Volume 3

Chapter 7

Cenozoic Evolution of the Sierra Nevada
de Santa Marta, Colombia

Mauricio PARRA™ (2, Sebastian ECHEVERRI? (2, Ana Maria PATINO? (&,
Juan Carlos RAMIREZ* (2, Andrés MORAS, Edward R. SOBELS,
Ariel ALMENDRAL’, and Andrés PARDO-TRUJILLO?

Abstract The highest coastal relief on Earth occurs in the Sierra Nevada de Santa
Marta in northern Colombia. With an average elevation of ca. 4 km and peaks up to ca.
5.8 km, this small mountain range lies only 85 km to the south of an abyssal plain ca.
3.5 km deep in the Caribbean Sea. A compilation of sparse bedrock and detrital low—
temperature thermochronometric data, new detrital apatite fission—track and apatite
(U-Th)/He data from modern river sediments, and stratigraphic patterns of adjacent
Miocene — Pliocene basins document episodic tectonic development of the Sierra
Nevada de Santa Marta. A Paleocene collision of oceanic crust with western Colombia
triggered initial exhumation and westward monoclinal tilting of the formerly contig-
uous Central Cordillera and Santa Marta Massif. Subsequent late Eocene (ca. 35 Ma)
dismembering of both ranges occurred associated with right-lateral translation of
the Caribbean Plate against the northwestern continental margin of Colombia. This
episode marked the onset of contrasting exhumation histories, characterized by low
denudation and pediment formation in the Central Cordillera and rapid, episodic ex-
humation of the Santa Marta Massif, associated with normal faulting and opening of
extensional basins along its southwestern margin. Multiple approaches to extracting
exhumation rates from thermochronometry, including 1D and 3D reconstructions, re-
veal that following rapid late Eocene — early Miocene rock uplift, asymmetric exhuma-
tion characterized the Sierra Nevada. On the southwestern margin, moderate to rapid
exhumation favored progradation of alluvial fan deposits on top of shallow marine
and fan delta facies. In contrast, diminished exhumation prompted a reciprocal stra-
tigraphy in the northern margin, where facies retrograde, leading to the accumulation
of shallow marine facies on fan delta and alluvial fan deposits. Thermochronometric
ages of outcropping units retrieved from modern river sands imply a very recent (<2
Ma) pulse of exhumation, possibly triggered by removal of lower crust, whose precise
magnitude and time constraints remain unknown.

Keywords: Sierra Nevada de Santa Marta, Caribbean Plate, thermochronology, sediment
provenance.

Resumen El mayor relieve topografico costero de la Tierra ocurre en la Sierra Nevada
de Santa Marta en el norte de Colombia. Con una elevacion promedio de ca. 4 kmy
picos de hasta ca. 5,8 km, esta pequena cordillera yace tan solo 85 km al sur de una
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llanura abisal de ca. 3,5 km de profundidad en el mar Caribe. La compilacion de los
pocos datos existentes de termocronologia de baja temperatura, tanto de roca del
basamento como detriticos; nuevos datos detriticos de trazas de fision y (U-Th)/He
en apatitos en sedimentos activos y el estudio estratigrafico de cuencas marginales
miocenas—-pliocenas adyacentes documentan una evolucion tectonica episodica de
la Sierra Nevada de Santa Marta. La colision paleocena de corteza oceanica contra el
margen occidental de Colombia desencadend el levantamiento inicial y el bascula-
miento monoclinal hacia el oeste de un cinturon contiguo formado por la cordillera
Central y el Macizo de Santa Marta. El posterior desmembramiento de estas dos cor-
dilleras en el Eoceno tardio (ca. 35 Ma) ocurri6 asociado a la translacion dextrolateral
de la Placa del Caribe a lo largo del margen continental noroccidental de Colombia.
Este episodio marco el inicio de historias contrastantes de desarrollo orogénico, ca-
racterizadas por bajas tasas de denudacion y desarrollo de pedimento en la cordillera
Central y exhumacion rapida y episodica en la Sierra Nevada de Santa Marta, asociada
a fallamiento normal y apertura de cuencas extensionales en su margen suroccidental.
Maltiples métodos para calcular tasas de exhumacion a partir de termocronologia,
incluyendo modelado 1D y 3D, sugieren que tras un episodio de levantamiento rapido
en el Eoceno tardio—Mioceno temprano se presento exhumacion asimétrica en la Sie-
rra Nevada. En el margen suroccidental, la exhumacion moderada a rapida favorecio
la progradacion de abanicos aluviales sobre depdsitos marinos someros y facies de
deltas en abanico. Por el contrario, una disminucion en las tasas de levantamiento
genero un patron de apilamiento estratigrafico opuesto en el margen norte, en donde
las facies retrogradaron, lo que causo la acumulacion de facies marinas someras sobre
depositos de abanicos aluviales y deltas en abanico. Las edades termocronométricas
de las rocas aflorantes obtenidas en sedimentos activos de barras fluviales revelan
un pulso muy reciente (<2 Ma) de exhumacion, posiblemente asociado a la remocion
de corteza inferior, y cuya magnitud y temporalidad precisas aiin estan por descubrir.
Palabras clave: Sierra Nevada de Santa Marta, Placa del Caribe, termocronologia, procedencia

sedimentaria.

1. Introduction

Oblique convergence and dextral shearing along the north-
western South American margin since the Late Cretaceous
have shaped one of the areas with highest topographic relief
on Earth in the Sierra Nevada de Santa Marta (SNSM) (Figure
1). Although recent investigations have revealed key episodes
concerning the kinematics of early orogenic stages along this
margin, the timing and associated driving mechanisms for Ce-
nozoic uplift of the SNSM remain elusive. Sparse but relatively
old (>15 Ma) low—temperature mineral cooling ages (Cardona
et al., 2011a; Villagémez et al., 2011) and a positive gravity
anomaly in the SNSM (Figure 1a) have been used to suggest
that the range is in a stage of denudational immaturity, that is,
recent crustal stacking and rock uplift exceed the magnitude of
exhumation (Parra et al., 2016; Villagémez et al., 2011), por-
traying a case of non—steady state topography likely due to a
young pulse of orogenesis.

Here, we summarize the uplift record and Cenozoic tec-
tonic evolution of the SNSM based on geochronologic, ther-
mochronologic, and stratigraphic data. We present and update
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published data as well as summarize new results that portray a
two—stage uplift history and an E-W asymmetry and pose new
hypotheses regarding the mechanisms driving episodic rock
uplift and exhumation during the Cenozoic.

2. Geological Setting

The Cenozoic tectonic evolution of the northwestern margin
of South America has been controlled by the interactions of
the Caribbean and Pacific Oceanic Plates with the continen-
tal margin and the attendant stages of ocean terrane accretion,
magmatic growth, tectonic deformation, and sedimentary basin
formation (Bayona et al., 2012; Duque—Caro, 1984; Gorney et
al., 2007; Kellogg, 1984; Mann et al., 2006; McMahon, 2000;
Montes et al., 2015; Pindell et al., 1998).

