as 18 km
(Case et al., 1990; Mauffret and Leroy, 1997; Diebold and Driscoll,
1999). It has been commonly argued, based on buoyancy analyses that
oceanic plateaus are normally hard to subduct (Closs, 1993; Whattam
and Stern, 2015). However, more recent numerical and analogue
models have shown that oceanic plateaus can subduct when they are
characterized by an homogeneous crust, lacking of a basal detachment
or when they are immerse into an older lithosphere (Tetreault and
Buiter, 2012; Vogt and Gerya, 2014). Additionally, when the lower

crust of oceanic plateaus reach medium- to high-grade metamorphism
their bulk density significantly increase prompting subduction at con-
vergent margins (Closs, 1993).

It is therefore arguable that an heterogeneous Caribbean oceanic
plate was able to subduct underneath northwestern South America,
resulting in the construction of a continental magmatic arc (Bayona
et al., 2012; Bustamante et al., 2017; Cardona et al., 2011a, 2011b,
2014), as seen in similar geodynamic settings (Timm et al., 2014).
Remnants of a metamorphosed Caribbean plateau lower crust found in
Ecuador (Beaudon et al., 2005) and Colombia (Correa et al., 2017;
Rodriguez et al., 2012), may suggest that associated changes in density
and buoyancy facilitated its sinking into the sub-continental mantle.

The resulting continental arc was a short-lived magmatic episode
(U-Pb ages between ~60–45 Ma) characterized by a well-defined con-
vergent-margin geochemical signature, with some plutonic bodies with
steep REE patterns, high Sr/Y ratios and variable Y content (Fig. 10).
Such REEs pattern can be related to high-pressure melting/differ-
entiation in the garnet stability field in a relatively thickened crust,
which is consistent with an inherited crustal structure that resulted
from the Late Cretaceous-Paleocene orogenic phases (Bustamante et al.,
2017). A mean crustal thickness of ~51 km for the continental arc
system, was estimated from the Sr/Y data of Bustamante et al. (2017),
following Chapman et al. (2015) methodological approach. High Al2O3

and Na2O values, suggest that mafic crust melting may have occurred
associated to the high heat-flow during the early stages of subduction of
the Caribbean plate (Cardona et al., 2011a, 2011b, 2014). Other plu-
tons instead present a more flat REE trend and have lower Sr/Y values
(Fig. 10), which has been interpreted as the result of along-strike dif-
ferences in crustal thickness (Bustamante et al., 2017). Whole-rock Sr-
Nd-Pb as well as the zircon Hf isotopic record are characterized by a
mixture of both juvenile and radiogenic values (this contribution;
Bustamante et al., 2017; Cardona et al., 2011a, 2011b, 2014; Leal-
Mejía, 2011), which is likely to be related to a mixture between older
continental crust and mantle or cretaceous basaltic crust in the magma
sources.

The along-strike variations in crustal thickness, and the elongated
nature of the Paleocene-Eocene plutons of the Central Cordillera, sug-
gest a structural control during the emplacement of the magmatic rocks,
probably triggered by oblique convergence between the Caribbean and
South-American plates. Magnetic anisotropy analyses conducted in the
Santa Marta Batholith suggest a major tectonic control during its

Fig. 9. Tectonic discrimination diagram of discussed Paleocene – Eocene
magmatic units from compiled and new geochemical data, after Pearce (2008).
Same symbology of Figs. 2 and 5.

Fig. 10. Y vs. Sr/Y diagram showing the typical arc signature of most of the samples included in this work, as well as the adakite-like affinity of some rocks from the
Panama, Timbiqui and Continental arcs.
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emplacement (Salazar et al., 2016). The syn- and post-magmatic
transpressional-transtensional tectonics is thought to represent a tec-
tonic scenario that shaped the margin throughout most of the Cenozoic
(review in Montes et al., 2010; Pindell and Kennan, 2009; Zapata et al.,
2014). This geodynamic setting is also responsible for the fragmenta-
tion of the Paleocene – Eocene Arc and the translations of some of its
remnants to the northeastern Caribbean Region of Colombia (Cardona
et al., 2014).

