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a b s t r a c t

A moderate amount of vertical-axis clockwise rotation of the Santa Marta massif (30!) explains as much
as 115 km of extension (stretching of 1.75) along its trailing edge (Plato-San Jorge basin) and up to 56 km
of simultaneous shortening with an angular shear of 0.57 along its leading edge (Perijá range). Exten-
sional deformation is recorded in the 260 km-wide, fan-shaped Plato-San Jorge basin by a 2–8 km thick,
shallowing-upward and almost entirely fine-grained, upper Eocene and younger sedimentary sequence.
The simultaneous initiation of shortening in the Cesar-Ranchería basin is documented by Mesozoic strata
placed on to lower Eocene syntectonic strata (Tabaco Formation and equivalents) along the northwest-
verging, shallow dipping (9–12! to the southeast) and discrete Cerrejón thrust. First-order subsidence
analysis in the Plato-San Jorge basin is consistent with crustal stretching values between 1.5 and 2, also
predicted by the rigid-body rotation of the Santa Marta massif. The model predicts about 100 km of right-
lateral displacement along the Oca fault and 45 km of left-lateral displacement along the Santa Marta–
Bucaramanga fault. Clockwise rotation of a rigid Santa Marta massif, and simultaneous Paleogene open-
ing of the Plato-San Jorge basin and emplacement of the Cerrejón thrust sheet would have resulted in the
fragmentation of the Cordillera Central–Santa Marta massif province. New U/Pb ages (241 ± 3 Ma) on
granitoid rocks from industry boreholes in the Plato-San Jorge basin confirm the presence of fragments
of a now segmented, Late Permian to Early Triassic age, two-mica, granitic province that once spanned
the Santa Marta massif to the northernmost Cordillera Central.

" 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The Santa Marta massif is located along the diffuse southern
Caribbean plate boundary (Fig. 1), a margin owing its character
to the oblique convergence and right-lateral shearing between
the Caribbean plate and northwestern South America (Pindell
et al., 1998; Moreno and Pardo, 2003; Kennan and Pindell, in
press). The Santa Marta massif is flanked on two of its sides by sed-
imentary basins with contrasting structural styles and sedimentary
fills. The Plato-San Jorge basin is a multi-compartment basin that
contains a mostly undeformed (Flinch, 2003), 2–8 km-thick, paralic
and marine upper Eocene to Pliocene sequence (Duque-Caro, 1979;
Rincón and Arenas, 2007); it lies west of the massif in tectonic con-
tact along the Santa Marta–Bucaramanga fault (Campbell, 1965).
Southeast of the massif is the Cesar-Ranchería basin, a non-faulted

basin that preserves a !2 km-thick clastic wedge that records mar-
ine to continental, Late Cretaceous to Neogene sedimentation (Bay-
ona et al., 2007; Ayala, 2009). This clastic wedge developed on the
southeastern flank of the Santa Marta massif and is now bound by
the Cerrejón thrust sheet to the southeast (Kellogg, 1984).

General similarities in lithology and structural style between
the Santa Marta massif–Cesar-Ranchería basin pair to the north,
and the northern Cordillera Central–middle Magdalena basin pair
to the south, led previous workers to suggest that these basin/
range pairs were adjacent and later became tectonically segmented
during tertiary times either by vertical-axis rotation of the Santa
Marta massif block (!34!, Duque-Caro, 1979; Reyes et al., 2000;
Hernandez and Ramirez, 2003; Hernandez et al., 2003; Montes,
2003) or by left-lateral displacement along the Santa Marta–
Bucaramanga fault (110 km, Campbell, 1965). Nonetheless, mod-
ern tectonic reconstructions have considered the evolution of these
blocks in a more static (Villamil, 1999; Cediel et al., 2003), or
orthogonal manner (Gómez et al., 2005; Pindell and Keenan,
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2001). Another approach to the dynamics of this margin was pos-
tulated by Montes et al. (2005a) considering the possibility of ver-
tical-axis rotation of the Maracaibo block.

In this paper, we build on previous reconstructions (Campbell,
1965; Duque-Caro, 1979; Montes et al., 2005a) by solving the
simultaneous extensional and compressional deformation along
the western and southeastern flanks of the Santa Marta massif.
We propose that clockwise, vertical-axis rotation of the massif
would simultaneously open up accommodation space in the Pla-
to-San Jorge basin while shortening the Cesar-Ranchería basin.
This model explains the coupled evolution of contrasting structural
styles found today on two of the flanks of the Santa Marta massif
while maintaining kinematic compatibility.