In the northernmost Andes of Colombia, the along—strike
continuity of the Andean chain is replaced by a series of discon-
tinuous uplifted massifs surrounded by Cenozoic basins. Such
fragmentation has been associated with the eastward migration
of the Caribbean Plate since the Eocene. One such massif is the
SNSM, a triangular pyramidal, fault-bounded, basement block
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Figure 1. Morphotectonic configuration of the SNSM. (a) SRTM 90 topography, Bouguer gravity anomalies (white lines) and location of
new detrital thermochronometric samples collected in active river bars and their drainage areas. (b) Simplified geologic map (after
Tschanz et al., 1969) showing the location of published bedrock thermochronometric samples and values of crustal thickness (after Yarce
et al., 2014). White squares denote the areas shown in Figures 3, 4. (SM-B Fault) Santa Marta-Bucaramanga Fault (c) Local relief in a 3
km-diameter circular window. Inset map shows the bottom topographic and plate velocities (after Trenkamp et al., 2002). (d) Tropical
Rainfall Measuring Mission (TRMM) precipitation data (Mulligan, 2006).

isolated between Cenozoic basins in the humid, northwestern
corner of the Maracaibo Microplate (Figure 1a, 1d; Burke et al.,
1984; Cediel et al., 2003). The range’s structural boundaries are
the right-lateral Oca Fault in the north and the left-lateral Santa
Marta—Bucaramanga Fault in the west, which in addition to a
neotectonic strike—slip character (Iddrraga—Garcia & Romero,
2010) has an important vertical displacement that has generated
the range’s structural relief (Figure 1c) and controlled the sed-
imentation in adjacent basins since the Oligocene. To the east,
the serrania de Perija thrusts along El Cerrejon Fault onto the
SNSM basement buried beneath ca. 2.5 km of clastic strata in

the Cesar—Rancheria Basin (Kellogg & Bonini, 1982; Montes
et al., 2010).

The SNSM Massif exposes igneous and metamorphic
basement rocks of Proterozoic, Permian — Triassic, Triassic
— Jurassic, Cretaceous, and Paleocene — Eocene ages (Car-
dona et al., 2006, 2010a, 2010b, 2011b; Cordani et al., 2005;
Duque, 2010; Restrepo—Pace et al., 1997; Tschanz et al.,
1969). These rocks are grouped into three geological prov-
inces bounded by SW-NE-striking, subparallel reverse fault
systems with NW vergence (Figure 1b; Tschanz et al., 1974):
(1) To the southeast, the Sierra Nevada province occupies
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more than two—thirds of the SNSM area and consists of an
ensialic basement made up of high—grade metamorphic rocks
of Grenvillian age (1.0-1.2 Ga; Cardona et al., 2010a; Case
& MacDonald, 1973; Tschanz et al., 1974), intruded by unde-
formed Jurassic — Lower Cretaceous acid plutonic rocks and
covered by felsic volcanic rocks of Jurassic age (Cardona et
al., 2006); (2) Underthrust beneath the Sierra Nevada province
along the Sevilla Fault lies the Sevilla province, made up of
an ensialic basement of medium— and low—grade metamor-
phic rocks (amphibolites and micaceous schists) of Paleozo-
ic age (Cardona et al., 2006; Tschanz et al., 1974; Weber et
al., 2009), intruded by Permian — Triassic syntectonic gran-
itoids (Cardona et al., 2010b); (3) Farther to the northwest,
the Sevilla province overthrusts an imbricate series of Late
Cretaceous — Paleocene allochthonous terranes of Caribbe-
an affinity along the Aguja Fault. They comprise the Santa
Marta province, metamorphosed to greenschist to amphibo-
lite facies during an accretionary event along the continental
margin in the Late Cretaceous — Paleocene, and made up of
a series of low— to middle—grade metavolcanic—sedimentary
rocks and orthogneisses arranged in SW—NE—-oriented belts.
Paleocene to Eocene granitoids (e.g., the Buritaca, Latal, and
Toribio Plutons) intruded into both the Santa Marta and Sevi-
Ila provinces (Cardona et al., 2011b; Duque, 2010; Salazar et
al., 2016; Tschanz et al., 1974) constrain the age of collision
between late Maastrichtian and early Paleocene (Cardona et
al., 2010c).

Basement correlations from the SNSM (Cardona et al.,
2010b) across the Plato—San Jorge and the Lower Mag-
dalena Basins (Ceron et al., 2007; Montes et al., 2010;
Mora—Bohoérquez et al., 2017) to the Central Cordillera (Or-
défiez—Carmona & Pimentel, 2002; Restrepo et al., 2011;
Vinasco et al., 2006) support the view of a contiguous Late Cre-
taceous — Paleocene belt including the Central Cordillera and
the SNSM. Tectonic isolation of this ancestral range is thought
to have resulted from post—Eocene escape tectonics associated
with dextral migration of the Caribbean Plate (e.g., Pindell &
Kennan, 2009), generating ca. 30° vertical-axis clockwise ro-
tation (Montes et al., 2010) or a mixture between rotation and
translation (Reyes et al., 2004). Such dextral movement led to
simultaneous extension in the Ariguani, Plato, and San Jorge
Sub-basins along the southwestern segment (Lower Magdalena
Basin) and contraction in the Cesar—Rancheria Basin to the east
(Bayona et al., 2010; Montes et al., 2010).

Due to the preservation of strata as young as Miocene in
the basins surrounding the SNSM, most of the vertical dis-
placement associated with the Santa Marta—Bucaramanga
and Oca Faults is thought to be late Cenozoic in age (Case &
MacDonald, 1973). However, older exhumation is supported
by late Paleocene and Eocene apatite fission—track ages along
the southeastern margin of the range (Villagémez et al., 2011;
see section 5.1), as well as by provenance data for Paleogene
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strata in the Cesar—Rancheria Basin suggesting an active source
area in the Central Cordillera—SNSM (Ayala et al., 2009, 2012;
Bayona et al., 2007). Eocene to recent exhumation patterns in
the SNSM based on geobarometry and fission—track and (U—
Th)/He thermochronology (Cardona et al., 2011a) document
peak magnitudes of basement exhumation of ca. 15-19 km in
the northwestern range’s corner and decreasing magnitudes to-
ward the SE, so that cooling ages become older (and therefore
average exhumation rates lower; see section 5.2). This south-
westward decrease in the magnitude of exhumation has been
explained as the result of large—scale clockwise monoclinal tilt-
ing that finally results in net basement burial beneath up to ca.
2.2 km of clastic strata in the Cesar—Rancheria Basin (Montes
et al., 2010; Sanchez & Mann, 2015).

A positive total Bouguer gravity anomaly of ca. 200 mGal
exists in the SNSM (Figure 1a; e.g., Agencia Nacional de Hi-
drocarburos, 2010) and has been interpreted to reflect (1) the
absence of a crustal root due to lack of isostatic compensation
(e.g., Case & MacDonald, 1973; Kellogg & Bonini, 1982) or
(2) underplating of an abnormally thick oceanic slab that resists
subduction (Ceron, 2008).

3. Stratigraphy

The sedimentary archives hosting the SNSM’s ancient denu-
dation are preserved in isolated Cenozoic basins associated
with normal and left—lateral movement of the Bucaramanga
Fault and right-lateral movement of the Oca Fault on the SW
and N sides of the range, respectively (Figure 1b). Tschanz et
al. (1969) coined the names Guajira Trough and Riohacha for
the northern basins and Ariguani Trough for the western basin
and provided a generalized description of their sedimentary fill.
These pioneering works and other stratigraphic studies and geo-
logic mapping at scales of 1:100 000 and 1:25 000 for the west-
ern and northern foothills of the SNSM (e.g., Colmenares et al.,
2007; Herndndez et al., 2003; Piraquive et al., 2017; Tschanz
et al., 1969) have produced a series of maps and stratigraphic
profiles using different stratigraphic nomenclatures. Howev-
er, the absence of robust chronostratigraphic control generates
problems of synonymy, definition, and stratigraphic correlations
(e.g.,Hernandez et al., 2003; Piraquive et al.,2017). A summa-
ry of chronostratigraphic correlations is presented in Figure 2
and associated references.

