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Transient Cenozoic tectonic stages in the southern margin of the
Caribbean plate: U-Th/He thermochronological constraints from
Eocene plutonic rocks in the Santa Marta massif and Serrania
de Jarara, northern Colombia
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{ABSTRACT |

We use U-Th/(He) zircon and apatite thermochronology and Al in hornblende geobarometry from Eocene
granitoids of the Sierra Nevada de Santa Marta and Guajira uplifted massifs in northern Colombia to elucidate
the exhumation history of the northern South America continental margin and its bearing to Cenozoic Caribbean—
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South America plate interactions. Aluminium in hornblende geobarometry from the Eocene Santa Marta batholith
yields pressures between 4.9+0.6kbar and 6.4+0.6kb, which indicate that at least 14.7-19.2km of unroofing took
place since 56-50Ma in the northwestern Sierra Nevada de Santa Marta. In the Guajira Peninsula, calculated
pressures for the Eocene Parashi stock are 2.3+0.6 and 3+0.6kbar. Stratigraphic considerations pertaining to
Oligocene conglomerates from the Guajira area suggest that 6.9-9km of crust was lost between 50Ma and ca.
26Ma. U-Th/He zircon and apatite thermochronology from granitoids in the Sierra Nevada de Santa Marta shows
the existence of major exhumation events in the Late Eocene (ca. 45-40Ma), Late Oligocene (ca. 25Ma) and
Miocene (ca. 15Ma). The Guajira region records the Late Eocene to Early Oligocene (35-25Ma) event, but it lacks
evidence for the Miocene exhumation phase. These differences reflect isolation of the Guajira region from the
Sierra Nevada de Santa Marta and the Andean chain due to extensive block rotation and transtensional tectonics
that affected the region during the post-Eocene times.

The post-Eocene events correlate in time with increased convergence rate and frontal approach of North and
South America. It is suggested that the two major tectonic mechanisms that govern exhumation in these Caribbean
massifs are: 1) subduction of the Caribbean plate, and 2) post Eocene changes in plate convergence obliquity
and rates that caused the South American continental margin blocks to override the Caribbean plate. Temporal
correlation with other Caribbean and Northern Andean events allows to resolve the regional Cenozoic plate
tectonic reorganizations experienced by the South American, Caribbean and Pacific plates at a regional scale.

KEYWORDS | U-Th/He thermochronology. Exhumation. Oblique convergence. Caribbean subduction.

INTRODUCTION

Active margins characterized by multiple plate tectonic
boundaries and surrounded by different oceanic plates are
subjected to continuous and rapid changes in convergence
relations and character of the accreted and/or subducted
oceanic crust (Jarrard, 1986; Cross and Pilger, 1982;
Cloos, 1993; Gutscher, 2002). Successive modifications
of these plate configurations have magmatic, sedimentary,
deformational and paleogeographic effects within the
upper plate (Hall, 2002; Cawood et al., 2009). Several
models have also shown that exhumation and uplift are
sensitive to both plate convergence obliquity and the
thickness of the subducted oceanic plate (Cloos, 1993;
Thompson et al., 1997; Spotila et al., 1998; Spikings et al.,
2001, 2008; Cruz et al., 2007; Espurt et al., 2008; Wipf
et al., 2008; Gerya et al., 2009). Therefore, the record
of exhumation explains the short-term tectonic events
which, in turn, have allowed to refine tectonic models for
convergent margins. This is particularly useful in regions
where young tectonic overprinting or limited exposure of
the associated contemporaneous rock record is scarce, or
where overimposed events have erased evidence of older
ones.

Plate tectonic reconstructions for the northwestern
South America-Caribbean interactions suggest that
the orogenic cycle began with the Late Cretaceous-
Paleogene collision of the front of the oceanic Caribbean
plate, which migrated from the Pacific towards an inter-
American position (Burke, 1988; Pindell, 1993; Pindell
et al., 1998, 2005; Spikings et al., 2000, 2001; Hughes
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and Pilatasig, 2002; Luzieux et al., 2006; Vallejo et al.,
2006, 2009; Cardona et al., 2010a; Van der Lelijj et al., in
press; Weber et al., 2009, 2010). Subsequent post Eocene
relative eastern migration of the Caribbean plate, Pacific
subduction and collision of Panama with the northern
Andean margin, as well as variations in North America—
South America convergence relations, were responsible for
strain partitioning and a heterogeneous geological response
along the southern margin of the Caribbean plate (Muessig,
1984; Avé Lallemant, 1997; Pindell et al., 1998; Miieller
et al., 1999; Spikings et al., 2000; Taboada et al., 2000;
Trenkamp et al., 2002; Cortés et al., 2005; Montes et al.,
2005, 2010; Pindell and Kennan, 2009). The formation of
several isolated massifs surrounded by sedimentary basins
in northeastern Colombia is tied to this complex tectonic
scenario (Kellogg, 1984; Pindell et al., 1998; Montes et al.,
2005, 2010).

Currently, the timing of uplift and the tectonic
configuration that shaped these massifs is still not fully
resolved (Kellogg and Bonini, 1982; Kellogg, 1984;
Montes et al., 2010). In this contribution, low-temperature
zircon and apatite (U-Th)/He thermochronology and
geobarometric constraints from the Eocene plutonic
rocks of the Sierra Nevada de Santa Marta and Serrania
de Jarara uplifted massifs, in the Caribbean region of
northern Colombia (Fig. 1), were integrated with published
geological constraints to characterize the timing and
rates of short and long term exhumation. We use these
results to reconstruct the time-temperature and time-
pressure paths followed by the plutonic rocks in order to
understand the tectonothermal evolution of the massifs
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(Ring et al., 1999). Additional constraints on exhumation
from the less topographically expressed Serrania de
Jarara are determined with zircon and apatite U-Th/He
thermochronology from Eocene granitoid clasts found in
a Late Oligocene conglomerate sampled at the foothills
of the Serrania de Jarara (Lockwood, 1966; Zapata et al.,
in press). We relate the record of Cenozoic exhumation of
the two massifs to the evolution of the Caribbean—South
American plate tectonic interactions and analyze the results
in terms of changes in the paleogeography of the region.

TECTONIC SETTING

The Cenozoic orogenic make-up of the Northern Andes
and the Caribbean is related to the interactions of multiple
plate boundaries (Caribbean, Pacific and South American
plates) and the collision of several oceanic terranes with

Cenozoic tectonics in the southern margin of the Caribbean plate, Colombia

the South American margin (Pindell et al., 1998, 2005;
Kellogg and Vega, 1995; Hughes and Pilatasig, 2002; Kerr
et al., 2003; Vallejo et al., 2006, 2009; Jaillard et al., 2008,
2010; Pindell and Kennan, 2009). Advances in regional
plate tectonic modeling have suggested that the Pacific-
derived Caribbean oceanic plate drifted towards the East
(relative to the Americas) during the Late Cretaceous-
Cenozoic and that it obliquely collided with the continental
margin during the Late Cretaceous and Paleogene (Pindell
et al., 1998, 2005; Spikings et al, 2000, 2001; Kerr et al.,
2003; Gémez et al., 2005; Montes et al., 2005; Vallejo
et al., 2006, 2009; Cardona et al., 2010a). Continued
relative eastern migration of the Caribbean plate built an
array of strike-slip dominated orogenic blocks and basins
linked to a composite transpressional and transtensional
configuration (Muessig, 1984; Macellari, 1995; Pindell et
al., 1998, 2005; Pérez de Armas, 2005; Beardsley and Avé
Lallemant, 2007; Cruz et al., 2007; Montes et al., 2010).
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FIGURE 1T A) Neotectonic and digital elevation map of the Northern Andes indicating the main active fault systems (after Tahoada et al., 2000; Dimate
et al., 2003). The Sierra Nevada de Santa Marta, Guajira Serranias and surrounding basins are highlighted on the map. BR: Baudo Range, CB: Chocd
Block, CC: Central Cordillera, EC: Eastern Cordillera, GF: Guaicaramo Fault, MA: Mérida Andes, MB: Maracaiho Block, PR: Perija Range, RFS: Romeral
Fault System, SLR: San Lucas, SM: Santander Massif, SSM: Serviti—Santa Maria Fault, WC: Western Cordillera, SBR: San Blas Range, IDZ: Istmina
deformation zone. B) and C) Geological sketch maps of the Sierra Nevada de Santa Marta massif and the Guajira region including Serrania de Jarara,

respectively.
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Additional Cenozoic tectonic factors that have
influenced this segment of the South American margin
include: 1) changes in convergence direction and rate
between North and South America and associated relative
displacements of the Caribbean plate (Pindell et al., 1988;
Miieller et al., 1999; Pindell and Kennan, 2009); 2) forced
subduction of a thick Caribbean oceanic plate (Mauffret and
Leroy, 1997; Pindell et al., 2005); 3) Early Eocene changes
in convergence direction between the Pacific plates and the
South American margin from N-S to WNW-ESE (Pilger,
1984; Pardo-Casas and Molnar, 1987); and 4) the collision
of the trailing edge of the Caribbean oceanic plate (Panama
isthmus) with northwestern Colombia (Kellogg and Vega,
1995; Taboada et al., 2000).

