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ABSTRACT

The upper Campanian—Lower Eocene synorogenic sedimentary wedge of the Rancheria Basin was

deposited in an intraplate basin resting on a tilted continental crustal block that was deformed by

collision and subsequent subduction of the Caribbean Plate. Upper Cretaceous—Lower Eocene strata

rest unconformably upon Jurassic igneous rocks of the Santa Marta Massif, with no major thrust

faults separating the Santa Marta Massif from the Rancheria Basin. The upper Campanian—Lower

Eocene succession includes, from base to top: foraminifera-rich calcareous mudstone, mixed

carbonate—siliciclastic strata and mudstone, coal and immature fluvial sandstone beds. Diachronous

collision and eastward tilting of the plate margin (Santa Marta Massif and Central Cordillera)

favoured the generation of accommodation space in a continuous intraplate basin (Rancheria, Cesar

and western Maracaibo) during the Maastrichtian to Late Palaeocene. Terrigenous detritus from the

distal colliding margin filled the western segments of the continuous intraplate basin (Rancheria and

Cesar Basins); in the Late Paleocene, continental depositional systems migrated eastwards as far as the

western Maracaibo Basin. In Early Eocene time, reactivation of former extensional structures

fragmented the intraplate basin into the Rancheria-Cesar Basins to the west, and the western

Maracaibo Basin and Palmar High to the East. This scenario of continent—oceanic arc collision,

crustal-scale tilting, intraplate basin generation and fault reactivation may apply for Upper

Cretaceous—Palacogene syntectonic basins in western Colombia and Ecuador, and should be

considered in other settings where arc—continent collision is followed by subduction.

INTRODUCTION

The relationships among growth of fault systems, stratal
geometry and stacking patterns in syntectonic basins have
been well documented for rift basins (McKenzie, 1978; Lister
et al., 1986; Gawthorpe & Leeder, 2000) and foreland basins
(Beaumont ¢t al., 1988; Jordan & Flemings, 1991; DeCelles &
Giles, 1996; Sinclair, 1997). In contractional tectonic settings,
such as the central and northern Andes, subduction and
terrane accretion control the generation and filling of forearc
basins (e.g. Cediel ezal., 2003; Fildani ez al., 2008, Jaillard ez al.,
2009), whereas the thickening of continental crust (i.e. the
orogenic belt) controls the generation and filling of foreland
basins (see Hoorn & Wesselingh, 2010 for a review of the
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Amazonas foreland basin). In contrast, the mechanism
of formation and filling of intraplate basins resting on
continental crust not bounded by major faults is less well
understood (e.g. Pindell ezal., 2005). The northwestern South
America margin contains good examples of such basins
(Fig. 1), where the northeastward drift of the thick and buoy-
ant Caribbean Plateau and its frontal magmatic arc (Burke,
1988; Pindell ez al., 1998; Acton et al., 2000) drove oblique
collision of oceanic-cored terranes with the South American
plate. This collision generated continental-arc magmatism
along the continental margin (Cardona et al., 2010; in press)
(Fig. 1, inset) and intraplate basins, which were completely
filled with synorogenic continental deposits in the Late
Palacocene (Pindell ez al., 1998; Villamil, 1999; Gomez et al.,
2005; Bayona ez al., 2008).

This paper documents basin generation, subsidence
and subsequent rapid filling with continental sediments
of two intraplate basins and links the evolution of these
basins to collisional and magmatic processes along the

Basin Research © 2010 Blackwell Publishing I.td, European Association of Geoscientists & Engineers and International Association of Sedimentologists 403


mailto:gbayona@cgares.org

G. Bayona et al.

80°W 75°W 70°W

deformed..belt..... -
Caribbean Plate AN ¥ Wy

10°N|[

e .
- 1 - Paleogene magmatic rocks

] = [V Lithotectonic belts of the SMM
(from Tschanz et al., 1974)

Basins

Cb: Cesar Basin

Mb: Maracaibo Basin

Mvb: Magdalena Valley Basin
Rb: Rancheria Basin

WMb: Western Maracaibo Basin

Major tectonic blocks

=21 Cenozoic oceanic terrain

A1 Cretaceous oceanic terrain
Maracaibo plate

] Guyana Shield

Faults systems
Of: OcaFault

Rf: Romeral Fault
Sf: Santa Marta-
Bucaramanga Fault

MA: Merida Andes
SM: Santander Massif

PR: Perija Range

Maracaibo plate ranges

SMM: Santa Marta Massif

Andean ranges
CC: Central Cordillera
EC: Eastern Cordillera
SL: San Lucas Range
WC: Western Cordillera

Fig.1. Regional tectonic setting of the northern Andes and southern Caribbean Plate showing the location of Rancheria, Cesar, western
Maracaibo and northern Middle Magdalena Basins. Inset (upper right) shows location of Cesar and Rancheria Basins between the Santa
Marta Massif and the Perija Range. Lithotectonic belts of the Santa Marta Massif, as defined by Tschanz ez al. (1974), are shown with Roman
numerals (I-IV); Palacogene magmatic rocks intrude belts I, IT and III. Shades of grey represent elevation (contour intervals in kilometres).

northwestern South America margin. We studied the Ran-
cheria Basin, which is bounded by the Santa Marta Massif
on the northwest and the Perija Range on the southeast
and the westernmost Maracaibo Basin, whose strata out-
crop in the Manuelote Syncline located in the eastern foot-
hills of the Perija Range (Fig. 2). The integration of these
analyses and of similar data reported in the Cesar Basin
(Ayala-Calvo et al., 2009) and the northern Magdalena Ba-
sin (Gomez et al., 2005) allows us to understand the regio-
nal response of these intraplate basins to the Caribbean
magmatic arc collision and subduction history.

Our results contribute to the understanding of uplift pro-
cesses and generation of intraplate syntectonic basins that are
not controlled by major faults along the western margin of the
northwestern South America plate. Similar tectonic settings
can be found in other areas where oceanic plates, oceanic
magmatic arcs or continental crustal blocks have a complex
collision and subduction history, such as intraplate basins in
Ecuador (Jaillard et al., 2002, 2008; Toro-Alava & Jaillard,
2005) and northern Papua New Guinea (Abbott ez al., 1994).

TECTONIC FRAMEWORK OF THE
NORTHERN ANDES -CARIBBEAN
PLATE BOUNDARY

Regional tectonic setting

The Cretaceous—Cenozoic interactions between the Carib-
bean Plate and continental blocks of the South American
plate (Pindell ez a/., 1998, 2005) produce the present complex

structural configuration that includes, from west to east, the
Santa Marta Massif, the Rancheria and Cesar Basins, the
Perija Range and the western Maracaibo Basin (Figs 1 and
2). North of the east-striking dextral Oca Fault system, thick
Neogene deposits separate isolated massifs disrupted by
dextral transtensional faults (Alvarez, 1971).