Three lines of evidence are interwoven here to refine previous
models. They are: (1) new structural mapping that documents
early Eocene and younger shortening along the western foothills
of the Perijá range; (2) new stratigraphic sections measured in
the western edge of the Plato basin (Guzman, 2007) and existing
biostratigraphic zonations based on industry borehole informa-
tion (Rincón et al., 2007; Cuartas et al., 2006) that record post-
late Eocene basin opening and extension in the Plato-San Jorge
basin, and (3) new geochronological data from basement rocks
recovered from industry borehole cores in the Plato basin that
suggests a once continuous Permo-Triassic magmatic belt span-
ning the Santa Marta massif, the Plato-San Jorge basin and the
northern Cordillera Central. This information is complemented
with new paleomagnetic data in the stable core of the Santa Mar-
ta massif (Bayona et al., this issue) and published industry geo-
physical data (Flinch, 2003; Cerón et al., 2007). The resulting

model suggests that moderate amounts of vertical-axis, clockwise
rotation of the Santa Marta massif can simultaneously solve
approximately 100 km of extension along its trailing edge (Pla-
to-San Jorge basin) and about 100 km of oblique shortening along
its leading edge (Perijá range).

2. Geologic setting

The Santa Marta massif is a topographic high isolated from all
other mountain massifs and ranges of the northern Andes. All its
bounding structures also represent major structures along the
southern Caribbean plate boundary. They include the right-lateral
Oca fault (Irving, 1971), the left-lateral Santa Marta–Bucaramanga
fault (Campbell, 1965), the Cerrejón thrust (Kellogg, 1984), and the
Romeral suture (Fig. 1). Two basins surround the Santa Marta mas-
sif: the Plato-San Jorge basin to the west and the Cesar-Ranchería
basin to the southeast; the former in tectonic contact with the
massif, the latter in structural continuity with it. Both the Santa
Marta and Oca faults have been characterized primarily as strike-
slip faults based on lithological piercing-points. Both these faults,
however, also have a very large vertical component around the
Santa Marta massif, as it is easily deduced from simple comparison
of basement depths on both sides of each fault. The Santa Marta
massif exposes its crystalline basement at heights of up to 5 km,
while the basins immediately to its west (Plato compartment)
and north (baja Guajira) have a sedimentary cover as thick as
8 km in the Plato compartment (Duque-Caro, 1979) and as thick
as 3 km in baja Guajira (Rincón et al., 2007).

Fig. 1. Tectonic setting of the Santa Marta massif and surrounding Cesar-Ranchería and Plato-San Jorge basins. Sbf, Santa Marta–Bucaramanga fault; Cc, Cordillera Central; Co,
Cordillera Oriental; Cr, Cesar-Ranchería basin; Ma, Mérida Andes; Mv, middle Magdalena valley; Mf, Morón fault system; Psb, Plato-San Jorge basin; Pr, Perijá range; Sm,
Santa Marta massif; Ss, Sinu-San Jacinto deformed belts; Rf, Romeral fault zone. Modified from Burke et al. (1978), and Burke et al. (1984), Mann and Burke (1984). Inset
shows depth to basement in the Plato-San Jorge basin in km below surface (Cerón et al., 2007). Roman numerals represent boreholes from Rincón et al. (2007). Ca1, Cabanos-
1; Ch, Cicuco high; Dh, Dificil high; LC1, Los Cayos-1; C2–C3, Cicuco 2 and 3; L1, Lobita-1; Pc, Plato compartment; Sc, Sucre compartment.
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2.1. Plato-San Jorge basin

Two main compartments (Plato and Sucre) separated by the
northwest-trending Cicuco high, make up the Plato-San Jorge basin
(Duque-Caro, 1979). To the east, the north-trending Dificil high
separates the Plato basin from a deep and narrow compartment
next to the Santa Marta massif. Further east, the Santa Marta–
Bucaramanga fault marks the eastern boundary of the Plato-San
Jorge basin. Its western border is defined by the Romeral fault
and the Sinu-San Jacinto deformed belt. To the south, its border
is indistinct against the northern foothills of the Cordillera Central
(Fig. 1). Oil industry data (Duque-Caro, 1979; Flinch, 2003; Cerón
et al., 2007) indicate that an approximately 3 km-thick, flat-lying,
lower Oligocene to Recent sedimentary sequence (Duque-Caro,
1979; Cuartas et al., 2006; Rincón and Arenas, 2007) covers the Cic-
uco and Dificil highs, while a much thicker (up to 8 km), and
slightly older sequence is preserved within the Plato and Sucre
compartments. Turbidites are present within both compartments,
but absent in the highs, leading Duque-Caro (1979) to propose that
the compartments behaved as submarine canyons during the
Neogene.