Middle Eocene volcanic material has been recognized east of the
Central Cordillera within Paleogene foreland basins, as far as 400 km
inland from the main magmatic front, which may reflect transient
flattening of the subduction angle (Bayona et al., 2012). Syn-collisional
Paleocene depocenters, exposed in eastern Colombia (Magdalena
Valley), were uplifted as a series of discontinuous blocks, which has
been attributed to the re-activation of older extensional structures
(Bayona et al., 2012), probably under a partitioned strain regime,
triggered by oblique convergence that resulted in differential along-
strike deformation and exhumation (Parra et al., 2009).

Post-middle Eocene magmatic quiescence has been related to
strongly oblique convergence and the flat subduction of the thick pla-
teau-like Caribbean crust (Bayona et al., 2012; Bustamante et al., 2017;
Cardona et al., 2011a, 2011b), until it resumed in the Late Oligocene-
Miocene with the built of the Cenozoic Andean arc as consequence of
the subduction of the Nazca plate (Aspden et al., 1987).

5.2. Paleocene – Eocene island arc magmatism and its geodynamic and
paleogeographic implications

The arc-related rocks from Panama, the Uraba Region and the
Western Cordillera of Colombia present strikingly similar geochrono-
logical, geochemical and isotopic characteristics, which together with
their structural position, suggest that they are part of a common mag-
matic domain as previously suggested by Duque-Caro (1990).

Arc-like magmatism in Panama has been thought to initiate at ca.
71 Ma (Buchs et al., 2010), extending until the Oligocene when a period
of quiescence interrupted the protracted magmatic history, re-starting
at ca. 25 Ma (Rooney et al., 2010; Wegner et al., 2011). Although more
data is still necessary, the presence of ~68–66 Ma calc-alkaline plutons
and dacites, suggest that arc magmatism in Panama must have initiated
earlier than 70 Ma as previously considered, since the switch from
early-subduction forearc MORB-like magmatism to a well-established
typical arc system may take ca. 10 m.y. (Ishizuka et al., 2014; Whattam
and Stern, 2011). It is therefore expected that subduction initiation may
have occurred earlier than the Maastrichtian, as suggested by: 1) the
presence of volcano-clastic sandstones in Coniacian units from the Ni-
coya Complex in Costa Rica (Pindell and Kennan, 2009), and the re-
interpretation of the forearc basaltic sequences of Panama and Costa
Rica as associated to subduction initiation (Whattam and Stern, 2015).
In Colombia U-Pb geochronological constraints have shown that the
magmatic record may extend between ~59 and 34 Ma, with more
geological and geochronological constraints still necessary in order to
track the older arc-related products.

The detrital U-Pb record of middle Eocene and younger sedimentary
sequences in Panama (i.e. Gatuncillo, Cobachón, Tonosí, Cucaracha,
Culebra formations; Montes et al., 2012a, 2012b; Ramírez et al., 2016),
including modern river sediments, are characterized by a major cluster
of individual ages between ~60 Ma and ~40 Ma, with minor Late
Cretaceous, Oligocene and younger zircons. This feature, when com-
bined with the analysis of the temporal distribution of the compiled Ar-
Ar, K-Ar and U-Pb ages, suggest the existence of a ca. 40–50 Ma mag-
matic flare-up (Fig. 12A). We speculate that this major phase of mag-
matic activity may have been triggered by a change towards a faster
and strongly orthogonal subduction of the Farallon Plate beneath the
trailing edge of the Caribbean plate, where the Panama Arc was con-
structed. This probable geodynamic configuration, which has been ki-
nematically restored in global plate tectonic reconstructions (Seton