The Santa Marta Massif comprises four lithotectonic
belts (Tschanz e al., 1974) (Fig. 1, inset), which are de-
scribed from the northwest to the southeast. BeltI consists
of orthogneisses and a low-grade metamorphosed volca-
nic-sedimentary belt (arc basin was active by ca. 82 Ma,
according to U/Pb detrital zircon ages from the sedimen-
tary protolith, Cardona ez al., 2010) affected by latest Cre-
taceous metamorphism (MacDonald ez al., 1971; Tschanz
et al., 1974; Cardona et al., 2010). Belt IT includes amphibo-
lite facies rocks with a 530 Ma maximum protolith age and
two-mica schist with associated Permian granitoids (Car-
dona-Molina et al., 2006; Cardona et al., 2010). Belt ITI con-
sists of granulite facies and associated metamorphosed
anorthosites with a 1.25-Ga protolith (Cordani et al., 2005)
recording the Grenvillian orogeny (ca 1.16-09 Ga, Restre-
po-Paceetal., 1997, Cordani ez al., 2005); isolated upper Pa-
lacozoic sedimentary rocks are reported in this belt
(Tschanz et al., 1974). Palaeocene and lower Eocene grani-
toids (50—65 Ma) intrude rocks of belts I-1IT (Tschanz et
al.,1974; Cardonaeral., in press; Fig. 1, inset), whereas gran-
itoids of Jurassic age extensively intrude belt IIL
Belt IV consists of weakly deformed Triassic—Jurassic volca-
niclastic and plutonic rocks unconformably overlain by the
Upper Cretaceous—Lower Eocene sedimentary succession
(Montes er al., 2010) (Figs 2 and 3); faults and folds
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Fig. 2. Geologic map of the northern Rancheria Basin and the Perija Range (compiled from Tschanz et al., 1974; Bellizzia et al., 1976,
Montes et al., 2010) showing the location of study areas (Cerrejon coal mine, Paso Diablo coal mine, Riecito Mache), deep seismic lines

for structural control and deep oil wells A and B.

only locally disrupt the fourth belt. A similar homocline
structure has been documented farther south in the
western flank of the northern Magdalena Valley (Pindell &
Kennan, 2009).

Upper Cretaceous—Palaeocene plutonic rocks from the
Santa Marta Massif document the growth of a Caribbean
magmatic arc during the Late Cretaceous, followed by
collision of this Caribbean arc with the continent by the
early Maastrichtian ( ~70 Ma). As result of the collision,
an eastward-dipping subduction of the Caribbean Plate
formed from the outside the accreted arc (Cardona ez al.,
in press). This subduction produced continental magma-
tism during Palacocene—FEarly Eocene time (Cardona
etal., in press) (Fig. 1, inset).

The Perija Range separates the Cesar-Rancheria Basin
to the west and the western Maracaibo Basin to the east
(Figs 1 and 2). Mesozoic volcaniclastic and sedimentary
rocks dominate the northern Perija Range, with a minor
proportion of sedimentary Palaeozoic rocks (Miller, 1962;
Bellizzia et al., 1976; Dasch, 1982; Kellogg, 1984; Maze,
1984; Forero, 1990; Ujueta & Llinas, 1992) (Fig. 2). The
northern Perija Range is bounded to the west by the north-
west-verging Cerrejon Fault system (Figs 2 and 3) and to
the east by the El Tigre Fault. The latter fault has been
interpreted as: (1) an Oligocene northwest-verging thrust
fault (Kellogg, 1984); (2) a northwest-dipping strike-slip
fault with down-to-the-west (extensional) activity in

© 2010 The Authors

Jurassic and Palacocene time, and positive reactivation in
Mio-Pliocene time (Miller, 1962; Quijada & Cassani,
1997); (3) an Eocene strike-slip fault (Pindell ez al., 1998);
or (4) a southeast-dipping normal fault inverted in
Neogene time (Duerto ez al., 2006).

Cretaceous—-Lower Eocene
tectonostratigraphic units

Sedimentary basins to the east of the Central Cordillera,
San Lucas Range and Santa Marta Massif have similar tec-
tonic evolution and depositional trends. Lower Cretaceous
extensional basins were filled with siliciclastic rocks, and
in the Perija Range the Lower Cretaceous succession is
known as the Rio Negro Formation (Miller, 1962; Caceres
et al., 1980) (Fig. 4). In the Rancheria-Cesar Basins and
western Maracaibo Basin, Aptian-Albian carbonates of
the Cogollo Group diachronously covered Triassic—Juras-
sic plutonic and volcaniclastic rocks (Fig. 4) (Tschanz ez al.,
1974; Caceres et al., 1980; Quijada & Cassani, 1997). Bitumi-
nous limestone, shales and chert of Turonian to Santonian
age (La Luna Formation; Caceres et al., 1980; Villamil &
Arango, 1998) record deep-water accumulation (outer
ramp, Martinez & Hernandez, 1992). This deep-water and
anoxic deposition continued until middle Campanian
time (Fig. 4, Tres Esquinas and Socuy members of the Colon
Formation; Martinez & Hernandez, 1992). These deep-water
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marine deposits were overlain by shallow-marine to conti-
nental sediments of a first-order regressional succession
that lasted until the Early Eocene (Villamil, 1999). The upper
Campanian—Lower Eocene sedimentary succession, the
focus of this study, is described in detail in this paper.

An angular unconformity overlies Lower FEocene
(or older) strata in the Rancheria-Cesar Basins and western
Maracaibo Basin. In the southern part of the Rancheria
Basin, undeformed and undated conglomerate beds over-
lie Maastrichtian—Paleocene strata; these beds have been
assumed to be of Miocene age (Caceres ef al., 1981), and
they are bounded to the east by the Cerrejon Fault
(Fig. 3b, seismic line 2). In the Manuelote Syncline, Upper
Eocene strata rest unconformably upon Lower Eocene—
Palacocene strata (Bellizzia et al., 1976). However, East
of the Manuelote Syncline and the El Tigre Fault, post-
Eocene strata rest in angular unconformity upon Palaeo-
cene to Palacozoic rocks in a structure named the El
Palmar High (Figs 3a and 4; Miller, 1962; Kellogg, 1984;
Quijada & Cassani, 1997). Farther to the east in the Mara-
caibo Lake, Lower Eocene strata unconformably overlie
Palacocene strata and underlie Oligocene and younger
strata (LLugo & Mann, 1995; Escalona & Mann, 2006).

METHODS

The intraplate basin generation and filling processes in
the Rancheria and western Maracaibo Basins were deter-
mined on the basis of geologic mapping, geometry and
stacking patterns of upper Campanian—Lower Eocene
strata, provenance and subsidence analysis.

The present boundaries of the Rancheria and western
Maracaibo Basins and the Perija Range were defined using
geologic mapping and subsurface control of structures.
The Upper Cretaceous—Lower Eocene succession in the
Rancheria Basin and western Maracaibo Basin were
mapped using field data collected from the Cerrejon coal
mine (Rancheria Basin, modified from Montes et al.,
2010), and from the Paso Diablo coal mine and Riecito
Mache in the Manuelote Syncline (western Maracaibo
Basin). Mapping of other units was taken from published
geologic maps (Tschanz et al., 1974; Bellizzia et al., 1976).
The internal geometry of the Rancheria Basin was deter-
mined from five northwest-striking seismic lines around
well A, three northwest-striking seismic lines around well
B and two northeast-striking seismic lines linking wells A
and B (Fig. 2). The regional cross section of Kellogg (1984)

© 2010 The Authors
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was modified using our surface and subsurface observa-
tions in the Rancheria Basin.