3.1. Ariguani Trough

Toward the eastern border of the Lower Magdalena Basin
(LMB), the transcurrent movements of the Santa Marta—Bu-
caramanga and Algarrobo Faults generated a pull-apart ba-
sin with up to 7-8 km of sediment thickness preserved, as
documented by seismic, gravimetric, and magnetometric data
(Bernal-Olaya et al., 2015; Mora et al., 2018; Reyes et al.,
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Figure 2. Chronostratigraphic chart of the Lower Guajira and Ariguani Basins.

2004). The fault activity probably began in the early Oligo-
cene, as suggested by correlations with the basal sedimentary
strata of the Plato Sub-basin (Rincén et al., 2007), but the age
of the oldest sedimentites in the depocenter of the Ariguani
Trough remains unknown. Stratigraphic correlations with the
lowermost strata found in a structural high to the west in the
Alagorrobo-1 well (Rincén et al., 2007) suggest a minimum
age of late Oligocene.

The basal strata of this succession are exposed in the west-
ern foothills of the SNSM and are limited to the west by the
Rio Piedras reverse fault (Figure 3; Colmenares et al., 2007).
They consist of a west—dipping, dominantly conglomeratic
unit (Macaraquilla Conglomerates; Herndndez et al., 2003),
ca. 1250 m thick (Pinzén—Rodriguez, 2014) and consisting
of two members that nonconformably overlie either Jurassic
intermediate to acid granitoids or the Precambrian Los Man-
gos Granulite. Sediment accumulation has been interpreted to
have occurred in fan deltas sourced by the SNSM (Piraquive

et al., 2017) and has been assigned, without any chronostrati-
graphic foundation, to either the Paleocene — Eocene (Hernén-
dez et al., 2003) or the Oligocene — early Miocene (Piraquive
et al., 2017). However, previous accounts based on inconclu-
sive macrofossils tentatively suggest a Miocene age (Tschanz
et al., 1969). West of the Rio Piedras Fault, Herndndez et al.
(2003) identify two lithostratigraphic units exposed along the
limbs of the Fundacién Anticline: (1) The Zambrano Forma-
tion, as described in areas west of the city of Fundacién, con-
sists of at least 500-800 m of interbedded sandstones (some
of them bioclastic), marls, and mudstones, and accumulated
in shallow marine and lagoonal environments in the late Mio-
cene — early Pliocene, according to palynologic data (Hernédn-
dez et al., 2003); (2) At least 500 m of dominantly coarse— and
medium—grained sandstones, variegated mudstones, and thin
pebble conglomerates of interpreted estuarine origin have
been informally named the “Unidad Arenosa de Fundacion”.
Based on a faulted contact against the Macaraquilla Conglom-
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Figure 3. Geologic map (modified after Colmenares et al., 2007) and composite stratigraphic section of the Ariguani Basin in the western

margin of the SNSM.

erates and on the age of the Zambrano Formation, Herndndez
et al. (2003) assigned a Pliocene age. As shown below (sec-
tion 5.1), and indicated in Figures 2 and 3, we reinterpret the
stratigraphic succession based on our new lithostratigraphic
and biostratigraphic observations and group the strata crop-
ping out in the western sector of the Rio Piedras Fault’s foot-
wall into the Unidad Arenosa de Fundacién. The Guamachito
Conglomerates constitute the uppermost unit preserved in the
Aracataca Trough. It consists of coarse—grained clastic facies
made up of matrix—supported polymictic pebble and cobble
conglomerates with plutonic clasts up to 1 m in diameter,
medium- to coarse—grained lithic micaceous sandstones, and
mudstones containing plant remains, and its provenance was
assigned by Tschanz et al. (1969), without further details, to
the SNSM. The lower contact is erosive and unconformable
with the Zambrano Formation, which has led Hernandez et al.
(2003) to assign a stratigraphic age of Pliocene — Pleistocene
to the Guamachito Conglomerates.

3.2. Lower Guajira Basin

North of the SNSM, the Guajira Trough Basin is part of the
southwestern extent of the Lower Guajira Basin (Figure 4) and
is structurally limited by major basement uplifts brought to the
surface along major faults configuring a flat topography where
surface outcrops are limited. It hosts north—dipping siliciclas-
tic sedimentary fill consisting of two main facies: (1) To the
south of the Oca Fault, the so—called Palomino sequence (Pi-
raquive et al., 2017) is a succession of cobble conglomerates,
conglomeratic sandstones, and lithic sandstones with minor
sandy variegated mudstones with uncertain thickness, ranging
from measured 500 m (Piraquive et al., 2017) to inferred 2400
m (Tschanz et al., 1969). The unit nonconformably overlies
Jurassic and Eocene granitoids or is in faulted contact against
these granitoids or older Precambrian metamorphic units (Col-
menares et al., 2007) and has been interpreted as a nearshore
deposit, possibly estuarine. No age constraints have been pro-
vided for this unit, but a Miocene age has been inferred due to
the stratigraphic position (Piraquive et al., 2017). (2) North of
the Oca Fault, the Mongui Formation is a mudstone—dominated
succession made up of variegated claystones, some of which are
fossiliferous, and fine— to medium—grained sandstones, most
likely several thousand meters thick (Tschanz et al., 1969). No
age constraints are available onshore, but a stratigraphic cor-
relation based on the projection to the south of biostratigraph-
ically dated subsurface strata from seismic lines in Cadena &
Slatt (2013) supports a Pliocene age.

4. Materials and Methods

Here, we present a tectonic evolution history of the SNSM
based on published and new thermochronometric data, both
bedrock and detrital, and new stratigraphic and provenance
data from surrounding basins. Low—temperature thermochro-
nometry is the study of the thermal history of rocks as they
cool below ca. 250 °C, based on the study of isotopic systems
that involve the accumulation of radiogenic decay products,
either fission—tracks (e.g., Gallagher et al., 1998; Tagami &
O’Sullivan, 2005) or helium nuclei (Farley, 2002; Harrison
& Zeitler, 2005) due to spontaneous decay of U and Th iso-
topes. These radiogenic products are effectively accumulated
in a mineral crystal lattice only at low temperatures. Above
a threshold temperature, solid—state diffusion and track an-
nealing occur faster than the rates of daughter production
associated with radioactive decay, precluding their accumu-
lation. Rather than at a specific temperature, the thermal loss
of radiogenic daughter products occurs in a temperature range
that has been called the partial retention zone (e.g., Reiners
& Brandon, 2006). The concept of closure temperature is
a mathematical approximation of a temperature within this
range that usefully describes the thermal sensitivity of ther-
mochronometric systems considering monotonic cooling only
(Dodson, 1973). For the (U-Th)/He system in apatite (AHe),
this closure temperature is ca. 70 °C for nondamaged crystals
(Farley, 2002) but can be as high as ca. 120 °C for heavily
radiation—-damaged apatites (Flowers et al., 2009; Gautheron
et al., 2009). For the apatite fission—track (AFT) system, this
temperature varies between 100 and 140 °C, depending main-
ly on apatite composition and solubility (e.g., Donelick et al.,
2005; Gallagher et al., 1998).

We present a new dataset consisting of (1) six bedrock
AFT ages and (2) detrital data from AFT and AHe collected
in sand bars of 3 modern rivers. Analytical details for these
new analyses are presented in the Supplementary Information
1. We further present published fission—track and (U-Th)/He
data in apatite and zircon (AFT, AHe, ZFT, and ZHe, respec-
tively) from igneous and metamorphic rocks collected across
the SNSM, most of them from an elevation profile in the range’s
northwestern corner, others from an elevation profile in the
western slope, and few additional data from the northern and
eastern slopes. In addition, we include a new analysis of exist-
ing detrital data collected in Miocene strata in the northern and
western margins (Piraquive et al., 2017).