The Caribbean—South America plate boundary was also
marked by the formation of a Cenozoic sedimentary wedge
(South Caribbean deformed belt), together with several
pull-apart style basins, uplifted massifs and fold-and-thrust
belts (Case et al., 1984; Duque-Caro, 1984; Kellogg, 1984;
Muessig, 1984; Lugo and Mann, 1995; Avé Lallemant,
1997; Taboada et al., 2000; Gorney et al., 2007). Within
this scenario the Northern Andean margin was segmented
into several blocks or microplates that were displaced to
the North and East towards the Caribbean realm (Kellogg,
1984; Kellogg and Vega, 1995; Montes et al., 2010).

Recent GPS measurements and stress analyses
have shown an oblique East-Southeast convergence of
20+2mm/a between the Caribbean and South American
plates demonstrating the North Andean block is still
escaping to the northeast (Perez et al., 2001; Weber et al.,
2001; Trenkamp et al., 2002; Colmenares and Zoback,
2003). Although most of the convergence is accommodated
by major strike-slip zones and earthquake distribution,
microseismicity studies and seismic tomographic models
have suggested the existence of a slab dipping under the
northern segment of the South American margin and
the underthrusting of the Caribbean plate against South
America (Kellogg and Bonini, 1982; Toto and Kellogg,
1992; van der Hilst and Mann, 1994; Malavé and Suarez,
1995; Miller et al., 2009).

SANTA MARTA AND GUAJIRA

In northern Colombia, the physiographic continuity of
the Andean Cordillera changes to a series of isolated uplifted
crystalline massifs limited by major strike-slip systems
(Fig. 1), and surrounded by barely exposed Cenozoic
basins filled with as much as ca. 6km of sediments (Fig.
1, reviews in Guzman, 2007; Cerén et al., 2007; Rincon
et al., 2007). Palinspastic restorations based on basement
correlations and structural compatibility have suggested
that these massifs were part of a continuous Andean
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Cordillera during the Late Cretaceous to Early Paleogene,
and were later fragmented by Cenozoic Caribbean tectonics
(Duque-Caro, 1979; Montes et al., 2005, 2010).

These major uplifted crystalline massifs include
the Santa Marta massif and the Guajira Serranias
(Simarua, Jarara and Macuira) with elevations as high
as ca. 5777m and ca. 600m respectively (Fig. 1). They
are both part of the Maracaibo microplate (Burke et
al, 1984), which also includes other uplifted regions
such as the Serrania de Perija and the Merida Andes
of Colombia and Venezuela. It is remarkable that the
ca. 5777m topography of the Santa Marta massif is
characterized by a major positive gravity anomaly and
an apparent high geothermal gradient, suggesting a lack
of isostatic equilibrium related to recent uplift (Case
and MacDonald., 1973; Cer6n-Abril, 2008).

Both massifs can be divided into three roughly
correlative lithological belts with a well-defined
southeast-northwest younging pattern (Fig. 1B and 1C).
The older southeastern segment includes ca. 1.2-1.0Ga
inliers of high-grade metamorphic rocks (reviews in
Tschanz et al., 1974; Cordani et al., 2005; Cardona et al.,
2010b) which are intruded/covered by Jurassic to Early
Cretaceous plutonic/volcanic rocks (Tschanz et al., 1974;
MacDonald and Opdyke, 1972; Cardona-Molina et al.,
2006). The intermediate belt is made of amphibolites and
mica schists of Paleozoic age and Permo-Carboniferous
mylonitic granitoids (Tschanz et al., 1969, 1974; Cardona-
Molina et al., 2006; Cardona et al., 2010c; Weber et
al., 2009). The youngest belt includes an imbricate
series of Cretaceous greenschist to amphibolite facies
metavulcano-sedimentary units and orthogneisses in Santa
Marta (Doolan, 1971; MacDonald et al., 1971; Tschanz
et al., 1974; Cardona et al., 2010b), and greenschist
metasediments with intercalated serpentinites and gabbros
in Guajira (Lockwood; 1966; Weber et al., 2010). The
three different lithostratigraphic belts are intruded by
Eocene I-type plutonic bodies (Tschanz et al., 1974; Mejia
etal.,2008; Cardona et al., 2008; Duque et al., 2009), such
as the Santa Marta batholith, comprised of quartzdiorites,
granodiorites and tonalites. In the Guajira Peninsula,
Paleogene plutonism is restricted to the Eocene Parashi
stock, a quartzdiorite body with associated porphyritic
dikes (Lockwood, 1966; Cardona et al., 2007).

Two Cenozoic basins limit the studied massifs (Fig.
1): 1) the Late Cretaceous to Paleogene Cesar-Rancheria
basin, exposed in the southeastern flank of the Santa Marta
massif (Bayona et al., 2007; Ayala-Calvo et al., 2010) and
2) the Lower Magdalena and the Baja and Alta Guajira
basins, limited by major strike-slip faults and characterized
by an extensive post-Oligocene record (Duque-Caro, 1979;
Guzmadn, 2007; Rincén et al., 2007; Vence, 2008).
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ANALYTICAL METHODS

U/Pb LA-MC-ICP-MS geochronology

U/Pb analyses for one granitoid clast were done at
the Arizona LASERCHRON laboratory following the
procedures described by Gehrels et al. (2008). Results are
included in Table 1.

Zircon crystals were analyzed in polished epoxy
grain mounts with a Micromass Isoprobe Multicollector
Inductively Coupled Plasma-Mass Spectrometry (ICP-
MS) equipped with nine Faraday collectors, an axial Daly
collector, and four ion-counting channels. The Isoprobe
is equipped with an ArF Excimer laser ablation system,
which has an emission wavelength of 193nm. The collector
configuration allows measurement of 2*Pb in the ion-

Cenozoic tectonics in the southern margin of the Caribbean plate, Colombia

counting channel while 2°Pb, 27Pb, 2%Pb, 2’Th and U
were simultaneously measured with Faraday detectors. All
analyses were conducted in static mode with a laser beam
diameter of 35-50um, operated with an output energy of
~32m]J (at 23kV) and a pulse rate of 9Hz. Each analysis
consisted of one 20-second integration on peaks with no
laser firing and 20 one-second integrations on peaks with
laser firing. Hg contribution to the 2*Pb mass position
was removed by subtracting on-peak background values.
Inter-element fractionation was monitored by analyzing
an in-house zircon standard, which has a concordant
Thermal Ionization Mass Spectrometry (TIMS) age of
564+4Ma (20). This standard was analyzed once for every
five unknowns. Uranium and Th concentrations were
monitored by analyzing a standard (NIST 610 Glass) with
~500ppm Th and U. The lead isotopic ratios were corrected
for common Pb, using the measured 2**Pb, assuming an

TABLE 1 [ U-Ph LA-MC-ICP-MS zircon results from the granitoid conglomerate clast of the Oligocene Siamana Formation, Guajira Peninsula.