Lithological descriptions of the Upper Campanian—
Lower Eocene succession in the Rancheria Basin were
made from: (1) y-ray profiles and well-cutting descriptions
of wells A and B for upper Campanian to Lower Palaecocene
units; (2) descriptions of cores from six shallow wells of
the Cerrejon coal mine and (3) descriptions of outcrops in
the Cerrejon coal mine (Rancheria Basin) for Palacocene—
Lower Eocene units. For the western Maracaibo Basin
(western flank of the Manuelote Syncline, Fig. 2), we used:
(1) cores from shallow wells, (2) descriptions of outcrops
from the Paso Diablo coal mine for Palacocene-Lower
Eocene units, and (3) descriptions of outcrops of the
Upper Palaecocene-Lower Focene succession in Riecito
Mache (Fig. 2), which were complemented with descrip-

© 2010 The Authors

tions of Lower Eocene strata presented in Pardo (2004).
Biostratigraphic reports for wells A and B (Bioss, 1995)
were revised and updated using the biozones of Jaramillo
etal. (in press).

Stacking patterns of deposition of the Palaecocene—
Lower Eocene succession were defined by the identifica-
tion of flooding surfaces. Seismic reflection profiles in
little deformed areas and with well control were used to
characterize stratigraphic units and flooding surfaces,
as well as to identify two-dimensional strata geometry
and internal strata truncations. One-dimensional back-
stripping follows the methods and assumptions specified
in Watts & Ryan (1976) and Allen & Allen (1992). The Late
Cretaceous—Cenozoic first-order sea level curve of Haq
et al. (1987) was used for eustasy correction of tectonic
subsidence curves.
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The provenance analysis integrates petrographic informa-
tion, U/Pb detrital zircon ages and palacocurrent indicators
reported for the Rancheria, Cesar and western Maracaibo
Basins (methods and raw data presented in Appendix Sl).

RESULTS

Structure of the Rancheria basin, Northern
Perija range and Manuelote Syncline

The Rancheria Basin is bounded to the west by a low-
angle, southeast-dipping homocline formed by the Upper
Cretaceous—Lower Eocene sedimentary cover succession
resting unconformably upon Jurassic igneous rocks of the
Santa Marta Massif (Figs 1 and 2). Strike-slip and reverse
faults affect Jurassic rocks of the Santa Marta Massif
(Tschanz et al., 1974). The left-lateral Rancheria Fault sepa-
rates the Palacocene-Lower Eocene sedimentary succes-
sion in the Rancheria Basin into two domains (Fig. 2).
The northern domain includes the Tabaco Anticline and
minor faults dislocating the homocline, whereas the
southern domain includes west-verging reverse faults and
folds striking sub-parallel to the Rancheria Fault. Palaeo-
cene stratigraphic units were measured in the northern
domain, where deformation is less intense than in the
southern domain.

The northwest-verging Cerrejon Fault forms the east-
ern boundary of the Rancheria Basin (Fig. 3). Detailed
mapping of the irregular and curved trace of the fault
(Montes ezal., 2010) indicates a low-angle dip, as identified
by Kellogg (1984). Seismic lines near well A show that the
Cerrejon Fault decapitates subsurface high-angle north-
west-verging faults and folds (Fig. 3b, seismic line 1).
Farther south, near well B, the Cerrejon Fault limits Mio-
cene strata; these little deformed strata overlie in angular
unconformity northwest-verging faults and folds involving
Lower Palaeocene, Cretaceous and pre-Cretaceous units
(Fig. 3b, seismic line 2). These subsurface faults and re-
lated folds form the western boundary of the Perija Range
in the subsurface (Fig. 3a). These structural observations,
and a maximum thickness of 2.5km for Palacocene strata
calculated in this study (see next section), were incorpo-
rated in Kellogg’s (1984) cross-section (Fig. 3a).

The Perija Range includes a northeast-plunging anti-
cline cored by Jurassic rocks in the hanging wall of the Cer-
rejon Fault. The frontal limb exposes tight folds, whereas
the backlimb forms a shallowly dipping homocline defined
by Cretaceous beds, as documented by Kellogg & Bonini
(1982). To the north, Upper Cretaceous beds are folded in
easterly striking structures.

The El Tigre Fault separates the thick Jurassic-Lower
Eocene volcano-sedimentary succession in the Manuelote
Syncline from the El Palmar High to the west. The Manue-
lote Syncline is a northeast-striking and plunging asym-
metrical fold whose axis is parallel to the strike of the El
Tigre Fault. Jurassic volcano-sedimentary rocks and
Upper Palacocene—Middle Focene sedimentary strata are

absent in the El Palmar High, whereas in the Manuelote
Syncline the thickness of those units may reach up to
3.5km (Maze, 1984) (Fig. 3a). We interpreted the El Tigre
Fault as a reactivated structure with a normal component
in Jurassic and Palaeocene times, as proposed by Quijada
& Cassani (1997).

UPPER CAMPANIAN-LOWER EOCENE
SYNOROGENIC CLASTIC SUCCESSION

Lithology, thickness variations and age

In the Rancheria Basin, the Upper Campanian—Lower Eo-
cene succession is characterized by two fine-grained silici-
clastic units separated by a mixed calcareous-siliciclastic
unit (Figs 5-7).

The upper member of the Colon Formation includes la-
minated calcareous mudstone and micaceous and carbo-
naceous mudstone with siderite nodules and planktonic
and benthonic foraminifera (Martinez & Hernandez,
1992). The thickness of this succession is uniform across
the study area, from 500 m in well B in the Rancheria Basin
(Caceres er al., 1981) to 480 m in the Manuelote Syncline
(Quijada & Cassani, 1997). The base of this unit is dated
as upper Campanian (Martinez & Hernandez, 1992),
whereas the top is lower Palaeocene in age on the basis of
foraminifera and pollen assemblages recovered in well B
(Figs 4 and 6).

Carbonate and siliciclastic strata of the Hato Nuevo and
Manantial units in the Rancheria Basin and the Guasare
Formation in the Manuelote Syncline conformably overlie
the Colon Formation (Fig. 4). In the Rancheria Basin, the
Hato Nuevo Formation includes glauconitic shales and pe-
lecypod- and oyster-rich sandy limestone beds (Fig. 6). Si-
milar lithologies are reported in the Manantial Formation,
but shale intervals are thicker, and fine-grained sandstone
interbeds are common to the top (Figs 6 and 7). One hun-
dred and ninety metres of the upper Manantial Forma-
tion, described in cores from a shallow well (Fig. 7),
include at the base upward-coarsening calcareous sand-
stone and biomicrite beds, followed by a thick succession
of wavy, lenticular and planar laminated dark-coloured
mudstone and siltstone beds with plant remains and sig-
nals of bioturbation. Towards the top, upward-coarsening
and upward- fining successions consist of calcareous and
fossiliferous sandstone beds interbedded with laminated
mudstone and siltstone beds. A local conglomerate bed in-
cludes dominantly micritic and biomicritic rock frag-
ments in a sandy calcareous matrix (Appendix S1). The
Hato Nuevo and Manantial units thin eastward from
> 600m on the surface to <180 m in well A. A lower Pa-
lacocene age is assigned on the basis of foraminifera and
pollen assemblages in well B, and mollusc identification
in the Cerrejon coal mine (Fig. 4). The 300-mthick Gua-
sare Formation is more calcareous and richer in glauco-
nite, and pollen assemblages recovered in the Paso Diablo
coal mine indicate a Lower-to-Upper Palacocene age.