Based on these combined data, which constitute all available
low thermochronometric data from the SNSM, we first extract
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Figure 4. Geologic map (modified after Colmenares et al., 2007) and composite stratigraphic section of the Lower Guajira Basin in the

northern margin of the SNSM.

long—term exhumation rates based on a simplified 1D approach
that consists of using the youngest cooling age peaks for each
particular thermochronometric system as the approximate age
for the passage of rocks across the isotherms of 70 °C, 120 °C,
and 250 °C, corresponding to average closure temperatures for
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the AHe, AFT, and ZFT systems, respectively, and calculate the
associated magnitude of exhumation using geothermal gradi-
ents of 20-25 °C/km, an acceptable range for retroarc foreland
basins (e.g., Allen & Allen, 2005), and a surface temperature
of 20 °C. Exhumation rates are thus calculated by dividing the



magnitude of exhumation by the time span between intervening
isotherms. We further explore plausible thermotectonic histories
that are consistent with bedrock and detrital data through 3D
thermokinematic modeling of these combined data using the
software Pecube (Braun, 2003; Braun et al., 2012) in order to
extract long—term exhumation rates.

Finally, we present new structural and stratigraphic cross—
cutting relationships, new biostratigraphic data based on paly-
nomorphs (see Supplementary Information 1), and summarize
recent stratigraphic observations that reveal hints about the ages
and mechanisms of concurrent basement exhumation and basin
formation.

5. Results
5.1. Stratigraphy

Our stratigraphic surveying in the eastern limb of the Fundacién
Anticline reveals that the Macaraquilla Conglomerates discon-
formably overlies granitoids with paleo—regolith fabrics (Figure
Sa, 5b) of an assigned Jurassic age (Colmenares et al., 2007).
The basal sequence exhibits contrasting lithofacies across a
NW-—dipping fault: to the SE, in the footwall block, the basal
facies consists of a ca. 1 m—thick layer of lithic arkosic sand-
stones overlain by massive grayish sandy mudstones, whereas
to the west, they consist of matrix—supported conglomerates
containing cobbles and boulders of the Jurassic substratum
(Figure 5b). These field relationships document that sediment
accumulation occurred concomitant with normal faulting. In a
stratigraphic section measured in the footwall block, the Maca-
raquilla Conglomerates comprises two members. The Lower
Member consists of ca. 220 m of fossiliferous siltstones and
interlayered marls, limestones, scarce lithic arkosic sandstones,
and oligomictic and polymictic conglomerates. Marls and fos-
siliferous siltstones contain abundant bivalves, gastropods, and
wood fragments (Figure 5¢). The Upper Member of the Maca-
raquilla Conglomerates is constituted by a monotonous succes-
sion of ca. 900 m-thick, polymictic conglomeratic beds with
a few interlayers of coarse—grained, lithic arkosic sandstones
(Figure 5c). Heterolithic facies of siltstones and bioturbated
sandstones with carbonaceous sheets occur sporadically. Sand-
stones include heavy minerals such as garnet, clinopyroxene,
and hornblende. Southwesterly paleocurrents based on imbri-
cated clast measurements and other provenance data based on
sandstone and conglomerate petrography unequivocally docu-
ment provenance from the SNSM (Echeverri et al., 2017; Pira-
quive et al., 2017).

We report here the occurrence of spores of Nijssenosporites
Sossulatus (Figure 5c) in samples SNT-93A and SNT-88 from
the Lower and Upper Members, respectively, and of pollen Zo-
nocostites ramonae, which allow assigning a maximum age of
early Miocene, based on the zonation of Jaramillo et al. (2011).

Cenozoic Evolution of the Sierra Nevada de Santa Marta, Colombia

Our observations and published data (Piraquive et al., 2017)
suggest that this stratigraphic succession records sediment
progradation through a change in sedimentary environments
from marine—transitional to deltaic and alluvial environments
(Echeverri et al., 2017; Piraquive et al., 2017).

Toward the western segment of the Aracataca River, in the
eastern limb of the Fundacién Anticline, the Upper Member
of the Macaraquilla Conglomerates exhibits an interdigitat-
ed to transitional contact with the distal Unidad Arenosa de
Fundacién (sensu Herndndez et al., 2003). The upper limit is
defined by either the actual erosive surface or by unconform-
ably overlying Quaternary alluvial fans and slope deposits in
the Aracataca River area (Figure 3). The Unidad Arenosa de
Fundacion thus represents a sandstone—dominated unit laterally
equivalent to the Upper Member of the Macaraquilla Conglom-
erates. This unit has a stratigraphic thickness of ca. 1450 m
and consists of medium— to very coarse—grained lithic arkosic
sandstones alternating with sporadic intercalations of siltstones
and conglomerates. Sandstones display thick and very thick lay-
ers with tabular, wavy, and lenticular geometry and massive,
gradational, or laminated internal structures. Conglomerates ap-
pear as medium and thick layers, sporadically very thick, with
lenticular and tabular geometry and massive internal structure,
in some segments with imbricated clasts. Carbonized woody
remnants and dicotyledonous cuticles are frequent in this unit.
This interval records southwesterly paleocurrents and indicates
provenance from the SNSM (Echeverri et al., 2017), registering
a progradation of sedimentary environments from the platform—
prodelta to fluvial and deltaic sedimentation (Echeverri et al.,
2017; Hernandez et al., 2003; Tschanz et al., 1969).

5.2. Bedrock Thermochronometry

Published bedrock thermochronometry from the SNSM (Figure
6) includes a total of 27 apatite fission—track (AFT) data, mainly
collected along two elevation profiles, one in the Sierra Nevada
province at the range’s western margin (Figure 6b; Fundacién
profile, 10 samples; Villagémez et al., 2011) and one in the
northwestern corner of the Santa Marta province (Figure 6c,
6d; Kennedy profile, 11 samples). AFT ages (2—sigma error)
range from 23.3 + 4.4 Ma to 53.8 + 8.2 Ma in the Fundacién
profile and from 16.0 + 2.5 Ma to 41.0 + 9.6 Ma in the Ken-
nedy profile, in both cases with relatively good age—elevation
correlations. An additional few AFT ages come from a Jurassic
granitoid in between the two profiles (26.7 + 3.6 Ma), from
granitoids at the range’s northern margin (2 samples, 22.3 + 3.1
Ma and 27.6 + 4.6 Ma, from Paleocene and undetermined age,
respectively), and from Jurassic granitoids and felsic volcanic
rocks at its northeastern margin (3 samples, 40.4 + 5.7 Ma to
59.6 + 10.4 Ma) (Figure 6a). In addition, 15 apatite and 14 zir-
con (U-Th)/He (AHe and ZHe, respectively) single grain ages
were obtained from 8 samples along the Kennedy profile, with
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Figure 5. Stratigraphic relationships associated with Miocene synextensional sediment accumulation in the Ariguani Trough. (a) Simpli-
fied map of the SNSM and localization of the seismic section A-A’ in the northeastern LMB, showing the Ariguani Trough (AT) and other
depocenters associated with post-Oligocene extension (redrawn after Mora et al., 2018). (b) Sketch of geologic section along Escandalosa
Creek (location marked by white stars on map and its projection on section A-A’) showing a normal fault separating two domains with
contrasting basal Cenozoic facies overlying Jurassic granitoids with paleo-regolith fabrics (Picture 2); to the west, in the hanging wall
block, boulder conglomerates composed of the underlying substrata (Picture 1) contrast with sandstones and mudstones (Picture 3) in
the footwall block to the SE. (c) Summarized stratigraphic sections from the Escandalosa Creek and the Aracataca River (see location in
Figure 3), showing the characteristic palynomorphs and heavy minerals, identified with mollusk-rich marls (lower picture) and cobble
conglomerates (upper picture). (Hb) hornblende; (Cpx) clinopyroxene; (Gr) garnet.
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good within—sample reproducibility and a fair to good age—
elevation relationship (Figure 6d; Cardona et al., 2011a). The
weighted averaged AHe ages range from 7.6 + 0.8 Ma to 24.5
+ 7.0 Ma and ZHe ages from 20.6 £ 0.6 Ma to 24.3 + 0.5 Ma.