Isotope ratios Apparent ages (Ma)
Best

Analysis U 206Pb U/Th 206Pb* + 207Pb*| = 206Pb* =+ error 206Pb* + |207Pb* =+ 206Pb* =+ age +

(ppm) 204Pb 207Pb* (%) 235U* | (%) 238U (%) corr. 238U* (Ma)| 235U (Ma) 207Pb* (Ma) (Ma) (Ma)

MSZH4-1 392 5058 4.7 24.1300 13.2 0.0455 13.3 0.0080 2.1 0.16 51.1 1.1 451 59 -260.3 334.7 511 11

MSZH4-2 357 7228 5.0 10.9333 2.0 0.3847 50 0.0305 45 091 193.7 8.6 330.5 14.0 1456.3 388 193.7 8.6
MSZH4-3 291 2688 8.6 21.2063 13.9 0.0487 14.5 0.0075 3.9 0.27 48.1 19 483 6.8 571 3339 481 19
MSZH4-10 438 19359 1.9 16.7475 5.0 0.1478 8.1 0.0180 6.4 0.79 1147 7.3 140.0 10.6 593.1 107.7 1147 7.3
MSZH4-11 344 4715 3.5 21.9573 11.9 0.0496 12.1 0.0079 19 0.16 50.7 0.9 49.1 58 -265 289.4 50.7 0.9
MSZH4-13 521 53792 3.9 13.0216 5.1 1.0122 5.5 0.0956 2.3 0.41 5886 128 710.0 28.3 11159 100.9 588.6 12.8
MSZH4-14 269 3595 7.9 19.5746 15.2 0.0555 15.4 0.0079 2.7 0.18 506 1.4 548 82 2447 351.7 506 1.4
MSZH4-15 314 2842 4.0 21.0630 17.6 0.0494 17.7 0.0075 1.5 0.09 484 0.7 489 84 732 4214 484 07
MSZH4-16 267 4683 4.3 16.6159 6.4 0.1074 11.9 0.0129 10.0 0.84 829 82 1036 11.7 6102 1384 829 82
MSZH4-17 256 2006 3.3 21.0117 13.9 0.0499 14.0 0.0076 2.0 0.14 488 1.0 494 68 79.0 3308 488 1.0
MSZH4-18 512 58450 11.6 14.6247 3.2 0.5186 7.9 0.0550 7.2 091 3452 242 4242 274 880.0 66.8 3452 242
MSZH4-19 310 3241 6.3 24.5172 28.6 0.0434 ## 0.0077 15 0.05 495 07 431 121 -300.8 743.4 495 0.7
MSZH4-20 378 669 2.5 25.3224 17.6 0.0407 17.8 0.0075 2.3 0.13 48.0 1.1 405 7.1 -384.1 461.0 48.0 1.1

MSZH4-21 341 599 4.1 19.5481 245 0.0519 ## 0.0074 3.0 0.12 472 1.4 514 124 2479 5719 472 14
MSzZH4-22 557 75226 2.2 15.3075 2.8 0.7416 7.6 0.0823 7.1 093 510.1 34.6 563.4 329 7849 59.0 510.1 34.6
MSZH4-23 335 4176 7.4 23.7333 11.1 0.0460 11.1 0.0079 0.5 0.05 508 03 456 5.0 -2184 279.6 508 0.3
MSZH4-25 553 20412 2.9 18.3900 1.5 0.3185 3.5 0.0425 3.2 091 2682 84 2807 87 3867 337 2682 8.4
MSZH4-26 233 511 22 16.7391 9.6 0.0612 9.7 0.0074 14 0.14 477 06 603 57 5942 2083 47.7 0.6
MSZH4-28 434 3161 2.1 19.6400 11.0 0.0524 11.1 0.0075 1.8 0.16 479 08 519 56 237.0 2539 479 08
MSZH4-29 238 3826 8.5 23.1339 17.3 0.0490 17.4 0.0082 2.0 0.11 528 1.0 486 83 -1545 4325 528 1.0

MSZH4-30 560 6664 2.9 22.1199 5.1 0.0480 6.1 0.0077 3.4 0.56 495 1.7 476 29 -444 1240 495 17
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initial Pb composition according to Stacey and Kramers
(1975) and respective uncertainties of 1.0, 0.3 and 2.0 for
206Pp/204Pb, 207Pb/2*Pb and 2°8Pb/**Pb.

The age of the standard, calibration correction of the
standard, composition of common Pb, and the decay
constant uncertainty are grouped and known as the
systematic error. For these samples the systematic error is
of 2.1% for 2Pb/?3*U and 2°Pb/**’Pb. Uranium-lead age
was calculated using Isoplot (Ludwig, 2003). The final
crystallization ages that we report were calculated using
the TUFFZIRC algorithm. This algorithm was elaborated
by Ludwig and Mundil (2003) to minimize the effect of
minor inheritance or subtle Pb loss. The reported ages
are one sigma level and report only analytical error. The
final age error was calculated using two uncertainties: the
first is derived from the uncertainty of the TUFFZIRC age
calculation alone, the second represents the systematic
uncertainty during that session (~1.1%). The age
uncertainty is determined as the quadratic sum of the
TUFFZIRC error plus the total systematic error for the set
of analyses (~1.2%).

Mineral Chemistry

We analyzed the mineral chemistry of amphiboles
from eight granitoid samples using a CAMECA SX-
50 electron microprobe at the Department of Lunar and
Planetary Sciences at the University of Arizona. Analyses
were performed with a beam current of 20.0nA and an
accelerating voltage of 15kV. Counting time was 10s for
sodium and 20s for the rest of the elements. Microprobe
analytical error varies roughly between +0.01 and 0.04wt%
(1 sigma [10]). Analytical results are presented in Table
I (electronic appendix available in www.geologica-acta.
com).

(U-Th)/He thermochronometry

Apatite and zircon concentrates were obtained through
the conventional method of heavy liquid-magnetic
susceptibility separation. From a non-magnetic mineral
fraction, apatite and zircon crystals were hand-picked using
a high-power (180x) stereozoom petrographic microscope
with cross-polarization which allows inclusion screening
under reflected and transmitted light. When possible,
mostly transparent, inclusion-free, euhedral, unfractured
grains with similar shape and size were selected (average
prism width ~80+£10um, length/width ratios of less than
1.5). Uniform grain size minimizes differences in He
diffusion behavior (Farley, 2000; Hourigan et al., 2005).
Sizes >60-70um require low correction factors for He ages
and increases accuracy (Farley, 2002). Selected grains were
digitally photographed and geometrically characterized by
measuring each grain for its prism length (parallel to the ¢
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axis) and prism width in at least two different orientations
(perpendicular to the ¢ axis). Measurements were used to
perform alpha ejection corrections (Ft) (Farley, 2002).

All (U-Th)/He analytical procedures were performed at
the University of Arizona Radiogenic Helium Laboratory
following a protocol based on methods reported for apatite
(House et al., 1999, 2000; Stockli et al., 2000; Farley,
2002) and for zircon (Reiners, 2005; Farley, 2002). Helium
isotopic measurements were made by degassing each
sample replicate through laser heating and evaluating
“He by isotope-dilution gas source mass spectrometry.
Radiogenic He was analyzed using a fully-automated
mass spectrometry system consisting of a Nd-YAG laser
for total He laser extraction, an all-metal, ultra-high-
vacuum extraction line, a precise volume aliquot system
for “He standard and *He tracer for isotopes, a cryogenic
gas purification system, and a Blazers Prisma QMS-200
quadrupole mass spectrometer for measuring *He/*He
ratios. Two single-grain aliquots per sample were prepared
following the standard protocol available at the University
of Arizona. Determination of U, Th,and Sm were performed
on the same crystals by isotope-dilution ICP-MS on a on
a Thermo Element 2 ICP-MS also at the University of
Arizona. Mean (U-Th)/He ages were calculated on the
basis of 2 apatite and zircon replicate analyses.

Zircon He dating

Measurements of parent and daughter nuclides in zircon
grains were performed on two single-grain aliquots per
sample following the protocol presented in Reiners (2005).
To minimize potential zonation effects, grains without
obvious inclusions were chosen. Clear, non-magnetic,
tetragonal crystals with prism widths of at least 75-100um
were preferred while grains with prism widths <60um were
avoided. Morphologies most similar to a tetragonal prism with
bipyramidal terminations were selected because alpha-ejection
corrections entail the assumption of this characteristic grain
morphology (Reiners, 2005; Hourigan et al., 2005). Irregular
morphologies, elongated grains or crystals with fractured
surfaces at low angles relative to the c-axis were rejected.
Selected crystals were photographed and their dimensions
measured in two perpendicular perspectives parallel to the
al and a2 crystallographic axes. Measured dimensions and
an assigned morphology were used to calculate the alpha-
ejection correction following the Ft correction scheme of
Farley (2002). The extraction involved placement of a single
crystal into a ~Imm Nb foil packet that was then slightly
closed and placed on a Cu planchet with another few dozen
sample slots in a high-vacuum sample chamber connected to
the He purification/measurement line. Each foil packet was
directly heated using a 10um focused laser beam of a 1064-
nm Nd-YAG laser to ~1100-1250°C for 15 minute extraction
intervals. All samples were then subjected to at least two
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re-extractions and He measurements, to assess the extent
of degassing of the crystal (typical re-extracts yielded less
than 0.5% of previous “He values). Helium extracted from
zircons was spiked with ~0.1-1.0pmol *He, cryogenically
concentrated and purified, and expanded into a small volume
with a gas-source quadrupole mass spectrometer. Ratios
of “He/*He were measured for about ten seconds following
gas release and nominal equilibration time. Measured ratios
were corrected for background and interferences on mass 3
(HD+ and H3+), and compared with “He/*He measured on
pipetted aliquots of a manometrically calibrated 4He standard
processed by the same methods. “He in the unknown zircon is
assumed to be the product of the “He content of the standard
with “He/*He ratio measurements on the unknown and the
standard.