© 2010 The Authors
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Fig. 5. Location of shallow wells and outcrops used for the construction of the composite stratigraphic sections in the Rancheria Basin,
and the two seismic lines used for seismic stratigraphy analysis. Deep oil well A is shown for reference.

In the Rancheria Basin, the middle-to-upper Palaco-
cene Cerrejon Formation (Jaramillo ez al., 2007) overlies
the mixed calcareous-siliciclastic Manantial Formation
(Fig. 7). The Cerrejon Formation is a 1-km-thick coal-
bearing unit that consists of very-fine- to fine-grained
argillaceous sandstones, dark-coloured sandy siltstones
and interbeds of mudstones, shales and coal seams
(Fig. 7). Palynological reports in Well A indicate a Lower
Palaeocene age for lowermost Cerrejon Formation.

Vertical lithofacies associations, the lateral continuity
and the external geometry of lithological units were docu-
mented with the description of cores from six shallow
wells (cores of the Cerrejon coal mine) and excellent
outcrops left by open mining of the Cerrejon Formation
(Figs 5, 7 and 8). Sedimentary successions at the base of
the Cerrejon Formation were described in shallow wells 3
and 4, and they consist either of fossiliferous black shales
and laminated black mudstones with thin lenticular lami-
nae of sandstones and/or flaser-laminated sandstones;
thick coal seams overlie or underlie these successions.
Flaser, wavy, ripple and heterolithic lamination are the
sedimentary structures observed in sandstone beds of the
lower Cerrejon Formation. Towards the top of the shallow
well 4, thick, amalgamated channel-like beds with an irre-
gular base are more frequent (Fig. 8a). Sandstone beds

© 2010 The Authors

at the top have an upward-fining grain size trend, and
internal sedimentary structures are trough cross beds and
ripple lamination. Few interbeds of massive sandstone
beds are present in the lower Cerrejon Formation (Fig. 8a).

Sedimentary successions of the middle Cerrejon For-
mation were described in shallow well 5 (Figs 5 and 7).
Dominant in the middle Cerrejon Formation are thick in-
tervals of fine-grained strata interbedded with coal seams
of variable thickness (1-15m) and tabular sandstone beds
(Fig. 8b). Black mudstone and siltstone beds have planar,
lenticular and wavy lamination, and bioturbation is more
pervasive at the base of well 5. Thin-to-medium sandstone
beds with flaser and heterolithic lamination dominate at
the base, and both upward-coarsening and upward- fining
trends in grain size are common. Sandstone beds are
almost absent in the middle of well 5, whereas to the top
the thickness of sandstone beds increases up section,
although grain size continues to be in the range of very-
fine-to-fine sand. Lower contacts of sandstone beds are
planar, with no signal of erosion (Fig. 8c). Sandstone beds
are internally massive or have the following sedimentary
structures changing vertically from base to top: horizontal
bedding, trough cross beds and ripple lamination (Fig. 8c).

The upper Cerrejon Formation, described in shallow
wells 6 and 7, is dominated by upward- fining successions
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Fig. 6. Left: Generalized stratigraphic columns of Hato Nuevo, Manantial and lower Cerrejon formations in the Cerrejon coal mine
(section 1-1’ in Fig. 5) with location of petrographic samples (see raw data of sandstone petrography in Appendix S1). Right:
Interpretation of the gamma-ray profile for the Colon to Manantial formations in well B (see location in Fig. 2).

that consist of thick-to-very-thick-bedded sandstone beds
(Figs 5 and 7). Grain size trends range from fine sand to
granule, including granule-size micritic fragments (Appen-
dix S1). Sandstone beds are internally massive, or include
horizontally and cross-bedded sedimentary structures. The
external geometry of sandstone beds varies from tabular
with planar lower contacts to channel-like beds with irregu-
lar lower contact. These sandstone beds grade up section to
massive to lenticularly laminated, bioturbated mudstone
and siltstone beds with abundant plant remains. Only one
metre-scale thick coal seam is exposed at the base of this in-
terval, whereas thin-to-very-thin coal seams are rarely inter-
bedded in the remainder of the section.

Coal seams overlying sandstone and massive mudstone
beds and underlying thick successions of shale and lami-
nated mudstone beds have excellent lateral continuity. These
laterally continuous coal seams and laminated mudstone
beds overlie flooding surfaces, named 1-9 in Fig. 7 The iden-
tification of these flooding surfaces in the Cerrejon Forma-
tion was additionally supported by geochemical and
petrographic data in coal seams (see data in Appendix S2)
and recovery of dinoflagellate cysts (Jaramillo ez al., 2007).

In the western Maracaibo Basin (Manuelote Syncline),
the Marcelina Formation overlies the mixed calcareous-
siliciclastic Guasare Formation (Fig. 9). The 500-m-thick
upper Palaeocene Marcelina Formation includes several
upward-coarsening successions composed, from base to
top, of mudstone and coal, siltstone, and very fine-grained

tabular sandstone beds with micritic detritus and glauco-
nite (Fig. 9c). Sandstone beds are tabular, and the thick-
ness of such beds increases towards the top of each
succession.

Coarse-grained strata unconformably overlie the Cerre-
jon and Marcelina Formations. In the Rancheria Basin, the
Tabaco and Palmito Formations overlie the Cerrejon
Formation in angular unconformity. The Tabaco Forma-
tion is <100m thick and includes varicoloured massive
mudstone beds interbedded with cross-bedded conglom-
eratic sandstone beds (Fig. 7, Appendix S1), whereas the
Lower Eocene Palmito Formation (Montes ez al., 2010,
locality F in Fig. 5) is poorly exposed and includes light-
coloured massive mudstones. Similarly, conglomerates,
sandstones and mudstones of the uppermost Palacocene
to Middle Eocene Misoa Formation overlie the Upper
Paleocene Marcelina Formation (Pardo, 2004). Felsic
volcanic tuffs and volcaniclastic sandstones, dated
56 +0.03 Ma (Jaramillo et al, 2010), are locally
interbedded in the lower Misoa Formation (Fig. 9b).