Here, we present new AFT results from 6 additional granit-
oid, amphibole gneiss, and mica schist samples from the upper-
most and lowermost reaches along the Kennedy profile (Figure
6¢), as well as from 2 samples of granitoids collected at lower
elevations. Despite the few grains available for dating in the
two samples at highest elevations (three to six grains, samples
SNT-14 and SNT-16), ages over an elevation difference of
ca. 250 m are indistinguishable within uncertainty (20 up to
60%), varying between ca. 21 and 23 Ma (Figure 6d; Table 1).
Sample SNT-18 yields an older age with a large uncertainty
(40.2 Ma), which we ascribe to very low U contents in the
apatites. The two lowermost samples yield less uncertain ages
between 20.1 + 1.9 Ma and 23.2 + 4.1 Ma, which fit with the
trend of data from similar elevations analyzed by Villagémez
et al. (2011) (Figure 6¢).

Collectively, all published and new ages reveal a pattern of
younging ages in a northwestward direction, suggesting gradu-
ally increasing exhumation rates toward the northwest. In addi-
tion, the patterns of ages versus elevation and pseudoelevation
(stacked profiles and closure depths estimated as in Reiners &
Brandon, 2006) for both elevation profiles document an epi-
sode of rapid exhumation between ca. 35 and 15 Ma (Figure
6d). Extracting exhumation rates with this 1D approach is an
oversimplification, as it involves assumptions that are violated
in nature, such as that isotherms are horizontal and time invari-
ant. However, using 20 error—weighted linear regressions, we
calculate a rate of 0.25 £ 0.09 km/my (between ca. 30 and 15
Ma) for the Kennedy stacked profile and of 0.13 + 0.08 km/my
for the Fundacién profile (from 30-20 Ma), which represent
minimum values for actual rates (for further explanation, see
Braun, 2002).

5.3. Detrital Thermochronometry

Published detrital AFT and ZFT data are available for Cenozoic
strata from the northern (Lower Guajira) and western (Ariguani)
margins of the range (Piraquive et al., 2017), assigned to the
middle Miocene — Pliocene and early — middle Miocene, re-
spectively, based on regional stratigraphic correlations and the
new biostratigraphic data presented here. In the north, AFT data
collected in one sample from middle Miocene — Pliocene rocks
reveal two AFT age populations of ca. 27 Ma and ca. 53 Ma
(Figure 7; see Table 1 of the Supplementary Information 2),
implying lag times (i.e., the difference between the thermo-
chronometric age and the stratigraphic age [10 + 5 Ma, in this
case], which represents the time of exhumation from the closure
depth; Ruiz et al., 2004) of ca. 11-22 Ma and 3848 Ma. ZFT
detrital ages in 5 samples from the same strata collected along
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two stratigraphic sections yield age populations of 33—41 Ma,
ca. 55 Ma, 74-90 Ma, 108-132 Ma, 156-170 Ma, and 254 Ma
(Figure 8; see Table 1 of the Supplementary Information 2).
From these data, we interpret that only the two youngest pop-
ulations may reflect reset ages related to the Cenozoic Andean
cycle of exhumation. Despite the large uncertainties derived
from both poorly constrained stratigraphic ages and large errors
in cooling age populations, the youngest AFT and ZFT detrital
populations help furnish rough estimates of long—term denu-
dation rates. For the following calculations (Table 2), we use
mean closure temperatures of 120 °C and 250 °C for the AFT
and ZFT systems, respectively, geothermal gradients of 20-25
°C/km, and a time—invariant surface temperature of 20 °C, cho-
sen to represent an average temperature above sea level. The
AFT lag-time of ca. 12-22 Ma reveals a maximum Miocene
exhumation rate of ca. 0.2-0.4 km/my (4-5 km of exhumation
between 27 and 15-5 Ma), preceded by slightly faster rates of
0.4-1.1 km/my (Figure 9; Table 2; 65-6.5 km of exhumation
between 41-33 and 27 Ma). In the western margin (Aracataca),
a similar analysis derived from strata that we document here as
early — middle Miocene in age (see section 5.1) is based on 2
AFT samples with age peaks of 19-22 Ma, 30 Ma, and 42—-60
Ma and 3 ZFT samples with age peaks of 29 Ma, 48-52 Ma,
74 Ma, 104—-108 Ma, and 167 Ma (Table 2; see Table 1 of the
Supplementary Information 2). The youngest cooling ages im-
ply a shorter AFT lag time of 3—11 Ma, corresponding to a fast
early — middle Miocene exhumation rate (up to 0.4—1.8 km/my)
from ca. 22 to 19-11 Ma, preceded by rates of up to 0.2-0.7 km/
my for the underlying 5-6.5 km of crust during the Oligocene
— early Miocene (47-29 to 22 Ma; Figure 9).

We present new AFT and AHe data from modern sands
collected in longitudinal bars from three rivers draining the
northern (Caiias River), southwestern (Fundacion River), and
southeastern (Guatapuri River) slopes of the SNSM (Figure
10a; see Table 3 for summary results, and Tables 2—6 of the
Supplementary Information 2 for single—grain ages and track—
length data). For each individual sample, we conducted anal-
yses on 89-101 individual grains for AFT and 23-30 aliquots
for AHe. We present the results as box plots (Figure 10b) and
kernel density plots (Figure 10c) with calculated age popula-
tions for each sample and thermochronometric system using
the automatic unmixing model available in DensityPlotter (Ver-
meesch, 2012).

AFT data from the three catchments show similar age spec-
tra, dominantly with ages younger than 50 Ma and a few older
ages (Figure 10b; Table 3). The age distributions are narrow for
the northern and western catchments and slightly broader in the
easternmost catchment (Figure 10c). The age spectra display
one (Guatapuri) or two (Cafias, Fundacion) populations in the
fraction younger than 50 Ma, which we interpret as exhumation
ages associated with Cenozoic orogenesis, and an additional
population of older grains (ca. 69 Ma, ca. 63 Ma, and 85 Ma,



Table 1. New bedrock apatite fission-track data.
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Lati- Longi- Eleva-

tudeN tud W tion (m) Lithology  #Gr* U (ppm)

Sample

SNT-14 11.112  74.035 2834  Amphibolite 3 92
SNT-16-1 11.108  74.048 2601 Schist 6 9.0
SNT-18 11.104  74.061 2472 Gneiss 6 30

SNT-19-2 11.107  74.061 2338 Gneiss 28 17.5

SNT-27 11152 74126 512 Granodi- 5, 6.7
orite

SNT-30 11226 74.161 30 Granodi- e 4790
orite

Rho-S Rho-I Rho-D P(c2) Age 20 Dpar
(NS)® (NI)® (ND)* (%)¢ (Ma)* error (mm)

1.024 28.58 35.80

an (307)  (5899) 71% 223 13.7 1.68 0.23

0.969 5.815 7.448

an (66) 2670) 64% 21.6 14.1 1.62 0.20

0.612 9454 35.76

©) (139) (5899) 49% 40.2 277 145 0.21

1.521 10.66 7011

(163) (1143) (2670 32% 174 31 2.11 0.46

0.767 4.586 7934

¥
(162) 965) (2798 30% 232 4.1 222 207

4.727 31.83 7.791

(844) (5684)  (2798) 9% 20.1 1.9 2.73 0.37

2Number of grains analyzed.