Uranium and thorium nuclides in degassed zircons
were measured by isotope dilution and solution ICP-MS.
The approach required spiking with isotopically distinctive
U-Th spike, sample-spike equilibration, and dissolution
to a final solution suitable for ICP-MS. Zircon dissolution
was carried out using HF-HNO; mixtures which can
dissolve the entire Nb foil and zircon content in Parr
bombs at temperatures and pressures higher than ambient.
Ratios of 2*¥U/?**U and **Th/**Th were quantified by 2000
measurements of the average intensities in the middle 10%
of peak widths in low resolution mode on an Element2
high-resolution ICP-MS. 2#¥U/>U was also measured to
check for Pt contamination and mass fractionation. The
zircon content in U and Th was calculated from multiple
determinations of isotope ratios on pure spike and spiked
normals containing 1-4ng of isotopically normal U and Th.

In zircon, He dating alpha ejection was corrected using
the method of Farley et al (1996) and Farley (2002). The
analyzed standard included zircons from the Fish Canyon
Tuff with two standard analyses per sample batch. This
standard has been routinely calibrated, yielding a (U-Th)/
He age of 28.29+0.26Ma in one hundred fourteen grains
(95%; 2s external error of 2.6Ma or 9.3%, MSWD=20).
Fish Canyon zircon analyses carried out during this work
are included within Table 2 and 3.

Propagated errors for zircon He ages based on the
analytical uncertainty associated with U, Th, and He
measurements are ~4% (20) for laser samples (Reiners,
2005; Farley, 2002). Nevertheless, a 6% (20) uncertainty
for all samples is reported based on the reproducibility of
replicate analyses of laboratory standard samples (Reiners,
2005). All analytical results are presented in Table 2.

Apatite He dating

Single-grain aliquots were prepared and two replicate
analyses were performed for each sample. After careful
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optical screening, apatite crystals were placed into 0.8mm
Nb packets, which were then loaded into stainless steel
sample planchets. Each sample replicate was degassed via
laser heating for 3 minutes utilizing a Nd-YAG laser at
1.5W to attain temperatures of ~1050°C and then analyzed
for “He, followed by a second extraction (He re-extraction)
to ensure complete degassing and to monitor He release
from more retentive U- and Th-bearing inclusions in
analyzed apatite. Helium blanks (0.05.0.1fmol “He) were
determined by heating empty Nb foil packets using the
same procedure. Gas extracted from samples was processed
by: 1) spiking with ~4pmol of *He; 2) concentrating
in a cryogenic system at 16°K on a charcoal trap, and
purification by release at 37°K; and 3) measuring *He/*He
ratios (corrected for HD and H3 by monitoring H+) on a
quadrupole mass spectrometer. All ratios were referenced
to multiple same-day measured ratios and known volumes
of “He standards processed in a similar fashion.

Once “He measurements were completed, samples
were retrieved from the laser cell, placed in Teflon® vials,
dissolved in ~30% HNO;, and spiked with mixed >**Th->*U-
149Sm tracer for isotope dilution ICP-MS analysis of U, Th,
and Sm. Each batch of samples was prepared with a series
of acid blanks and spiked normals to monitor the purity
and calibration of reagents and spikes. Spiked samples
were analyzed as 0.5mL of ~1.5ppb U-Th solutions by
isotope dilution on a Thermo Element 2 ICP-MS. Precision
and sensitivity of the instrument allow isotopic analyses
with RSD <1%. Concentrations of Y’Sm were close to
zero for all samples. Th/U rations were used to monitor
for the presence of Th rich phases such as monazite. The
mean Th/U for all of the replicates combined is 0.9 and
most values are below 1 so none of the analysis had to be
excluded.

Alpha ejection was corrected for apatite He ages
using the method of Farley et al., 1996, Farley, 2002).
Durango apatite standards were run during each batch of
unknown samples (every 9 unknowns) to monitor system
performance and check analytical accuracy. Durango is
a well-characterized apatite from Durango México with
a reference Ar-Ar age of 31.44+0.18Ma (20) and a (U-
Th)/He age of 31.13+1.01Ma (1 S.E.=0.21) (McDowell
et al., 2005). Replicate aliquots of this standard yield an
average age of 31.9Ma, with two standard deviations
of 2.2Ma (6.6%), and a weighted mean age and error of
31.94+0.17Ma (95% confidence interval, with a 2s required
external error of 1.9Ma or 5.9%, MSWD=5 4).

Analytical uncertainties for the University of Arizona
(U-Th)/He facility are assessed ~6% (20), which
incorporatenoble gas analysis and ICP-MS uncertainties.
Propagated errors for apatite He ages based on the analytical
uncertainty associated with U, Th, and He measurements
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TABLE 2 | U-Th/He zircon results from the Santa Marta batholith and Parashi stock.