Depositional environment interpretation

Table 1 summarizes lithological and biological criteria
used for depositional interpretation for the Campanian—
Lower Eocene succession. The lowermost beds of the
Colon Formation are the deposits accumulated in the deepest
marine conditions, and the vertical variation of planktonic

© 2010 The Authors
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Fig. 8. Lateral geometry and stacking pattern of Cerrejon Formation strata examined in outcrops of the Cerrejon coal mine, and
comparison with one-dimensional descriptions of wells presented in Fig. 7. () Medium-to-thick bedded, amalgamated sandstone beds
overlying with irregular contact massive mudstone beds (strata below surface 5 in well 4). (b) Thick, dark-coloured mudstone and
siltstone beds interbedded with coal seams and tabular sandstone beds (strata above surface 6 in well 5). (c) Sharp and non-erosive
contact between a thick coal seam (or laminated mudstone in wells) and horizontal-to-massive bedded sandstone (strata above surface 7
in well 5). B and C are examples of strata in aggradational staking patterns, whereas A corresponds to progradational stacking patterns
below the flooding surface.
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Fig. 2 for location; uppermost 500 m of the Misoa Fm are descriptions from Pardo, 2004) with location of petrographic samples and
conglomerate clast counts (see raw data in Appendix S1). (b) Volcanic felsic tuff interbedded in the lower Misoa Formation with a U-Pb
Zircon radiometric age of 56.09 £ 0.03 Ma (Jaramillo et al., 2010). Inset to the right: monocrystalline quartz (Qm) with embaymets
surrounded by volcanic glass with slight flow structure (parallel nicols). (c) Tabular geometry of fine-grained calcareous sandstone beds
at the top of an upward- coarsening succession.

and benthonic foraminifera supports the interpretation of Calcareous beds of the Hato Nuevo, Manantial and
shallowing water depth within neritic to prodeltaic environ- Guasare Formations indicate a period of continental-ward
ments for the upper member of the Colon Formation (Marti- migration of the shoreline (i.e. marine transgression) and
nez & Hernandez, 1992). decrease of siliciclastic sediment supply during the Early

© 2010 The Authors
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Tablel. Depositional environment interpretation

Stratigraphic unit

Lithological association

Bioturbation, fossils,

pollen content Other indicators

Depositional environment

Misoa

Palmito
Tabaco

Marcelina

Middle and upper
Cerrejon (from
flooding surface 5
to the top)

Lower Cerrejon
(from the base to
flooding surface 5)

© 2010 The Authors

Mudstone: massive

Sandstone: cross-bedded,
conglomerate fragments on

cross beds

Coal: thin beds

Felsic tuffs, volcaniclastic
sandstones: massive

Mudstones: light-colored, massive
Mudstone: light-colored, massive
Sandstone: cross-bedded,
conglomerate fragments on

cross beds

Conglomerate: massive

Coal: more abundant and

thicker beds

in the middle of the unit

Upward- coarsening successions
Mudstones: lenticular, wavy,

plane parallel lamination:

Very fine- to fine-grained
sandstones: tabular geometry,
ripple and plane parallel lamination.
Cross-bedded sandstones toward
the top of the unit

Coal: thicker and more abundant
beds

in the middle Cerrejon (well 5),
almost absent in the top (well 7)
Upward- fining and upward-
coarsening successions; the

former dominates at the top

Very fine to conglomeratic
sandstones: internally massive,

or cross-bedded, ripple lamination,
channel-like geometries

Sandy siltstone: dark and light
colored, massive, lenticular
lamination

Mudstone: dark and light colored;
massive, lenticular and wavy
lamination; plane parallel lamination
to the base

Coal: thicker and more abundant
beds to the top

Upward- fining successions

Very fine- to fine-grained sandstone:
internally massive or cross-bedded
Sandy siltstone: dark-colored,
massive, or with wavy and lenticular
lamination

Mudstone: dark-colored, plane
parallel, lenticular, wavy lamination
Tabular Sandstone beds: ripple,
lenticular, flaser lamination

Pollen recovery in
coal beds

Poor pollen recovery
Poor pollen recovery

Fossils (mollusks?)in ~ Reworked micritic

few mudstone beds fragments
Bioturbation Glauconite
Abundant plant

remains

Good pollen recovery

Reworked micritic
fragments

Fossils (mollusks?) in
few mudstone beds

Bioturbation toward
the base

Abundant plant
remains (macroflora)

Good pollen recovery

Vertebrate fragments
(fresh-water turtles,
crocodiles, snakes)

Oyster, mollusks in
mudstone beds

Increase of sulphur
content in coal

Dinoflagellate seams (Ramos,
Bioturbation 1990; Layton, 2006)
Abundant plant

remains (macroflora)
Good pollen recovery

Vertebrate fragments

Fluvial floodplains
and channels. Nearby
volcanic activity

Fluvial floodplains
Fluvial floodplains
and channels

Mouth bars and
deltaic plains

Lacustrine systems
Fluvial floodplains,
channels, crevasse splays

Hyperconcentrated flows

Lacustrine systems with
brackish influence
Fluvial/coastal floodplains
and channels
Hyperconcentrated flows
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Tablel. (Continued)

Bioturbation, fossils,

Stratigraphic unit  Lithological association

pollen content

Other indicators Depositional environment

Guasare Limestone: massive micrite, Pelecypod, oyster, Glauconite Mixed carbonate-
biomicrite mollusks siliciclastic marginal- to
Mudstone: dark-colored, Dinoflagellate shallow-marine platform
plane-parallel lamination Bioturbation
Calcareous fossiliferous sandstones:
ripple lamination
Manantial Upward-coarsening and upward- Pelecypod, oyster, Glauconite Mixed carbonate-
fining successions mollusks siliciclastic marginal- to
Shale: dark-colored, plane-parallel ~ Bioturbation shallow-marine platform
lamination Plant remains
Sandy limestone: massive, wavy Poor pollen recovery
lamination
Fine-grained sandstone: lenticular,
wavy and ripple lamination (more
interbeds toward the top)
Calcareous fossiliferous sandstones:
ripple, wavy lamination
Hato Nuevo Sandy limestone; massive, wavy Pelecypod, oyster Glauconite Marginal- to shallow-
lamination marine platform
Shale: dark-colored, laminated
Colon (upper Mudstone: dark-colored, plane- Planktonic and Glauconite Neritic to prodeltaic
member) parallel lamination, calcareous benthonic foraminifera

Mudstone: micaceous and
carbonaceous

Palacocene. Etayo-Serna (1979) interpreted the Hato
Nuevo and Manantial Formations as being accumulated
in marginal- to shallow-marine platform environments.
The Late Palacocene age of the uppermost strata of the
Guasare Formation indicates the northeastward retreat of
marine deposition and diachronous onset of coal-bearing
siliciclastic deposition, being older in the Rancheria
Basin and younger along the western side of the Maracaibo
Basin.

In Late Palacocene time, the depositional profile with
continental settings to the west and marginal settings to
the east continued. Lithological, palynofloral and macro-
floral associations in the Cerrejon Formation indicate
deposition in dominantly continental settings with the
development of lacustrine systems with brackish influ-
ence. Analyses of fossil plants and vertebrates found in
the Cerrejon Formation indicate accumulation in a tropi-
cal humid climate (Herrera ez al., 2008; Head ez al., 2009;
Wing ez al., 2009). Sandstone beds of the lower Cerrejon
Formation represent the transition from coastal to fluvial
plains cut by channels towards the top (Fig. 8a).
Fine-grained strata and tabular sandstones in the middle
Cerrejon Formation record deposition in coastal plains
and lacustrine depositional systems (Fig. 8b). Sandstone
beds with tabular geometry, nonerosive lower contacts
and with sedimentary structures changing up section
from massive to horizontal-bedded, and to ripple lami-
nated are indicative of hyperconcentrated flows (Smith &
Lowe, 1991) that covered coastal plain settings (Fig. 8c).

The dominance of upward- fining sandstone successions
to the top of the Cerrejon Formation indicates the preva-
lence of fluvial channels and floodplain systems during
the latest Palacocene time.

Upward-coarsening successions and coal seams in the
Marcelina Formation (Fig. 9c) were deposited in mouth bars
and deltaic plains. Sandstone, mudstone and conglomerate
beds of the Tabaco, Palmito and Misoa Formations in the
Rancheria and western Maracaibo Basins are interpreted as
filling of channel structures and fluvial floodplains.