®Rho-S and Rho-I are the spontaneous and induced tracks density measured, respectively (x 105 tracks/cm?). NS and NI are the number of spontaneous and in-

duced tracks counted for estimating Rho-S and Rho-S, respectively.

<Rho-D is the induced track density measured in the external mica detector attached to CN2 dosimetry glass (x 105 tracks/cm?). ND is the number of induced tracks

counted in the mica for estimating Rho-D.

4P(x2) (%) is the chi-square probability (Galbraith, 1981; Green, 1981). Values greater than 5% are considered to pass this test and represent a single population of

ages.

¢Pooled (central) age reported for ages that pass (fail) the x2 test.

respectively) that we assume represent ancient exhumation
events but partially reset. Among the exhumation ages (i.e.,
those younger than 50 Ma), the youngest age peak occurs in the
western catchment (Fundacion River, 16.5 + 1.2 Ma), whereas
the oldest appears in the northern region (Caiias River, 22.5 +
1.6 Ma). AHe ages exhibit a similar pattern, with catchments in
the north and west that display only ages younger than ca. 30
Ma, the western catchment (Fundacién) with the youngest ages
and an eastern catchment including few outliers of unreset ages
as old as ca. 85 Ma. A comparison of eU vs. age (i.e., Flow-
ers et al., 2009) reveals no correlation and thus no evidence
of radiation damage controlling the age pattern (Figure 10d).
Remarkably, AHe and AFT age signatures, as revealed by box
plots and the central tendency (Figure 10b; i.e., second quartile
or median of the data set of obtained ages) are very similar to
the east (Guatapuri River, 27 and 21 Ma, respectively), whereas
they are up to ca. 14 my apart for the northern (Cafias, 27 and
18 Ma, respectively) and western (Fundacién, 31 and 17 Ma,
respectively) catchments. Using closure temperatures of 70 °C
and 120 °C for the AHe and AFT systems, respectively, and
geothermal gradients of 20-25 °C/km, the youngest AFT age
populations render similar long—term exhumation rates since
the early Miocene of 0.2-0.3 km/my for the northern, western,
and eastern catchments (Figure 9). Unlike AFT—derived rates,
AHe data document long—term asymmetric removal of the up-

permost 2-2.5 km of crust, which has been faster (0.3—0.4 km/
my) in the north and west during the last ca. 7 my and much
slower (0.10-0.15 km/my) in the eastern margin but integrated
since ca. 18 Ma (Figure 9).

Together, detrital thermochronometric data from Miocene
strata reveal higher exhumation rates for the northern (Pa-
lomino) than for the western (Aracataca) catchments in the
Oligocene (and earliest Miocene for the western margin), fol-
lowed by an opposite pattern of acceleration in exhumation
in the west in the early — middle Miocene and a middle — late
Miocene deceleration in the north. The comparison of Mio-
cene and modern AFT lag times (Figure 7) shows a subtle
increase to values of 15 £ 5 Ma to ca. 20 Ma in the northern
face and a marked increase of 4-10 Ma to ca. 17 Ma in the
western margin. These data illustrate that following the peri-
od of Miocene asymmetric exhumation, rates have decreased
ever since across the entire range, yet exhumation continues
to be fastest in the western slope, fast in the north, and slower
in the eastern margin (Figure 9).

5.4. Thermokinematic Modeling
To obtain a more regionally unified account of exhumation

rates across the entire range, we forward modeled 3D topo-
graphic and kinematic histories that account for the observed
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Figure 7. Stratigraphic vs. cooling age plots (lag time plots) for Cenozoic strata in the Aracataca (Ariguani Trough) and Palomino (Lower
Guajira Basin) sections. The inclined lines represent isolines of lag time (i.e., approximate time elapsed between thermochronometric
system closure and surface exposure). The figure shows lag time plots for AFT data, representing the approximate time for denudation
of the uppermost 4-5 km of rock (between the 120 and 20 °C isotherms). Colored dots represent different populations of detrital ages.

bedrock and detrital thermochronometric data, as well as the
structural geometry and asymmetric exhumation, using the
software Pecube (Braun, 2003; Braun et al., 2012). Pecube
is a numerical model that solves the heat—transfer equation
in three dimensions in a crustal block with topographic and
fault kinematic evolutions prescribed independently, but in
which heat advection is considered to occur only vertical-
ly. With such assumptions, this type of thermokinematic
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Figure 8. Stratigraphic vs. cooling age plots (lag time plots) for
Cenozoic strata in the Aracataca (Ariguani Trough) and Palomino
(Lower Guajira Basin) sections. The inclined lines represent iso-
lines of lag time (i.e., approximate time elapsed between thermo-
chronometric system closure and surface exposure). The figure
shows lag time plots for ZFT data, representing the approximate
time for erosion of the uppermost 9-11.5 km of rock (between the
250 and 20 °C isotherms). Colored dots represent different popu-
lations of detrital ages.
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Table 2. Youngest detrital AFT and ZFT age populations in Cenozoic strata in the Palomino and Aracataca sections (data from Piraquive

et al.,, 2017) and calculated exhumation rates.

1. AFT peaks and exhumation rates from the 120 °C isotherm to the surface (20 °C).

Exhumation rates (km/my)

Youngest Stratigraphic Lag-time
Section Sample AFT peak grap (my) 20 °C/km 25 °C/km
age (Ma)*
(Ma) . . .
min max min max min max
Aracataca  CVI-1302 19.3 154 03 8.3 16.7 0.6 133 0.5
W) EMP-16 218 154 2.8 10.8 18 05 14 04
Palomino (N) AP-045 26.8 10+5 11.8 21.8 04 0.2 0.3 0.2

2. ZFT peaks and exhumation rates between the 250 °C and 120 °C isotherms.

Youngest Youngest . Exhumation rates (km/my)
Section Sample ZFT peak AFT peak Lag—time AFT-ZFT
(Ma) (Ma) (my) 20 °C/km 25 °C/km
Aracataca CVI-1302 292 19.3 99 0.7 0.5
W) CP-088 474 19.3 28.1 0.2 0.2
AP-046 329 26.8 6.1 1.1 09
Palomino (N)

AP-045 41 26.8 142 0.5 04

a Stratigraphic ages for Aracataca based in our new biostratigraphic data and for Palomino based on stratigraphic position (see discussion in text).

1.50 Northern catchments
1.5 4 Palomino Basin
= [] cCafias catchment
§ 1.0
E
put Western catchments
o 0.75
g Aracataca Basin
=}
s -1 .z
5 0.5 [] Fundacion catchment
—
[ I
0.25 ! I
Eastern catchments
0 Guatapuri catchment
1 1 1 1
50 40 30 20 10 0

Age (Ma)

Figure 9. Evolution of Cenozoic exhumation rates estimated with one-dimensional calculations using detrital thermochronometric data
from Cenozoic strata and modern sediments. The magnitude of exhumation was estimated using a surface temperature of 20 °C and
average closure temperatures of 70 °C, 120 °C, and 250 °C for the AHe, AFT, and ZFT systems, respectively, and a range of geothermal
gradients from 20-25 °C/km. The timespan corresponding to the transit of rocks between adjacent isotherms was calculated by sub-
tracting the ages of the corresponding thermochronometric youngest peaks. See the text for further explanation.

modeling is capable of translating a forward modeled kinematic
history into a thermal history and, finally, into modeled ther-
mochronometric ages using available kinetic models (i.e., fis-
sion—track annealing or He/Ar diffusion in minerals), thereby
enabling the comparison of thermochronometric modeled ages
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with measured ages and hence allowing the validation of plau-
sible topographic and kinematic scenarios.