et al., 2012), favors strong slab dehydration that may increase melt
volumes generated from the subduction-modified mantle (Davies and
Bickle, 1991; George et al., 2003; Zellmer, 2008). The LILE and LREE
enrichment of plutonic and volcanic rocks described above, indicate
that slab-derived fluid assisted melting, together with arc thickening,
was taking place during the middle Eocene. The increased generation of
subduction-related magmas and the changes in convergence vectors in
the Pacific are likely to be linked with the collision of the leading edge
of the Caribbean plate (Greater Antillean Arc; review in Pindell et al.,
2012) with North America that took place during the Eocene (Iturralde-
Vinent et al., 2016) and cause the Caribbean plate to slow down its
northeastern displacement (Fig. 12B).

It is also plausible that arrival of thick and buoyant Caribbean
oceanic plate beneath the north-Andean margin may hampered its
northeastward displacement until the Late Eocene (Fig. 12B; Pindell
and Kennan, 2009). The subsequent plate motion acceleration and its
ongoing eastward migration is recorded in the evolution of the Cayman
Ridge, and the complex basin-opening and along-strike block transla-
tions in the northern Caribbean margin of South America (review in
Pindell and Kennan, 2009; Zapata et al., 2014).

As for the continental Paleogene arc, we estimated a possible depth
of magma generation by using the Sr/Y ratios obtained from the com-
piled geochemical database of Panama Arc-related rocks (Fig. 10). Our
results suggest that the mean crustal thickness of the Panama Arc
during the generation of the above-described units, oscillates between
15 km to 30 km, which reflect inherited variations in the plateau-like
oceanic crust where the magmatic rocks were formed and the local
increase on arc crustal thickness due to magmatic underplating.

5.3. Plausible tectonic scenarios for the origin of arc-related rocks from the
Timbiqui Complex

The significance of the Timbiqui Complex arc system within the
paleogeographic framework of the northern Andes remains poorly un-
derstood. Nevertheless, two different models have been proposed from
regional considerations. A first model indicates a para-autochthonous
origin associated to the continental South-American margin (Pindell
and Kennan, 2009). Conversely, Echeverri et al. (2015a) argued that
the modern > 100 km distance between the Timbiqui and the Central
Cordillera arc related segments, together with their characteristic arc-
front-related geochemistry and the absence of a typical high-K and
enriched signature of a distal rear-arc (Tatsumi and Eggins, 1995),
suggest that both domains could not represent a single arc system.
Therefore, the Timbiqui rocks must represent an exotic terrane.

Overlying siliciclastic sedimentary sequences of late Eocene to
Miocene in age, record the final assembling of this domain to the
southwestern Colombian margin (Echeverri et al., 2015a, 2015b,
2016). A similar discussion has been presented for the Paleogene Ma-
cuchi Arc in the Western Cordillera of Ecuador (Hughes and Pilatasig,
2002; Vallejo et al., 2009). The Macuchi Arc however is interpreted as a
continental arc, with an oceanic arc-related composition considered as
an inherited fingerprint of their host rocks related to Cretaceous ac-
creted basaltic terranes. Consequently, it is interpreted as an auto-
chthonous magmatic arc generated in the continental Ecuadorian
margin, as is also supported by the presence of continent-derived det-
ritus in associated sedimentary units (e.g. Angamarca Group; Pindell
and Kennan, 2009; Vallejo et al., 2009).