Stratal patterns

Aggradational-to-progradational stacking patterns of
deposition are identified for the Colon and Cerrejon
Formations. In the upper member of the Colon Forma-
tion, Martinez & Hernandez (1992) used the increase
or decrease of bioturbation and foraminifera content to
define the subtle shallowing depositional trend and the
aggradational-to-progradational stacking patterns of
deposition, despite the homogeneous lithology. In the
Cerrejon Formation, flooding surfaces helped in the inter-
pretation of stacking patterns. Flooding surfaces separate
amalgamated fluvial sandstones below (e.g. Fig. 8a) from
thick mudstone and siltstone beds above. Fine-grained
successions above the flooding surface are dark-coloured
and laminated in the lower and middle Cerrejon Forma-
tion (e.g. flooding surfaces 3—7 in Fig. 7; Fig. 8b), whereas
in the upper Cerrejon Formation fine-grained successions

© 2010 The Authors
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“Rancheria

Fig.10. (a) NNE-striking deep and
(b) NW-striking shallow seismic
lines showing subsurface stratal
geometry of upper member of the
Colon Formation, Hato Nuevo,
Manantial and Cerrejon
formations (see Fig. 5 for location).
(a) Two shallow wells were used to I
control the position of a flooding :
surface; Well A is located 2.5 km to
the SWof the left end of this
seismic line. (b) Low-angle angular
relations of reflectors within the
Cerrejon Formation are identified
in shallow seismic lines.

tu
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TWT two way travel time
~—~. topographic profile

mic lines

are massive and light-coloured (e.g. flooding surfaces 8
and 9 in Fig. 7). This variation of stacking pattern across
flooding surfaces is controlled by the relative rates of
generation of accommodation space and sediment supply.
Nearly uniform lithological successions in the lower and
middle Cerrejon Formation and the prevalence of conti-
nental conditions to the top of the Cerrejon Formation,
define an aggradational-to-progradational stacking pat-
tern of deposition for this unit.

Two-dimensional stratal geometry and internal trunca-
tions of strata were identified using two seismic reflection
profiles in little deformed areas (see Figs 5 and 10). Upper-
most Cretaceous reflectors identified in well B (Fig. 3b,
Line 2) correspond to the upper member of the Colon For-
mation. These reflectors can be traced to well A, where
thicknesses and lithologies of the upper member of the
Colon Formation are similar to those in well B. Reflectors
above them correspond to the Hato Nuevo and Manantial
units and display a downlap relationship with underlying
reflectors (Fig. 10a). These calcareous units thin from
620 m in the northwest (Caceres et a/., 1980) to <280 m in

© 2010 The Authors
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the south, in wells A and B (Caceres ez al., 1981). Seismic re-
flectors corresponding to the Cerrejon Formation illus-
trate how the synorogenic clastic wedge advances away
from the Santa Marta Massif. Reflectors corresponding to
the Cerrejon Formation define downlap relations; the
junction of these delineates stratigraphic surfaces that cor-
respond to flooding surfaces (Fig. 10a). Shallow seismic
data show low-angle truncation of Cerrejon strata towards
the northwest (Fig. 10b).

TECTONIC SUBSIDENCE

Tectonic subsidence profiles from the Rancheria Basin
(data from wells A and B, and surface data), Manuelote
syncline (data from Quijada & Cassani, 1997) and Cesar Basin
(Ayala-Calvo ez al., 2009) were used to determine tectonic
subsidence signatures (Fig. 11, and Appendix S3 for entry
data). The Cesar Basin section represents deposition in the
centre of the Lower Cretaceous extensional basin, whereas
the other two sections are located in the flanks (Fig. 11).
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The slope of the tectonic subsidence curves shows three
different phases of subsidence rates (Fig. 11). Lower Cre-
taceous units of the Cesar Basin record rapid subsidence
during the first phase. The accumulation of the Cogollo
Group, La Luna Formation and the lower two members
of the Colon Formation correspond to subsidence rates
that decrease significantly in time during the second
phase. A large increase in tectonic subsidence rates during
deposition of the upper member of the Colén Formation
(late Campanian—Maastrichtian) characterizes the third
phase. A slight decrease in the subsidence rate occurs dur-
ing accumulation of the shallow-water carbonate Hato
Nuevo and Guasare Formations (Early Paleocene) in the
Rancheria and western Maracaibo Basins. In the Cesar Ba-
sin, the subsidence rate does not change in Early Palaeo-
cene time. The highest subsidence rate of the third phase
occurs during the Late Palacocene, when coal-bearing de-
position occurred in all studied areas. Sedimentation con-
tinued during the Early to Middle Eocene in the western
Maracaibo Basin (Manuelote Syncline) with similar rates
of tectonic subsidence of the third segment. In contrast,
sedimentation probably ceased in basins adjacent to the
Santa Marta Massif (Rancheria and Cesar Basins).

PROVENANCE ANALYSIS

Integration of petrographic and detrital zircon analysis, as
well as palaeocurrent data presented in other studies (see
Appendix Sl for raw data), allows us to give a comprehen-
sive interpretation of provenance for sandstone units in
the Maastrichtian-Lower Eocene succession. Meta-
morphic lithic fragments of the upper Maastrichtian—
Lower Palacocene sandstones and siltstones reported in
the southern Cesar Basin (Ayala-Calvo et al., 2009) and
southern Rancheria Basin (Martinez & Hernandez, 1992)
were supplied from uplifts of the Colombian Central Cor-
dillera to the south and transported to the north by a flu-

Tectonic subsidence curves
(with paleobathymetry error bars)

—+ — = Rancheria Basin
—+- — Western Cesar and southern Perija Range

—+— Western Maracaibo Basin

Western
Rancheria  Cesar Basin Maracaibo
Basin (projected) Basin
A

Fig.11. Comparison of one-
dimensional tectonic subsidence
curves, allowing the identification
of three tectonic subsidence

H Pre-Cretaceous!
H rocks

~a—» Approximate area covering the composite section
1) An approximate location of studied sections in
an extensional basin.
2) The difference of compacted thickness of La
Luna Fm. and older Cretaceous units.

phases: the first related to
syn-rift-deposition, the second to a
passive-margin regime and the
third to a convergent regime.

See text for explanation and
Appendix S3 for entry data.

vial-deltaic system in the northern Magdalena Basin
(Gomez eral., 2005).

Petrography analyses in the Manantial and Cerrejon
Formations indicate an up section increase of feldspars and
unstable metamorphic and sedimentary lithic fragments
(Fig. 12; raw data in Appendix S1). An up section increase of
graphitic and quartz-mica schist fragments, myrmekite
fragments, plagioclase, microcline and orthoclase in sand-
stones of the Manantial and Cerrejon Formations confirms
the supply from an igneous-metamorphic source with a thin
sedimentary cover. Palaeocurrent indicators measured at
three localities near theTabaco Anticline and one locality to
the south of the Rancheria Fault (see Fig. 5 for location of
sites) indicate a dominant eastward dispersion for the middle
Cerrejon, whereas for the upper Cerrejon they indicate
south-southeastward directions (palaecocurrent raw data
in Appendix Sl). Petrography and palacocurrent analyses in
the Manantial and Cerrejon Formations indicate that the
Santa Marta Massif was being eroded during the Palacocene
(Bayona ez al., 2007). The unmodified grain-size patterns
of sandstones in the Manantial and Cerrejon formations
indicate that the distance between the basin and major
source areas (Santa Marta Massif) was constant through
the Palaeocene.