In our approach, rather than intending to reliably resolve
the kinematics of faulting in the SNSM, we aim at revealing
plausible Cenozoic exhumation rates across the range. To ac-
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Figure 10. Detrital thermochronometry in selected catchments from the northern (Cafas), western (Fundacion), and eastern (Guata-
puri) slopes of the SNSM. (a) Locations of river catchments. (b) Box plots and central tendencies (thick dark lines) for AFT (pale colors)
and AHe (dark colors) ages. (c) Kernel density plots for AFT (pale colors) and AHe (dark colors). Dots represent individual ages. Thick
(dashed) lines and numbers in the upper (lower) part of each plot represent AFT (AHe) age peaks. Red lines and numbers represent the
youngest peaks used to calculate integrated maximum exhumation rates. (d) Age vs. effective uranium content (eU = U + 0.235Th). Each
dot represents an individual aliquot and is color-coded based on the aliquot’s grain size, reported as the equivalent-sphere radius (ESR).
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Table 3. Summary of detrital apatite fission-track and (U-Th)/He data from modern sand samples.

Lati Lon- Ele- AFT
ati-
Sample gitude  vation P1° P2
tude N - #Gr®
(m) Age 20 %o Age 20
Cailas 11211 73.402 29 9 225 16 816 682 160
Guatapuri  10.506  73.283 237 101 208 20 736 627 138
Fun-
. 10427 74031 128 99 165 24 303 305 42
dacién

AHe
P3 P1 P2
#Gr®
%o Age 20 % Age 20 %o Age 20 %
184 28 82 02 262 192 03 738
264 30 207 03 1000
527 85.2 11 17.0 23 7.6 03 430 193 08 570

2Number of grains analyzed.

®P1to P3 are age populations extracted using the automatinc unmixing model implemented in DensityPlotter (Vermeesch, 2012).

count for the observed southeastward monoclinal tilting and the
northwestward younging in thermochronometric ages, we chose
two kinematic scenarios that simulate a gradient in vertical ex-
humation rates (Figure 11): (1) a series of NE—striking vertical
faults with eastward decreasing velocities and (2) one or multi-
ple southeastward—dipping reverse faults with either ramp—flat
or listric geometries and velocities decreasing eastward. For
each group of simulations, we departed from a base model with
a series of fixed thermal and elastic parameters, as described in
Table 4, and systematically modified the geometric, topograph-
ic, and kinematic parameters. We ran more than 300 forward
Pecube models and for each of them evaluated the misfit be-
tween modeled and observed ages, the latter including bedrock
AFT and AHe data and detrital data from river sand samples,
through the log—likelihood function (LLH). This function de-
scribes the plausibility of the model parameters given specific
observed data, and its calculation attempts to find an estimate
of parameters that maximizes its value (see Supplementary In-
formation 1 for a more detailed description). In short, the LLH
calculation yields negative values, so the highest value is the
one closest to zero.

5.4.1. Models of Group 1: Southeast-dipping
Faults

A first set of models was designed to test the effect of differ-
ent fault geometries on the vertical exhumation rates. We pre-
scribed a model with one main fault located at the western end
of the range, striking parallel to the Aguja and Sevilla Faults,
ca. N45°E, and two geometries, listric and a ramp geometry
(Figure 11a), and ran simulations using similar topographic
evolutions but with different fault velocities since 65 Ma. The
better models (i.e., those with higher LLH values, closer to 0)
show that the fault slip rates that more suitably reproduce both
the AFT and AHe thermochronometric data are 0.20-0.35 km/
my (Figure 12a). The results show that either listric geometry
reliably reproduces the data, as this geometry is the one that
involves a gradient in vertical displacement that is faster in the
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western sector of the range. A ramp geometry, which involves
uniform vertical displacement along the whole hanging wall,
does not adequately reproduce the data. The best model is one
with a listric fault with a velocity of 0.32 km/my since 65 Ma.
These velocities represent the integrated fault velocities over
a period between 65 Ma and the present time. However, AFT
data, representing the uppermost 4-5 km of exhumation, are
better reproduced with lower velocities, with a range of 0.10—
0.20 km/y (Figure 12c), whereas AHe data, representing the
erosion of the uppermost 2.0-2.5 km of crust, require faster
vertical displacements, of 0.20-0.40 km/my (Figure 12b). Alto-
gether, the modeling results support fault acceleration anytime
since the Miocene.

5.4.2. Models of Group 2: Vertical Faults

A second group of models was run imposing a kinematic sce-
nario of vertical displacement only. We chose to reproduce the
SW tilting by modeling exhumation with a series of vertical
reverse faults also striking N45°E and with fault velocities
decreasing eastward, all starting to operate at 65 Ma. We arbi-
trarily chose 4 faults in order to generate the velocity gradient.
The location of the westernmost fault (A) was chosen at the
same location as the fault used in the first group of models,
and the remaining 3 faults, B, C, and D, were located 25, 30,
and 45 km southeastward (Figure 11b). Based on the results
of the models with southeast—dipping faults, in which best
models with 0.2-0.35 km/my along listric or circular faults
set up the maximum vertical velocity, we tested models in
which we assumed an initial set of velocities for faults A, B,
C, and D and then systematically varied the velocity of each
fault, starting with fault A, until the best model was achieved.
We departed from initial values of 0.20, 0.12, 0.09, and 0.04
km/my for faults A, B, C, and D and ran a set of 65 models,
initially varying only fault A and then each of the remaining
faults. The best model required velocities of 0.26,0.18,0.15,
and 0.10 km/my and implied exhumation rates of 0.05 to 0.26
km/my (Figure 13).
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Figure 11. Kinematic scenarios used for Pecube modeling showing the present-day topography and the geometry of faults used for
simulations. (a) Models of Group 1, showing SE-dipping faults with listric and ramp-only geometries. (b) Models of Group 2, showing

four vertical faults (A, B, C, D).

Table 4. Typical thermokinematic and elastic parameters used
in Pecube.

Parameter (units) Value
Crustal density (kg/m?) 2700
Sublithospheric mantle density (kg/m?) 3200
Equivalent elastic thickness (km) 25
Young modulus (Pa) 1x 10"
Poisson’s ratio 0.25
Model thickness (km) 40
Thermal diffusivity (km*my) 25
Basal model temperature (°C) 750
Sea—level temperature (°C) 25
Atmospheric lapse rate (°C/km) 6
Crustal heat production (°/my) 0
Dpar for AFT calculations (mm) 1.5

5.4.3. Comparison of Model Groups

The best model from each of the two model groups is used
for comparison of observed vs. modeled ages along a NW-SE
profile (Figure 14a). First, both groups of models reproduce
fairly well the pattern of eastward increasing AFT cooling ages
as well as the AHe ages (Figure 14b), the latter restricted to
the range’s NW corner (Figure 14c). We deliberately aimed
to obtain plausible exhumation rates coupled to a kinematic
model that simulates the observed exhumation gradient rather
than attempting to accurately reproduce the range kinematics.
However, the modeling results show that a coherent movement

as a single block, as assumed by the SE—dipping fault mod-
els (yellow dots in Figure 14), overestimates the AFT ages of
the range’s eastern end and thus that the compartmentalized
model, here approximated with vertical faults, is more likely to
represent the actual kinematics (Figure 14d). We note that the
spread of observed ages is much larger than that of modeled
ages, which we interpret as likely representing observed kinetic
variations in particular thermochronometers (chorine content,
grain solubility in AFT, or radiation damage in AHe) that are
not captured in this set of models, run with a single kinetic pa-
rameter. In summary, we document spatially variable plausible
long—term exhumation rates to be lower than 0.25 km/my.