mass (ug) Uppm Thppm 4He (nmol/g) HAC Age (Ma) 1serr (Ma) Elevation (m) North EorW
Santa Marta Batholith
EAM-18-72A 8.93 178.70 87.98 18.28 0.79 2145 0.68 130 1713860 989845
EAM-18-72B 7.91 158.06 71.01 16.17 0.78 21.97 0.50 130 1713860 989845
EAM-11-43A 2.09 542.19 297.41 55.34 0.69 24.14 0.56 189 1728142 992387
EAM-11-43B 1.16 162.72 44.40 11.09 0.63 18.74 0.59 189 1728142 992387
EAM-11-42A 3.47 209.59 97.19 21.49 0.74 23.18 0.55 252 1726304 993827
JRG-11-15A 8.98 355.34 82.46 35.41 0.80 21.96 0.46 617 1723670 995183
JRG-11-15B 5.05 253.46 65.55 26.20 0.77 23.38 0.49 617 1723670 995183
EAM-11-50A 2.37 403.50 118.57 35.47 0.71 21.56 0.59 943 1722398 997166
EAM-11-50B 6.13 426.32 144.28 51.53 0.77 26.82 0.55 943 1722398 997166
EAM-19-66A 9.46 184.25 36.61 17.23 0.80 20.64 0.56 1430 1719467 999600
EAM-19-60A 5.30 969.79 114.18 98.68 0.74 2473 0.67 1569 1715731 1003817
EAM-19-60B 4.05 933.69 69.91 77.67 0.75 20.33 0.37 1569 1715731 1003817
EAM-19-59A 6.02 509.65 582.56 70.10 0.77 26.19 0.49 1602 1717331 1003526
EAM-19-59B 19.94 307.86 358.18 40.20 0.84 2250 0.42 1602 1717331 1003526
Parashi Stock
CM-3-2A 5.21 167.33 64.50 27.56 0.77  36.51 0.73 150 12°13'46" 71°41'20.9"
CM-3-2B 3.29 207.62 77.09 34.16 0.73 38.36 0.74 150 13°13'46" 72°41'20.9"
CM-3-7A 13.21 111.46 59.98 18.88 0.83 33.40 0.68 165 12°13'05.2" 71°40'48.1"
CM-3-7B 15.24  302.02 159.63 54.46 0.83 35.58 0.63 165 13°13'05.2" 72°40'48.1"
CM-5-20A 12.48 136.25 59.70 24.53 0.82 36.77 0.74 170 12°13'34.8" 71°44'36.7"
CM-5-20B 17.40 101.76 48.84 19.44 0.84 37.79 0.72 170 13°13'34.8" 72°44'36.7"
Oligocene conglomerate
MSZH-04A 3.90 345.74 75.28 69.28 0.74 47.36 0.98 120 12°17°13" 71°41°31"
MSZH-04B 2.92 440.96 65.63 85.95 0.72  48.69 0.96 120 12°17°13" 71°41°31"
MSZH-06A 0.71 372.43 89.28 51.60 0.55 4458 0.94 120 12°17°18.3"  71°41°31"
MSZH-06B 1.96 570.59 155.92 105.61 0.68 47.25 0.96 120 12°17°18.3"  71°41°31"
TABLE 3 | U-Th/He apatite results from the Santa Marta hatholith and Parashi stock.
Weight
mass (ug) Uppm Thppm Smppm 4He (nmol/g) HAC Age 1serr (Ma) Elevation (m) North EorW average MSWD
Santa Marta Batholith
EAM-18-72A 8.75 160.36 327.63 122.69 9.36 0.79 9.21 0.19 130.00 1713860 989845 9.72 0.31
EAM-18-72B 4.12 90.48 140.83 88.67 5.47 0.75 10.89 0.28 130.00 1713860 989845
EAM-11-43A 218 4214 33.26 72.64 1.60 0.69 8.66 0.49 189.00 1728142 992387 7.6 0.8
EAM-11-43B 1.24 27.40 16.53 53.73 0.62 0.67 5.51 0.69 189.00 1728142 992387
EAM-11-42A 0.93 18.04 23.66 147.42 0.49 0.62 6.22 1.28 252.00 1726304 993827 8.9 1.6
EAM-11-42B 1.60 1472  29.01 136.06 0.83 0.66 10.77 1.05 252.00 1726304 993827
JRG-11-15A 1.78 7795 1227 93.90 3.40 0.67 11.70 0.48 617.00 1723670 995183 14.68 5.9
JRG-11-15B 4.50 66.52 34.50 86.09 4.94 0.74 16.44 0.37 617.00 1723670 995183
EAM-11-50A 1.28 11.41 4.15 27.35 0.55 0.64 12.87 2.40 943.00 1722398 997166 13.7 4
EAM-11-50B 1.04 11.67 0.86 49.61 0.62 0.62 15.68 3.65 943.00 1722398 997166
EAM-19-66A 2.79 12.41 2500 38.87 0.62 0.72 8.71 0.72 1430.00 1719467 999600 9 1.2
EAM-19-66B 2.34 9.67 1.14 22.00 0.37 0.71 9.76 1.15 1430.00 1719467 999600
EAM-19-60A 1.08 8.68 5.11 47.55 0.45 0.63 13.26 2.96 1569.00 1715731 1003817 14.4 0.21
EAM-19-60B 0.84 19.34 511  121.68 1.04 0.62 15.03  2.23 1569.00 1715731 1003817
EAM-19-59B 0.76 10.88 21.17 60.69 1.25 0.59 2457 3.51 1602.00 1717331 1003526 24.57 7.01
Parashi Stock
CM-5-20A 5.11 7.74 1570 96.17 1.51 0.74 3255  0.61 150 12°13'34.8" 71°44'36.7"
CM-3-7A 2.87 6.27 14.27 85.75 1.01 0.72 26.54 0.66 165 12°13'05.2" 71°40'48.1"
CM-3-2A 6.50 6.48 11.82 127.33 1.20 0.77 30.44 0.51 170 12°13'46" 71°41'20.9"
CM-3-2B 8.16 7.32 13.80 158.88 1.41 0.79 30.73  0.61 170 13°13'46" 72°41'20.9"
Oligocene conglomerate
MSZH-04A 3.56 3.96 5.17 123.10 0.83 0.70 40.82 1.03 120 12°17°13" 71°41°31"
MSZH-04B 4.69 4.13 6.67 121.02 0.93 0.76 38.82 0.80 120 12°17°13" 71°41°31"
MSZH-06A 7.09 574 724 9590 1.14 0.76 36.66  0.72 120 12°17°18.3"  71°41°31"
I8l
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are 4% (20) for laser samples. A 6% (20) uncertainty for
all samples is reported based on the reproducibility of
replicate analysis of laboratory standard samples (Reiners,
2005). All analytical results are presented in Table 3.

SAMPLING

In order to constrain the Cenozoic exhumation history
we focused on the thermochronology of the northwestern
segment of the Santa Marta and the Serrania de Jarara
uplifted massifs, where the younger record consists mainly
of Eocene plutonic rocks (Lockwood, 1966; Tschanz et
al., 1969). In the Santa Marta massif, quartzdiorite and
granodiorite samples of the Eocene Santa Marta batholith
and a host orthogneiss were taken along an elevation profile
near the coastal region (Fig. 2A and 2B). Elevations from the
sampled transect range 189m to 1609m within a horizontal
distance of ca. 26km. Recent U/Pb geochronology from
the Santa Marta batholith has shown an evolution with two
contrasting phases of magmatism during 65-62Ma and 58-
50Ma (Cardona et al., 2008; Duque et al.,2009). Recovered
samples are from the youngest pulse, together with an
additional orthogneiss sample that has a crystallization age
of ca. 92Ma (Cardona et al., 2008). In contrast, relief in
the Guajira Serranfas is lower, and Paleogene plutonism
is restricted to the Parashi stock, which is exposed at only
ca. 100m elevation in the northwestern Serrania de Jarara
(Lockwood, 1966, Fig. 2B). Unpublished zircon U/Pb

Cenozoic tectonics in the southern margin of the Caribbean plate, Colombia

geochronology from the Parashi stock has yielded ages
between 50 and 46Ma. Three quartzdiorite samples of this
granitoid (CM-5-20, CM-3-2 and CM-3-7) were selected
for He zircon and apatite thermochronology.

Because of the value of conglomerate clasts to constrain
older phases of exhumation (Thomson, 1994; Bernet
and Spiegel, 2004; Colgan et al., 2008), we extracted
complementary thermochronological information about
the Serrania de Jarara from clasts recovered from a Late
Oligocene—Early Miocene conglomeratic unit (Lockwood,
1966; Zapata et al., in press). Two granitoid clasts (MSZH-
4 and MSZH-6) were selected from the marine fan
conglomerate in the foothills of the Serrania de Jarara,
near the Parashi stock. Clast counting analysis links the
provenance to proximal granitoids and metamorphic rocks
in the immediately adjacent Serrania de Jarara (Zapata et
al., in press).

RESULTS
U-Pb Geochronology

Uranium-Pb geochronology from the Santa Marta and
Jarara Paleogene granitoids has been recently constrained
in detail (Cardona et al., 2008; Duque et al., 2009). Results
from samples along the analyzed transect in Santa Marta
show a magmatic crystallization history between 57 and

I:l Paleogene granitoids

. Apatite sample

Late Oligocene
Conglomerate

ean Sed

cgﬁ.bb

O Zircon sample ‘ N

FIGURE 21 Digital elevation models and sample locations for A) the Santa Marta and B) Serrania de Jarara regions.
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50Ma (Cardona et al., 2008), whereas for the Parashi
granitoid, newly acquired U-Pb crystallization ages are
between 50-46Ma. In order to further understand the
origin of the sampled granitoid clasts in the conglomerate,
we determined U-Pb zircon crystallization ages from one
clast, by means of the U-Pb LA-ICP-MS methods. This
sample (MSZH-4) was subsequently analyzed for zircon
and apatite helium thermochronology.

Twenty-one zircon crystals were analyzed from sample
MSZH-4 (Table 1).Fifteen crystal tips yielded a mean age of
205ph/28U of 48.8+1.5-1.1Ma (Fig. 3), calculated following
Ludwig and Mundil’s (2002) algorithm to minimize the
effect of inheritance or subtle Pb loss. Analyses that are
statistically excluded from the main cluster are shown in
gray on Figure 3. We interpreted this age as the granitoid
crystallization age. This age is similar to the U-Pb and
hornblende K-Ar ages obtained in the Parashi stock
(Cardona et al., 2007) as well as detrital zircon ages found
within the conglomerate matrix (Zapata et al., in press).

Granitoid emplacement depths

When the emplacement pressures of temporally
constrained granitoid rocks are transformed into
paleodepths, they can be used as a valuable reference to
reconstruct the denudation and exhumation record (Ring
et al., 1999). Emplacement depths were estimated by Al
in-amphibole content of selected granitoid samples from
the Santa Marta batholith and the Parashi stock. Analyzed
samples from the Santa Marta batholith include amphibole-
biotite tonalites and granodiorites. They are composed of
plagioclase (43-52%), K-feldspar (2.2-9.2%), quartz (14-
29), hornblende (4-21.8%) and biotite (6.2-17%), with
titanite, apatite and zircon as accessories. The Parashi stock
is made up of granodiorite and quartzdiorite lithotypes.
Compositional variations are recorded by amphibole and
biotite (12-25%) as well as K-feldspar (7-10.9%). Other

650 TuffZirc Age= 48.4 +1.5-1.1 Ma
(93.5% conf from coherent group of 11)

550
450
350 B

250

AGE (Ma)

150
50 ik

box heights are 1o

-50

FIGURE 3] U-Pb zircon ages from a granitoid clast of the Oligocene
conglomerate of Serrania de Jarara, Guajira Peninsula.
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minerals show average values of 47.6% (plagioclase) and
22.8% (quartz).