Available geochemical data from the volcanic rocks of the Timbiqui
Complex, show moderately-steep REE patterns (mean (La/Yb)N ratio of
2.76), which are characteristic of a moderately mature arc formed in a
mid-shallow melting environment (Profeta et al., 2015 and references
therein), as indicated by the mean crustal thickness of ~20 km esti-
mated from the Sr/Y ratio. In contrast, the geochemical behavior of the
intermediate-felsic plutons associated to this arc (i.e. Middle Eocene
Magmatic Event; ANH-GRP, 2011), is however puzzling. High Sr/Y and
(La/Yb)N values of 57 and 7.3, respectively, SiO2 > 56 wt%, and
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Fig. 11. Palinspastic paleogeographic reconstruction of the northern Andes and southern Caribbean for Eocene to early Oligocene times (~50 to 30 Ma). Modified
from Cardona et al. (2014), Reyes-Harker et al. (2015), and Rodriguez-Parra et al. (2017). Diagonal pattern shows accreted plateau and arc fragments (Kerr et al.,
2003). Crystallizing/cooling plutonic bodies during this time interval: 1: Mande batholith (Villagómez et al., 2011; Montes et al., 2012b; Montes et al., 2015); 2:
Mamoni-Cerro Azul intrusive suite (Wegner et al., 2011; Montes et al., 2012b); 3: Azuero intrusives (Wegner et al., 2011; Montes et al., 2012a; Ramírez et al., 2016);
4: Santa Barbara batholith (cooling age, McCourt et al., 1984); 5: Manizales stock (Bayona et al., 2012); 6: Hatillo stock (Bayona et al., 2012; Bustamante et al.,
2017); 7: Sonson batholith (Leal-Mejía, 2011; Ordoñez-Carmona et al., 2011); 8: Antioquia batholith (Leal-Mejía, 2011; Bayona et al., 2012); 9: Santa Marta batholith
and Parashi stock (Cardona et al., 2011a, 2011b); 10: Acandi batholith (Montes et al., 2015); 14: Macuchi arc (Vallejo et al., 2009). Early to middle Eocene strata,
asterisk where corresponding Paleocene-middle Eocene U/Pb detrital zircon ages are available: 11: Gatuncillo Formation (Woodring, 1964; Ramírez et al., 2016); 12:
Tonosi Formation (Del Giudice and Recchi, 1969; Kolarsky et al., 1995; Krawinkel et al., 1999; Herrera et al., 2012; Ramírez et al., 2016); 13: Peña Morada Formation
(Borrero et al., 2012); 14: Angamarca Group (Vallejo et al., 2009); 15: Toluviejo, Maco and Chengue Fms. (Flinch, 2003; Rincón et al., 2007; Cardona et al., 2012);
16: Soebi Blanco Formation (Priem et al., 1986; Zapata et al., 2014); 17: Macarao Formation (Rollins, 1965); 18: Tabaco Formation (Montes et al., 2010; Bayona
et al., 2011); 19: Misoa Formation (Escalona and Mann, 2006; Escalona and Mann, 2011; Xie et al., 2010); 20: Mirador Formation (Mora et al., 2010); 21: La Paz
Formation (Nie et al., 2010); 22: Bogota Formation (Moron et al., 2013); 23: Almacigos Member of the San Juan de Rio Seco Formation (Gómez et al., 2003); 24:
Lower Gualanday Group (Anderson, 1972; Caicedo and Roncancio, 1994); 25: Pepino Formation (Borrero et al., 2012); 26: Trigana and Tripogadi informal units
(Rodríguez and Sierra, 2010).
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Yb < 1.3 ppm suggest an adakite-like geochemical signature and
thicker crust (Fig. 10), also reported farther to the south in the volcanic
and plutonic rocks of the Macuchi Arc (Chiaradia, 2009), which is in-
terpreted as a fingerprint of the plateau-like basement melting on deep
and thick crustal environment.