6. Discussion and conclusions
6.1. Episodic Exhumation

We construct a multimethod approach for unravelling exhuma-
tion rates in the SNSM by combining 1D calculations derived
from bedrock ages and detrital age peaks from multiple thermo-
chronometers, a compilation of age—elevation relationships, and
3D thermokinematic modeling. Together, the combined data
unequivocally document episodic exhumation with at least four
Cenozoic pulses.

First, triggered by the collision of oceanic terranes along
northwestern South America, rapid Paleocene to Eocene (ca.
65-45 Ma) exhumation has been widely recognized in the Cen-
tral Cordillera (Villagémez & Spikings, 2013) and its north-
western termination at the serrania de San Lucas (Caballero et
al., 2013a). A greater magnitude of exhumation farther to the
north in the western SNSM precludes the preservation of such
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a signature; however, it has been recognized in the bedrock
(Villagémez et al., 2011) and, recently, in the detrital thermo-
chronological (Patifio, 2018) signature of the eastern SNSM.
A second pulse of moderate to rapid exhumation at 35-20
Ma is evident in (1) age—elevation profiles in the NW and SW
sectors of the range (Figure 6), (2) 1D estimates based on avail-
able detrital ZFT and AFT ages and assumed closure depths
from the western margin (Figure 9, Aracataca), and (3) ubiqui-
tous 30-20 Ma AFT and AHe age peaks across the range.
Third, deceleration of exhumation seems to characterize
the post-middle Miocene history of the range, as suggested by

our 1D estimates (Figure 9) and age—elevation profiles (Figure
6). In addition, geobarometry data by Cardona et al. (2011a)
suggest that Eocene (56-50 Ma) granitoids cropping out in the
range’s NW corner were emplaced at pressures between ca. 4.9
and 6.4 kbar, corresponding to depths of 14.7-19.2 km. These
estimates imply Eocene to recent exhumation rates of 0.26 to
0.38 km/my in this sector of the range. Our exhumation rates
derived from 3D modeling in this area typify lower values, up
to 0.26 km/my (Figure 13) for the uppermost ca. 6.5 km of the
crust, which is the approximate structural depth sensitive to
apatite fission—track data, since the late Oligoene (ca. 25 Ma).
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latitude showing the main structures and the location of the seismic line presented in Figure 15b. (b) Interpreted seismic line showing
onlap of Cenozoic units onto the Central Cordillera’s basement, illustrating progressive southwestward monoclinal tilting of the range.

After Parra et al. (2012).

Combined, these independently derived rates suggest that Eo-
cene to late Oligocene rates must have been much faster than
post—Oligocene rates.

Finally, both 1D estimations of exhumation rates based on
AFT and AHe detrital data from modern sediment (Figure 9)
and our 3D modeling results for AFT and AHe data (Figure 13)
suggest that the uppermost 2-2.5 km of crust, as documented
by AHe data, was exhumed faster than the underlying 2-3 km,
as illustrated by AFT data, portraying an acceleration in ex-
humation at any time since the Miocene. Ongoing work with
cosmogenic '"Be—derived rates in river catchments will help
place time constraints on this acceleration.
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6.2. Continuity with the Central Cordillera

The structural geometry of the SNSM is that of a southeast—tilted
monocline, where extreme exhumation of up to 15-19 km since
the Eocene at the NW corner gradually diminishes toward the
Cesar—Rancheria Basin, located 100 km to the southeast, where
up to 3 km of subsidence occurred in a similar time frame. Such
geometry is reminiscent of that of the Central Cordillera, where
map patterns (e.g., Gémez et al., 2003) and seismic reflection
data (Caballero et al., 2013b; Parra et al., 2012) document pro-
gressive onlap of Cenozoic units from the Middle Magdalena
Basin onto the Central Cordillera basement (Figure 15a, 15b). As



noted by Gémez et al. (2003), such onlap and the concurrent for-
mation of a westward—expanding pediment surface in the Central
Cordillera is the result of the eastward migration of active defor-
mation and related exhumation from the Central to the Eastern
Cordillera. Similar structural geometries in the Central Cordillera
and the SNSM and basement correlations between both areas
across the Sini—San Jacinto from subsurface data (Montes et al.,
2010; Mora—Bohérquez et al., 2017) confirm the hypothesis of
former structural continuity of the two ranges.

Exhumation patterns in the Central Cordillera support very
rapid initial exhumation in the Late Cretaceous to Paleocene
and negligible exhumation (less than 2 km) in the last 40 my
(Caballero et al., 2013b; Restrepo—Moreno et al., 2009; Villa-
gémez et al., 2011). Our integrated analyses in Santa Marta
also suggest such a decrease in exhumation rates during the
initial range development, providing further support for the
idea of structural continuity with the Central Cordillera. How-
ever, unlike in the latter, where only up to ca. 2 km of exhuma-
tion has occurred in the last ca. 40 my, a distinctive pulse of
late Eocene — early Miocene rapid exhumation characterizes
the entire SNSM and is especially marked at its northwestern
corner. We suggest that this pulse beginning at 35 Ma marks
the time of tectonic exhumation and dismembering of both
ranges through deformation that was accommodated in the
form of normal faulting, possibly associated with clockwise
rotation (Montes et al., 2010) and the opening of extensional
basins in the LMB (Bernal-Olaya et al., 2015; Mora et al.,
2018). The oldest known sedimentary fill at 4-5 km depth
is Oligocene in age (Montes et al., 2010; Mora et al., 2018;
Rincén et al., 2007).

A period of contrasting tectonism and opening of sedimenta-
ry basins in the range’s northern and western margins followed.
Post—Miocene tectonic quiescence led to diminished exhu-
mation rates in the northern slope (Figure 9), which favored
sediment retrogradation of the Palomino sequence (Figure 4;
Piraquive et al., 2017). In contrast, the western slope contin-
ued to be exhumed at faster rates until at least 10 Ma (Figure
9), enhancing the range’s structural asymmetry and favoring a
reciprocal stratigraphy (Catuneanu et al., 1997), characterized
by sediment progradation of the Macaraquilla Conglomerates’
Lower Member onto its Upper Member (Figure 3).

Finally, the comparison of AFT and AHe ages presently ex-
posed in the range, retrieved in detrital data from catchments
in all three margins, support recent (i.e., post—-Miocene) accel-
eration in exhumation, enhanced in the western margin (Figure
10c). Such a pattern, in the context of steep topography (Figure
la, 1c) and a humid climate (Figure 1d), supports the concept
of a very recent exhumation pulse in line with the hypothesis of
denudational immaturity, whereby recent crustal stacking and
rock uplift would exceed the magnitude of exhumation, gener-
ating a non-steady—state (i.e., rising) topography. Diminished

Cenozoic Evolution of the Sierra Nevada de Santa Marta, Colombia

crustal thickness in the range’s NW corner (25-35 km, Figure
1b) and a positive gravity anomaly (Figure 1a) allow us to pos-
tulate a likely removal of the lower crust as the trigger of such
arecent episode. Ongoing work on recent denudation rates with
cosmogenic radionuclides will help place more detailed time
constraints on this rapid recent exhumation.
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