Analytical results of hornblende and pressures calculated
using the Schmidt (1992) Al in hornblende calibration
are presented in Table I (electronic appendix available in
www.geologica-acta.com). All the analyzed amphiboles
are calcic and were classified following Leake et al. (1997)
in Fig. 4. Pressures obtained from six samples of the Santa
Marta batholith vary between 4.9+0.6 and 6.4+0.6kbar. For
the Parashi stock, calculated pressures on two samples are
lower, between 2.3+0.6 and 3+0.6kbar, and are similar to
those reported by Martinez (2008) in other samples from
the same stock. These pressure values are consistent with
the nature of their host rocks: amphibolite facies rocks with
peak pressures of 6.6+0.8kbar in the former (Bustamante
et al., 2009; Cardona et al., 2009), and greenschist facies
rocks in the latter (Lockwood, 1966). These pressures
indicate emplacement depths of 14.7-19.2km and 6.9-9km,
respectively.

U-Th/He thermochronology
Santa Marta batholith

Very old ages were discharged due to their lack of
coherence and their potential relation with inclusions,
which commonly yield older ages (Fitzgerald et al., 2000).
Zircon ages show very poor relation with elevation. The
fourteen zircon He ages from nine samples range from
18.7Ma to 26.2Ma (Table 2, Fig. 5). Some of the age
variations may be related to local structural disruption. In
contrast, apatite He ages extend from 24.6Ma to 5.5Ma
(Table 3), showing a well-defined pattern of age increase
with elevation (Table 3).

Serrania de Jarara

Elevation of the three samples collected from the
Parashi stock varies between 130m and 170m. Zircon
U-Th/He ages range from 33.4Ma to 38.4Ma (Table 2),
and apatite helium ages are similar, ranging from 30.4Ma
to 35.6Ma (Table 3). The two Eocene granitic clasts from
the conglomerate yielded older zircon and apatite U-Th/He
ages, 48.7-44.6Ma and 40.8-36.7Ma respectively (Tables
2 and 3).

Exhumation rates

He diffusion experiments and age comparisons with
other thermochronological systems in slowly cooled rocks
have suggested closure temperatures for the U-Th/He system
in zircon and apatite in the range of 160-200°C and ca. 70°C
respectively (reviews in Farley, 2000; Reiners et al., 2002).
For mean upper crust geothermal gradients of 20 and 30°C/
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km, these closure temperatures give exhumation constraints
for crustal levels beween 3 and 9km (Farley, 2000).

Extensive U-Pb geochronology on the magmatic rocks
of the Santa Marta massif (Cardona et al., 2008; Duque et al.,
2009) has shown that the magmatic episode that formed the
sampled rocks in the Santa Marta region took place during
the Paleocene-Eocene (ca. 58-50Ma). Similar conclusions
can be drawn from the Serrania de Jarara, where the Eocene
magmatic event is recorded by the 46-50Ma ages obtained
in the Parashi stock (Cardona et al., 2009).

Therefore the cooling rates derived from the low-
temperature thermochronometers in the in situ sampled
granitoids from Santa Marta are related to unroofing. This is
also in agreement with the fact that measured zircon-He and
apatite-He ages are younger than the pluton crystallization
ages. In the case of the Jarara granitoid and the clasts from
the Oligocene conglomerate, it will be discussed below

Cenozoic tectonics in the southern margin of the Caribbean plate, Colombia

rather than unroofing or exhumation ages.

In order to estimate exhumation rates, we followed
three different approaches: 1) multiple systems
with different closure temperatures in single rock
samples, including (U-Th)/He in zircon and apatite;
2) single (U-Th)/He ages, which yield average
cooling rates between the time of apatite He closure
and the present; and 3) age-elevation profiles based
on the average between the oldest and the youngest
He apatite ages of the profile.

Although the effects of heat advection alter
exhumation rates were calculated from very low
temperature thermochronometers, such as apatite,
these effects are probably not significant since the
obtained exhumation rates are not high enough to
promote heat advection in the upper crust (Brown and
Summerfield, 1997; Mancktelow and Grasemann,

that their zircon-He ages may reflect fast magmatic cooling 1997).
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FIGURE4T Composition of amphibole from the analyzed samples of the Santa Marta batholith and the Parashi stock in the amphibole classification

scheme of Leake et al. (1997).
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Santa Marta batholith

Actual geothermal gradients from the corner of the
Santa Marta massif and surrounding sediments have been
estimated by Lopez and Ojeda (2006) from a bottom
simulating reflector. Their results have yielded 20°C/km
to 40°C/km geothermal gradients (Cerén-Abril, 2008).
We have used these two end member values, which
include the typical upper crust geothermal gradient of
30°C/km.

Figure 6A shows the pressure (depth)-time path
constructed for the Santa Marta batholith, including
the inferred emplacement depths for the granitoid, the
assumed geothermal gradients and the associated closure-
depths of the discussed thermochronological systems.

The emplacement depths of the granitoid suggest ca.
16km unroofing of the Santa Marta region since ca. 57-
50Ma (Fig. 6A). Available biotite and amphibole K-Ar
ages yielded values of 48.8+1.7 and 44.1+1.6 (Tschanz et
al., 1974). Considering the ca. 16km emplacement level of
the Santa Marta batholith, recalculated biotite K-Ar ages
of ca. 41Ma after Steiger and Jaeger (1977) radioactive
decay constants, and an arc gradient of ca. 30°C/km,
several issues pertaining the higher temperature cooling
history and associated exhumation can be reviewed.
Comparing an Ar-Ar biotite closure depth of 8.3km (for
ca. 250°C closure temperature; McDougall and Harrison,
1999) with the granitoid emplacement depth of ca. 16km,
cooling rates between ca. 50-48Ma and 41Ma are of
0.73mm/y. Some of the Santa Marta granitoid exposures
showing evidence of an overimposed deformation event
in greenschist to amphibolite facies (Tschanz et al., 1969,
1974) probably relate to this exhumation event.

Following this event, between 41Ma and ca. 25Ma,
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FIGURE 5 Santa Marta batholith zircon and apatite U-Th/He elevation
profile. Apatite ages are weight average of two analyzed single grain
aliquots per sample.
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long term exhumation rates seems to diminish down to
the range 0.11-0.16mm/y (Fig. 6A), as determined from
the biotite cooling depth to the zircon-He depths (ca.
6km).

As mentioned, the emplacement depths of the Santa
Marta batholith are in the range 15-19km, which is far
from the closure depth of the zircon-He system within
the assumed range of geotherms. Therefore, the low
temperature zircon- and apatite-He systems can be used
to constrain the cooling and exhumation history. The
distribution of zircon-He ages with elevation shows a
weak variation between 23Ma and 26Ma (Fig. 5) that also
reflects fast cooling and associated exhumation at this
age. When zircon and apatite closure depths for closure
temperatures of 180°C and 70°C are integrated, they
vary in the 26-8Ma interval between 0.16 and 0.63mm/y.
The lower rates of ca. 0.16mm/y are calculated for
samples collected at lower elevation and are considered
meaningless. Younger rates (ca. 10-15Ma), determined
from the depth of apatite closure temperature and a
surface temperature of 10°C, yielded values between
0.09 and 0.48mm/y, with the higher rates determined in
samples collected at lower elevations.

Weighted average ages for each sample were calculated
to construct the elevation profile. The distribution of
apatite ages in the elevation profile can be divided into
three different segments (Fig. 5). The lower segment, from
189m to 617m with ages between 7 and 14Ma, yields rates
of ca. 0.lmm/y. The intermediate segment, from 617m
to 1569m, lacks significant age variations (13-14Ma),
suggesting the existence of a relatively fast cooling event
with rates of 0.77mm/y. The upper segment, although
marked by two samples of similar elevation (1569m and
1602m), shows a broader age variation between 14 and
23Ma and suggests very low rates (0.01lmm/y).