The high concentration of micritic calcareous frag-
ments in sandstone of the Marcelina Formation, and the
local concentration of such clasts in sandstone beds of the
upper Cerrejon Formation suggest an additional sediment
supply from an exposed shallow carbonate platform, which
could correspond to the Guasare carbonate platform that
accumulated to the east (LLugo & Mann, 1995; Pardo, 2004).

The association of U/Pb zircon ages in the Cerrejon
Formation differs from the association reported in the
Manantial Formation (Cardona ez al., in press; Fig. 12).
Unroofing of the Cretaceous sedimentary cover of the
Santa Marta Massif is documented by both the U/Pb
zircon ages of 1.0-1.8 Ga reported in the Manantial Forma-
tion (i.e. reworking of zircons in Cretaceous beds that were
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Fig.12. Compositional trend of Cerrejon and Tabaco sandstone beds, using petrography (see complete dataset and raw data in
Appendix S1) and U-Pb detrital zircon population. See text for discussion of provenance for these units.

supplied from the craton) and localized conglomerate beds
with a high diversity of carbonate clast types in the Manan-
tial Formation. The age distributions of populations in the
Cerrejon Formation suggest that most of the sediments
were supplied from the northwestern corner of the massif
(Belts I-IIT in Fig. 1; accreted Cretaceous arc 70-90 Ma
+Permo-Triassic rocks 270-280 Ma + Grenvillian base-
ment rocks 930-1200 Ma). Supply from Jurassic plutonic
and volcanic rocks, which are dominant in Belt IIT of the
Santa Marta Massif and northern Perija Range (Fig. 2), is
minor during the Palacocene.

Tabaco and Misoa strata record mixing of detritus derived
from both the Perija Range and Santa Marta Massif (Fig. 12).
The abrupt increase of quartzose, chert and sedimentary
lithic fragments in sandstone and conglomerate beds of the
uppermost Palaeocene—Lower Eocene Tabaco and Misoa
formations may be explained by supply from the Perija
Range, which includes several Cretaceous sedimentary units
(Fig. 2). The association of both 55—-60 Ma and Grenville-age
zircons confirms the continuous supply from the magmatic
arc and Grenville rocks in the Santa Marta Massif.

DISCUSSION

The internal pattern of deposition and provenance of the
upper Campanian—Lower Focene siliciclastic succession
of the Rancheria and Cesar Basins, northern Magdalena

© 2010 The Authors

and western Maracaibo Basins, needs to be framed in a tec-
tonic environment that explains: (1) whether these basins
were connected, and if so, when the study area became
fragmented, (2) the changes in patterns of subsidence and
(3) uplift patterns of adjacent mountain belts (northern
Central Cordillera, the Santa Marta Massif and the Perija
Range) and their relationship to filling of adjacent sedi-
mentary basins.

Two episodes of variation in tectonic subsidence rates
affected all studied basins (Fig. 11), the first during the
Maastrichtian and the second during the Late Palaeo-
cene—Farly Eocene. During the first episode, a regional re-
gression in sedimentary environments, passing from
carbonate platforms (LLa Luna and lower Colon units) to
shallower marginal siliciclastic conditions, was recorded
in all studied basins. In Early Palacocene time, the first
change in the deposition and subsidence regime is docu-
mented: whereas siliciclastic deposition and high tectonic
subsidence rates continued to the south, calcareous mar-
ginal deposition and a decrease of tectonic subsidence
rates as recorded to the north (Rancheria and western
Maracaibo Basins) (Fig. 13a). During the second episode,
in Late Palacocene time, continental deposition was estab-
lished first in western basins (Magdalena, Cesar and
Rancheria Basins) and then migrated eastwards, covering
the Guasare Platform in latest Palacocene time. It is only
in Early Eocene time that sedimentation rates likely de-
creased in western basins (Rancheria and Cesar Basins),
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whereas thick continental deposition continued in the
western Maracaibo Basin.

The increase in tectonic subsidence rates and the deposi-
tional regression trend recorded in intraplate basins can be
related to the diachronous collision of Caribbean segments
(Pindell ez al., 1998, 2005; Pindell & Kennan, 2009) along the
northwestern edge of the South America plate (Central Cor-
dillera and Santa Marta Massif) (Fig. 13). Maastrichtian ob-
lique collision along the margin of the Santa Marta Massif of
the Caribbean magmatic arcs (Cardona et al., 2010, in press)
coincides with an increase in tectonic subsidence. The sup-
ply of metamorphic rock fragments in the Colon Formation
(Martinez & Hernandez, 1992) and the association of
Cretaceous and Palaeozoic detrital zircon ages in the Cerre-
jon Formation suggest that the western edges of the Santa
Marta Massif and Central Cordillera were the source areas.
Late Campanian uplift in the Central Cordillera was
followed by increased tectonic subsidence rates and contin-
uous sedimentation in the northern Magdalena (Gomez
et al., 2005) and Cesar Basins in Maastrichtian—Farly
Palaeocene time (e.g. Catatumbo Formation in the Cesar Ba-
sin, Ayala-Calvo ezal., 2009).

Deformation along the Paleocene collisional margin
(western edges of the Santa Marta Massif and Central
Cordillera) generated topographic relief along the western
margin of the South America Plate (Fig. 13a). The large
distance between the deformation front and the border of
the syntectonic basin, and the constant distance between
uplifted blocks and basin depocenter, explain the uniform
and immature fine-grained nature of the sandstones in the
Colon, Manantial and Cerrejon Formations in the
Rancheria Basin; the Catatumbo and Cuervos Formations
in the Cesar Basin (Ayala-Calvo ez al., 2009); and the Umir
and Lisama Formations in the northern Middle Magdale-
na (Villamil, 1999; Gémez et al., 2005) (Fig. 13a and b).
Strong precipitation in the Palaeocene (Head ez al., 2009;
Wing et al., 2009) favoured rapid transport from source
areas to the basin, such as the hyperconcentrated
flows documented in the Cerrejon Formation (Fig. 8c).
Chronostratigraphic correlations and seismic data pre-
sented in this paper support the eastward advance of the
synorogenic clastic wedge away from the Palaeocene colli-
sional margin, as proposed by Villamil (1999) and Pardo
(2004) (Fig. 13b).
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The distal location of the deformation front, the struc-
tural continuity between the Santa Marta Massif and the
Rancheria Basin and the absence of detrital zircons from
adjacent Jurassic rocks preclude a western loading and
foreland basin development. A model of crustal-scale tilt-
ing of the continental margin, as illustrated in Fig. 13d,
better explains the distal and constant location of the de-
formation front, and the constant distance between source
areas and basin. Spatial and temporal variation in rates of
crustal tilting may influence the aggradational-to-progra-
dational stacking patterns of deposition along the eastern
edge of the tilted crustal block (i.e. the Rancheria and
Cesar Basins). Low rates of crustal tilting (or tectonic
subsidence) favoured eastward migration of fluvial deposi-
tional settings, channel amalgamation (Fig. 8a) and trunca-
tions of siliciclastic Palaeocene strata (Fig. 10b). High rates
of crustal tilting generated more accommodation space,
driving fluvial depositional systems towards emerged blocks
and favouring fine-grained coastal and lacustrine deposition
towards more subsident blocks (Fig. 8b).