Although more data is still necessary to evaluate the plausible pa-
leogeographic implications of this magmatic arc, we suggest that during
the Paleogene, the Timbiqui Complex was allochthonous to the
Colombian continental margin, but may still be considered as para-
autochthonous to the continental margin. This arc may represent either
a tectonically dismembered segment or an oceanic continuation of the
Ecuadorian Macuchi arc, similar to what is seen in the Aleutians, where
the magmatic arc in the Alaska Peninsula is of continental affinity but it
laterally changes to an oceanic arc southwestward (Yogodzinski et al.,
2010). Pindell and Kennan (2009) have suggested that during the Late
Paleocene-Early Eocene (see their reconstruction at 56 Ma), the trailing
edge of the Caribbean plate, in which the Central American arc was
growing, collided with the Ecuadorian margin. Therefore, during the
Eocene the continental-transitional Macuchi and Timbiqui arc-related
rocks were likely continuous with the oceanic Panama Arc (Figs. 11 and
12). The final juxtaposition and disruption of this arc along the Andean
margin may have resulted from the progressive zipper-like collision of
Panama with Colombia and the Cenozoic oblique subduction of the
Nazca plate that favors tectonic scape (Mann and Corrigan, 1990;
Pindell and Kennan, 2009).

6. Conclusions

In the Colombian and Ecuadorian Andes, as well as in the Darien,
San Blas and Azuero regions of Panama, a discontinuous series of
Paleogene volcanic and plutonic rocks crop out, which intrude both
Cretaceous oceanic plateau-like crust and the older continental

basement of northwestern South America. The Paleocene – Eocene
(~60–45 Ma) stock and batholith-sized units that intrude the pre-
Cretaceous basement of the Central Cordillera and the northeastern
Caribbean region of Colombia, represent the short-lived magmatic re-
cord of the Caribbean plate subduction underneath the previously
thickened continental crust. This domain is characterized by the en-
richment in incompatible elements, strong Nb and Ti negative anoma-
lies and the high Sr/Y ratios, together with a Sr-Nd-Pb-Hf mixed
radiogenic and mantle isotopic signature that indicate a heterogeneous
magma source, which is expected for an arc system constructed on a
thickened continental margin where oceanic terranes were accreted
before. The coeval volcanic and plutonic rocks of western Colombia and
Panama included within the Panama Arc, also exhibit an arc-related
geochemical signature such as the enrichment in LILE, steep LREE
patterns and Nb-Ti negative anomalies. However, Sr-Nd, as well as Pb
isotopes of this domain, are akin to juvenile magma sources and do not
reflect any clear contribution of radiogenic material, although previous
stratigraphic and provenance analyses indicate the existence of con-
tinent-derived detritus in siliciclastic rocks associated to the arc-related
volcanics in correlatable units in Ecuador (Macuchi Arc; Vallejo et al.,
2009). These characteristics allow us to consider an Aleutian-type
geodynamic setting as a possible scenario for the origin of the Paleo-
cene – Eocene magmatic rocks of the northwestern Andes and Panama,
where the arc domain laterally transitioned from a continental to a fully
oceanic configuration. Furthermore, the presence of ~67 Ma acidic
volcanic rocks, suggest that the Panama Arc magmatism must have
initiated earlier than previously considered (~71 Ma, Buchs et al.,
2010), since recent chemo-stratigraphic studies of subduction-related
rocks, demonstrated that the transition from the eruption of forearc
MORB-like basalts to acid calc-alkaline rocks takes ca. 10 m.y (Ishizuka
et al., 2014; Whattam and Stern, 2011).

The temporal and geochemical features of the Paleogene tectono-

Fig. 12. A) Probability density plot for compiled radiometric ages from León et al. (2018), Montes et al. (2012a, 2015) and Ramírez et al. (2016). B) Paleogeographic
scheme for the Paleocene – Eocene, modified from Whattam et al. (2015), illustrating the evolution of the CLIP and the circum-Caribbean magmatic arcs. Large black
arrows indicate the approximate direction of plate motion.
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magmatic domains exposed in the northern Andes and central-eastern
Panama, which were reviewed and discussed above, suggest that they
resulted from complex regional-scale plate kinematics that are partially
understood. We expect that the compiled geochronological and geo-
chemical data, together with the new results and discussions presented
here, constitute a valuable contribution to the understanding of the
paleogeography of the circum-Caribbean.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tecto.2018.10.032.
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