In order to check for data consistency, we took another
granitoid sample in an outcrop located at the southwest
of the elevation profile. Sample EAM-18-72, collected at
139m, yielded zircon- and apatite-He ages of ca. 22Ma and
11Ma, respectively, which are similar to those determined
for the elevation profile. Cooling rates between 22Ma and
11Ma extracted from this sample also yielded exhumation
rates between 0.24 and 0.49mm/y between the depths of
closure temperature of zircon and apatite calculated from
assumed geothermal gradients of 40°C/km and 20°C/km,
respectively. From the apatite data, exhumation rates after
11Ma are 0.13-0.27mm/y (Fig. 5).

In summary the U-Th/He exhumation analysis for the
Santa Marta batholith shows the existence of two well
relatively fast exhumation events at ca. 24Ma and ca.
15Ma.
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Parashi stock

Figure 6B shows the pressure (depth)-time paths
constructed for the Parashi stock assuming 20°C/km and
40°C/km geothermal gradients. Crystallization depth for
the surface exposure of the Parashi stock ranges between
6.9 and 9km (Fig. 6B). This suggests that at least an
equivalent amount of crust has been lost since ca. 48Ma.
If stratigraphic relations with discordant Oligocene-Early
Miocene conglomerates are considered, this unroofing was
already accomplished by ca. 26-23Ma (Fig. 6B).

Biotite K-Ar ages for the Parashi stock granitoid have
yielded ca. 45Ma (Lockwood, 1966; Cardona et al., 2007).
This age is related to fast magmatic cooling, for they
overlap with hornblende K-Ar ages and are both close in
time (less than 5Ma) with the U-Pb zircon crystallization
ages. Also, calculated emplacement depths overlap with
zircon-He closure depths, suggesting that the zircon-He
ages are related to fast magmatic cooling. On the other
hand, similarities between zircon-and apatite-He ages
(33.4Ma-38.3Ma and 30.4Ma-35.6Ma) suggest relatively
fast cooling related to a Late Eocene exhumation event.

We have reconstructed the exhumation-cooling history
of the Parashi stock using the same geothermal gradients
(20-40°C/km) and zircon and apatite closure depths (for
closure temperatures of 180°C and 70°C, respectively)
as above for the Santa Marta region. Exhumation rates
between 38Ma and 30.4Ma yielded values between 0.79
and 1.41mm/y. In addition, we considered an upper
surface temperature of 10°C to constrain the cooling and
exhumation rates after 30.4Ma. Stratigraphic relations with
the Oligocene conglomerate suggest that this granitoid was
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16 Depth
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exposed in the Late Oligocene—Early Miocene (ca. 26-
23Ma). Therefore, rates between 26 and 23Ma are 0.29-
0.98mm/y.

A similar approach was followed for the two
conglomerate clasts. Zircon-He ages of 48—44.5Ma in the
two clast overlap with the K-Ar biotite and hornblende ages
(Lockwood, 1966; Cardona et al., 2007) and suggest that
the zircon ages are also related to fast magmatic cooling.
Exhumation rates between 48Ma to 36Ma were determined
between closure depth He in zircon and apatite. Results
vary between 0.51 and 1.46mm/y, which are considered
maximum values for these samples, as already discussed,
and probably come from the fast cooled and relatively
shallow Eocene granitoid.

The younger rates between 36Ma and 23-28Ma yielded
0.13-0.40mm/y, as determined from the closure depth of
He in apatite and an estimated Late Oligocene to Early
Miocene deposition age for the conglomerate (Lockwood,
1966).

The integrated U-Th/He analyses of the Parashi
granitoid suggest the existence of a major phase of
exhumation between the Late Eocene to Oligocene (36-
24Ma).

TECTONIC IMPLICATIONS

Orogeny in continuously active continental margins is
influenced by collisions with arc, plateau or continental
terranes, or by the nature of ocean-continent subduction
geometry and dynamics (Jarrard, 1986; Silver et al., 1998;
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FIGUREG| Depth (pressure)-time paths of A) the Santa Marta Batholith and B) the Parashi stock.
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Cawood et al., 2009; DeCelles et al., 2009; Ramos, 2009).
Whereasthe understanding of uplift and deformation
mechanisms during collisional events has improved in the
last decades, mechanisms related to continuous subduction
are less certain. The rate and direction of convergence and
the thickness of the subducted oceanic plate have been
considered as major factors for uplift and exhumation in
subduction systems (Silver et al., 1998; Spikings et al.,
2001, 2008; Sobolev and Babeyco, 2005; Oncken et al.,
2006; DeCelles et al., 2009; Ramos, 2009; Von Houne and
Ranero, 2009).

Increasingly  sophisticated plate tectonic  and
paleogeographic reconstructions of the Circum-Caribbean
region have shown that since the Late Cretaceous,
the tectonic evolution of northwestern South America
including the Northern Andes is linked to the interaction
of the allochthonous (Pacific-derived) Caribbean oceanic
plate with the South American continental margin (Pindell,
1993; Pindell et al., 1998, 2005; Spikings et al., 2000,
2001; Cortés et al., 2005; Montes et al., 2005; Vallejo et
al., 2006, 2009; Jaillard et al., 2010; Kennan and Pindell,
2009; Pindell and Kennan, 2009). Although the positions
of the Santa Marta massif and Guajira Serranias have
changed throughout the Cenozoic (Muessig, 1984;
Macellari, 1995; Bayona et al., 2010; Montes et al., 2010),
their paleogeography since the Late Cretaceous is located
near the southern margin of the Caribbean plate. Adopting
these paleogeographic restrictions, we used the time and
rates of exhumation of the Santa Marta batholith and the
Parashi stock to test the Cenozoic tectonic scenarios of the
Caribbean—South America interactions.

The U/Th-He thermochronological results prese-
nted here largely constrain post-Eocene unroofing.
Paleogeographic  reconstructions suggest that the
Caribbean—South American interaction began in the Late
Cretaceous when the thick and heterogeneous Caribbean
oceanic plate approached the continental margin of South
America from an allochthonous Pacific position (Burke,
1988; Pindell, 1993; Mauffet and Leroy, 1997; Pindell et
al., 1998, 2005; Pindell and Kennan, 2009). This resulted
in an oblique collision of several arc and oceanic plateau
lithospheres from Ecuador to the western margin of
the Colombian Andes (Pindell, 1993; Kerr et al., 1997,
Spikings et al., 2000, 2001; Pindell et al., 2005; Vallejo
et al., 2006, 2009; Jaillard et al., 2008). Although this
event is not recorded by He thermochronological data,
Late Maastrichtian to Paleocene metamorphic remnants
that host the sampled granitoids, including high pressure
metasedimentary rocks and eclogites in Guajira, are
related to this major collisional event (Bustamante et al.,
2009; Cardona et al., 2010a; Weber et al., 2007, 2009,
2010). Provenance constraints from Paleocene to Eocene
sandstones of the Cesar-Rancheria basins located in the
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southeastern flank of the Santa Marta massif show major
Early Paleocene changes in detrital sources that are related
to the uplift of the northwestern segment of the Santa Marta
massif (Bayona et al., 2007; Ayala-Calvo et al., 2010).

The Late Cretaceous-Paleogene Caribbean—South
American arc-collision orogeny was followed by the
eastern displacement of the Caribbean plate in between the
margins of the Americas (Miieller et al., 1999; Kennan and
Pindell, 2009; Pindell and Kennan, 2009). Plate tectonic
reconstructions have shown that, during the Cenozoic,
North and South America experienced major changes in the
direction and rates of convergence that directly influence the
kinematic interaction of the Caribbean and South American
plates (Pindell et al., 1988; Miieller, 1999). This includes
the transition from a slow and sinistral transtension regime
between 83Ma and 55.9Ma that overlaps with the timing
of the Late Cretaceous-Paleogene collisional event, to 6.5-
1.5mm/y northeast-southwest convergence in the 55.9-
38.4Ma interval. Tomographic analyses have also shown
the existence of a deep slab below the Maracaibo block that
includes the Santa Marta and Guajira regions (van der Hilst
and Mann, 1994; Taboada et al., 2000; Miller et al., 2009).
Simple plate convergence rate calculations and the current
location of the slab as far as the Venezuelan Andes correlate
with an inception of this slab in the Maracaibo block since
the Early Paleocene, as also suggested by the existence of
Late Paleocene to Eocene arc-related plutonism in Santa
Marta and Guajira (Cardona et al., 2007, 2008; Duque et
al., 2009).