Two different tectonic models could explain the tilting
of a rigid continental crust. One model, proposed by
Pindell ez al. (2005) to explain the uplift of the northern
Central Cordillera, considers that tilting of the crust could
be the product of arc—continent collision, uplift of oceanic
and crustal rocks along the collisional margin and the
underthrusting of oceanic fragments (Model 1 in Fig.
13d). Incipient low-angle subduction of a buoyant, young
and hot Caribbean Plate (see Pindell er al., 2005) may
explain the Palaeogene continental-arc magmatism (Car-
dona et al., in press); an explanation of magmatic activity
as far as the eastern margin of the Perija Range (Fig. 9b) still
remains uncertain. The other model, as illustrated by
crustal-scale cross sections of Kellogg & Bonini (1982)
and Cediel et al. (2003), suggests that eastward tilting is
due to the northwestward propagation of a crustal-scale,
shallow-dipping thrust sheet forming a piggy-back basin
(e.g. Talling eral., 1995) (Model 2 in Fig. 13d). Our work does
not provide data to constrain the structure of the deep
crust, which are needed to evaluate both models. Surface
geologic mapping; however, has not identified a north-
west-verging, shallow-dipping middle-to-lower-crustal
fault in the Santa Marta Massif (Tschanz ez al., 1974), as
expected for the second model. A regional dip of 16 degrees,
as measured in the southeastern flank of the Santa Marta
Massif (Montes et al., 2010), would imply the presence of a
ramp reaching the surface within the Jurassic plutonic rocks
(southeastern Belt I1T) of the Santa Marta Massif (Model 2 of
Fig. 13d), which has not as yet been mapped.

Fault reactivation can be mechanically related to crustal
tilting, as these structures bound the southeastern end of
the tilted crustal block (Fig. 13c and d). Uplift of the
Santander Massif since the Early Palaeocene (Fabre, 1981
Bayona ez al., 2008; Ayala-Calvo et al., 2009) and the wes-
tern flank of the Perija Range in the Late Palaecocene
(Fig. 13c) were the distal responses of intraplate weak
structures to the diachronous collision along the plate
margin. Early Eocene fault reactivation involved Guasare

© 2010 The Authors

platform rocks, which supplied carbonate granule-size
fragments to the west (Rancheria Basin) and to the east
(western Maracaibo Basin), and fragmented depositional
systems of the Palacocene basin (Fig. 13c). The El Tigre
Fault in the eastern flank of the Perija Range reactivated
as a normal fault (Fig. 13d). This reactivated structure con-
trolled depositional patterns, composition and stacking
pattern of the Upper Palacocene and Lower Eocene
Marcelina and Misoa strata in the down-thrown block,
and erosion in the up-thrown block (El Palmar High).

Crustal-scale tilting of a collided margin has been docu-
mented farther south in the Ecuadorean Andes, where accre-
tion of oceanic exotic terranes and tectonic underplating of
oceanic fragments appear to have caused tectonic uplift by
tilting crustal blocks (Jaillard ez al., 2002, 2008) and con-
trolled Campanian-Eocene clastic deposition to the East
(Toro-Alava & Jaillard, 2005). In the Salar de Atacama Basin
in northern Chile, Palacocene deformation has been asso-
ciated with eastward crustal-scale tilting (Goémez et al.,
2005), suggesting that this mechanism of deformation oc-
curred at different latitudes of the western margin of South
America during the Palaeocene. Similar conditions may ap-
ply to intraplate basins adjacent to the complex collisional
plate margin of northern Papua New Guinea (Abbott e7 al.,
1994). Analogue models presented by Espurt ez al. (2008) il-
lustrate how the onset of subduction of a thick and buoyant
oceanic crust causes first the uplift adjacent to the collisional
margin and then subsidence in intraplate settings. As sub-
duction flattens, arc magmatism migrates inboard and later
structures in the back-arc region become active.

CONCLUSIONS

The Maastrichtian-to-late Palaecocene basin configura-
tion of the Rancheria Basin was controlled primarily by
tectonic subsidence due to crustal-scale tilting, rapid pro-
cesses of deposition and burial and high rates of sediment
supply. These processes were associated with the accretion
of oceanic arc terranes along the northwestern corner of
South America, which caused the diachronous uplift,
and eastward tilting of the northern Central Cordillera
and northwestern segment of the Santa Marta Massif.
The tectonic evolution described above also drove (1) the
generation of accommodation space and aggradational-
to-progradational pattern of deposition of the Maastrich-
tian-to-Lower Eocene succession, (2) continental accu-
mulation of the Maastrichtian-to-Paleocene synorogenic
succession in the northern Middle Magdalena, Cesar and
western Maracaibo Basins and (3) the reactivation of intra-
plate structures, which fragmented the Paleocene basin
and controlled deposition/uplift in distal parts of the ba-
sin. The proposed tectonic model of low-angle subduction
of the Caribbean Plate and tilting of a rigid crustal block
explains the uplift of an arc—continent collided margin,
inboard continental-arc magmatism, tectonic subsidence
in an intraplate basin resting on a tilted continental crustal
block and reactivation of intraplate structures (Fig. 13d).

Basin Research © 2010 Blackwell Publishing I.td, European Association of Geoscientists & Engineers and International Association of Sedimentologists 419



G. Bayona et al.

ACKNOWLEGEMENTS

Carbones del Cerrejon supplied field and travel expenses
for this research, as well as the access to surface and sub-
surface data from 2004 to 2007. We thank Carbones del
Guasare S.A. for access to surface and subsurface data in
the Paso Diablo coal mine. Additional financial support
for this project comes from Corporacion Geologica ARES
and the Smithsonian Tropical Research Institute. We thank
Omar Montenegro and Carolina Ojeda for analysing
petrographic samples of the uppermost Cerrejon Forma-
tion, Hernando Mahecha and John Rico for designing
some figures and Natasha Atkins for editorial corrections.
We also thank the Agencia Nacional de Hidrocarburos and
Carbones del Cerrejon for permission to publish seismic
lines and for access to biostratigraphic data for Well B. We
acknowledge comments and suggestions of FEtienne
Jaillard, James Pindell, Peter DeCelles, Andrea Fildani and
an anonymous reviewer on an earlier version of this manu-
script, which greatly improved the content of this manu-
script. We appreciate the detailed editorial suggestions and
comments of the editor, Peter van der Beek, which helped
to improve the presentation of data and ideas.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Appendix Sl. Sandstone petrography, detrital zircon
geochronology and palaeocurrent indicators: methods and
raw data. Petrographic, conglomerate counts and data of pa-
laeocurrent indicators for provenance analyses are presented
in three figures (Al, A2, A3) and two tables (Tables Al & A2).

Appendix S2. Organic petrography and chemical com-
position of coal seams. Data are presented in one figure
(BI) and one table (Table BI).

Appendix S3. Entry data for tectonic subsidence analy-
sis. Data are presented in Table CI.
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