The Santa Marta arc is characterized by a well defined
crystallization record between 58-50Ma (Cardona et al.,
2008; Duque et al., 2009). Fast magmatic cooling of these
granitoids is suggested by recalculated hornblende K-Ar
age of ca. 45Ma from Tschanz et al. (1974) and Ar-Ar
ages (Duque et al., 2009). Although fast magmatic cooling
is a common feature of intermediate to shallow plutons
(Glazner et al., 2004; Parada et al., 2005), the elongated
character of this body and the existence of significant
mineral orientations at its margins (Tschanz et al., 1969;
Duque et al., 2009) suggest that its emplacement was
controlled by compressional to transpressional tectonics
(Saint Blanquat et al., 1998).

As already mentioned, the published biotite K-Ar
ages of ca. 41Ma, in addition to the determined granitoid
emplacement depth and the ca. 10Ma between the younger
granitoid crystallization ages and the K-Ar cooling age,
suggest another relatively fast exhumation event during
the Early Eocene (ca. 50-41Ma). Evidences of local
overimposed mylonitic deformation in the granitoid rocks
including our field observations in the coast zone may
be related to deformation during this exhumation event
(Tschanz et al., 1969, 1974).
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We therefore suggest that the faster North-South
approach between North and South America that ensued
the onset of subduction of the Caribbean plate below
South America (Pindell et al., 1988; Miieller et al., 1999)
facilitated uplift and exhumation in the upper plate during
the Middle Eocene (Fig. 7A; Gorczyk et al., 2008).
Exhumation was probably accentuated by the effects of
the subduction of a thick buoyant Caribbean plate (Cloos,
1993; Mauffret and Leroy, 1997; Spikings et al., 2001,
2008; Espurt et al., 2008; Pindell and Kennan, 2009).

Between 41 and 25Ma, long term exhumation rates
on Santa Marta slowed down, contrasting with the 35-
30Ma exhumation record in Guajira. Stratigraphical
analysis, tectonic reconstructions and paleomagnetism
suggest that block rotation in the Santa Marta massif
and Guajira region took place during this time interval,
forming several transtensional basins in the Guajira
region (Fig. 7B, MacDonald and Opdyke, 1972;
Muessig, 1984; Macellari, 1995; Vence, 2008; Bayona
et al., 2010; Montes et al., 2010). Thus, we suggest
that this exhumation phase in Santa Marta and Guajira
is related to the slow transcurrent configuration that
characterized the Caribbean-South America interface
between 38.4 and 25.8Ma (Miieller et al., 1999; Pindell
and Kennan, 2009). The higher Late Eocene rates
recorded by the Parashi stock, which extend until the
Early Oligocene, may be the result of more severe block
rotation and displacements on the Guajira Peninsula
(MacDonald and Opdyke, 1972).

The Santa Marta batholith records additional
exhumation phases at ca. 24 and 14Ma, contrasting with
the limited exhumation record in the Parashi stock after
24Ma and the contemporaneous basin deepening in the
Guajira basins (Lockwood, 1966; Vence, 2008). Between
25.8 and 9.5Ma there is evidence for an increase in
convergence rates between North and South America,
with values of 9.6-2.1mm/y (Miieller et al., 1999). The
two periods of exhumation recorded in Santa Marta may
have been triggered by this geodynamic configuration.
Additional tectonic controls that favors exhumation
during these periods include a Late Oligocene increase
in the convergence rate between the Farallon plate and
the western margin of South America (Pardo-Casas and
Molnar, 1987), which was responsible for the northeastern
migration of the Northern Andean blocks (including the
Maracaibo block) in a fashion similar to what is seen
today by GPS measurement (Trenkamp et al., 2002).
Within this scenario the northern Andean blocks are
pushed to the North to override the thick Caribbean plate,
facilitating uplift in a way as has been argued for several
segments of the Central and Southern Andes (Silver et al.,
1998; Oncken et al., 2006; Kay and Coira, 2009; Ramos,
2009).
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The difference in the post-Oligocene exhumation
behavior between the Santa Marta and Guajira regions is
also probably related to the differences between the degree
of convergence obliquity. The Guajira region is apparently
influenced by more oblique convergence relations than the
Santa Marta region (Fig. 7C).

REGIONAL CORRELATIONS

The Santa Marta massif, the Guajira Serranias, the
Perija Range, the Venezuelan Andes and offshore and
onshore bounding basins are part of the Maracaibo block
(Case et al., 1984). Although previous fission track data
on the adjacent Perija range by Kohn et al. (1984) are
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FIGURE 7 Cenozoic paleogeographic reconstructions of northwestern
South America-Caribbean region (modified from Montes et al., 2005;
2009; Pindell and Keenan, 2009). A) Paleogene, B) Oligocene, C) Mi-
ocene-Present. See text for details. SM: Santa Marta Massif, GS: Gua-
jira Serrania, AGB: Alta Guajira Basin, BGB: Baja Guajira Basin, LMB:
Lower Magdalena Valley Basin, MB: Maracaibo Block.
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not precise due to the acquisition technique based on the
population method and the absence of track length data
(reviews on Lisker et al., 2009), the correlation of the
results with tectonostratigraphic analysis (Kellogg, 1984)
suggest that the Sierra de Perija experienced uplift phases
during the Early and Middle Eocene, Late Oligocene and
Pliocene.

Recent structural analysis of the Paleogene Rancheria
basin in the southeast foothills of the Santa Marta
massif also revealed the existence of a major post—-50Ma
shortening event (Montes et al., 2010), while apatite
fission track analyses on Cretaceous sedimentary rocks of
the southwestern flank of the Perija Massif (Fig. 1A) have
shown a major Miocene (ca. 12Ma) event (Herndndez and
Jaramillo, 2009).

The Valle Inferior of the Magdalena and Guajira
basins that surround the Santa Marta and Guajira uplifted
regions also record major Late Eocene—Early Oligocene,
Late Oligocene—Early Miocene and Late Miocene
sedimentary hiatuses (Rincén et al., 2007). Published
thermochronological data for the Mérida Andes of
Venezuela have also shown the existence of three distinct
cooling/exhumation events at ca. 2-4Ma, 6-8Ma and
17-20Ma (Kohn et al., 1984; Bermudez et al., 2010).
Similarly, the evolution of the Leeward Antilles records
several phases of transtension, block rotation and a major
uplift in the Late Miocene (Beardsley and Avé Lallemant,
2007; Groney et al., 2007).

All these data indicate that the Eocene to Miocene
exhumation events found in the Santa Marta and Guajira
regions have affected the entire Maracaibo block. Although
collision of oceanic domains with the South American
margin may be responsible for some of the Late Oligocene
and Miocene exhumation and deformational events of
the northern Andes (Spikings et al., 2001, 2005; Parra et
al., 2009; Restrepo-Moreno et al., 2009) and the Circum-
Caribbean region (Sisson et al., 2008), major changes in
oceanic-continent convergence relations and variations in
thickness of the subducted oceanic crust seem to be the
main control for exhumation and uplift in some of these
orogens where evidence for collision is null (Pardo-Casas
and Molnar, 1987; Silver et al., 1998; Spikings et al.,2001).

CONCLUSIONS

U-Th/He zircon and apatite thermochronological
constraints and geological considerations from the
Paleogene Santa Marta batholith and the Parashi stock
have shown the existence of distinct Oligocene (ca. 35-
24Ma) and Miocene (ca. 15-10Ma) exhumation pulses in
the northern Colombian Caribbean region. Plate tectonic
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analysis suggests that the major controls for pre-Late
Eocene events are the collision between the Caribbean
plate margin and the South American continent in the Late
Cretaceous—Early Paleocene and the new subduction zone
that was initiated in the Early Eocene. In contrast, the post-
Late Eocene events may be correlated to major changes
in the rate and vector of convergence between the North
and South American plates, the associated underthrusting
of the buoyant Caribbean plate, and the northwestern fast
overriding of the continent over the oceanic plate.

Differences in the exhumation patterns of the Eocene
Santa Marta and Guajira granitoids are related to the
separation of these massifs from a former continuous
margin, and the formation of different transtensional basins
in northeastern Colombia.

These events are temporally correlatable with other
Andean and Circum-Caribbean areas and reflect the major
plate tectonic reorganizations during the Cenozoic and
their influence in regional orogeny.
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