Basement of the Plato-San Jorge basin is extended continental
crust, as demonstrated by geophysical and borehole data (Cerón
et al., 2007). Existing geochronological data in basement rocks in
the Plato-San Jorge basin include a ca. 110 Ma biotite K–Ar ob-
tained in a biotite granitoid from the Cicuco-3 well (Pinson and
Hurley, 1962), and several ca. 110 Ma and 60 Ma Rb–Sr, K–Ar ages
from low-grade schist and a volcanic rock of the El Cabano-1 and
Los Cayos-1 wells (Thery et al., 1977). The K–Ar biotite samples ob-
tained by Thery et al. (1977) could represent either a partial or a
total resetting ages recording cooling to 250 !C, event since the
rocks analyzed are in the greenschist facies. The age obtained from
volcanic rocks in the Los Cayos-1 well may record a magmatic
event of this age. Although these ages have counterparts in the Cor-
dillera Central (Thery et al., 1977; Toussaint, 1996), they also over-
lap with magmatic and metamorphic episodes within the
allochthonous Caribbean fragments (reviews in Pindell and Ken-
nan, 2001).

2.2. Cesar-Ranchería basin

The Cesar-Ranchería basin preserves an Upper Cretaceous to
Paleogene clastic wedge in the southeastern dip-slope of the Santa
Marta massif. Detailed studies of this Paleogene sedimentary
wedge indicate tilting and unroofing of the massif during Paleo-
cene times (Bayona et al., 2007), a consequence of its collision with
the Caribbean deformation front and accretion of a Paleocene arc
(Cardona et al., in press). This collision would have tilted the north-
western corner of the massif thus opening accommodation space
inboard along its southeastern flank, where accumulation of the
coal-bearing Cerrejón Formation took place (Montes et al., 2005b).

Detailed petrographic, provenance, paleocurrent and sedimen-
tological analyses in the Paleocene Cerrejón Formation in the
northernmost part of the Cesar-Ranchería valley indicate that clas-
tic material making up the bulk of the more than 1500 m thick
Manantial and Cerrejón Formations had the Santa Marta massif
as a source area (Bayona et al., 2007; Ayala, 2009). Clastic compo-
nents include microcline, graphitic schist, mica schist, unzoned
garnets and high-temperature biotite, consistent with a source in
the Santa Marta massif, and not the Perijá range. This thick synor-
ogenic sedimentary wedge thickens southeastward up to 2.2 km
and increases its K-feldspar and quartz content to the top (Tabaco
formation), indicating that tectonic activity in the Perijá range be-
gan during Eocene times (Bayona et al., 2007; Cardona et al., in
press; Ayala, 2009).

3. Shortening in the Cesar-Ranchería basin

Structures accommodating large contractional strains have long
been recognized and mapped along the foothills of the Perijá range
(Kellogg and Bonini, 1982; Kellogg, 1984; Duerto et al., 2006). The
structure of this range is dominated by the northwest-verging Cer-
rejón thrust along its western flank, the southeast-verging Motil-
ones fault system along its southeastern flank, and the Tigre fault
along the axis of the range (dextral strike-slip according to Duerto
et al., 2006 or northwest-verging according to Kellogg, 1984). Early
Eocene (53 Ma), middle Eocene (45 Ma) and late Oligocene (25 Ma)
unconformities reported in the eastern flank of the Perijá range
indicate that mild deformation started during early Eocene times
and was more intense during late Oligocene times with thrust
sheet emplacement where 3–4 km unroofing of thrust sheets took
place (Kellogg, 1984). Thickness changes of upper Paleogene strata
along the eastern flank of the Perijá range also suggest that timing
of deformation associated to the Motilones thrust was Oligocene
(Duerto et al., 2006).

3.1. Structural style of the northern Cesar-Ranchería basin

The northern segment of the Cesar-Ranchería basin is defined
by a southeast-dipping monocline that maintains structural conti-
nuity with the Santa Marta massif (Fig. 2). This monocline is bound
to the north by the right-lateral Oca fault and to the southeast by
the northwest-verging Cerrejón thrust. To the south, a series of
northwest-verging thrust faults disrupt the stratigraphically higher
levels of the monocline, and generate a large scarp that is buried
under more than 50 m of alluvial cover, getting progressively
thicker to the south. Deformation throughout the northern part
of the Cesar-Ranchería valley is localized along the Cerrejón thrust,
following a detachment level along incompetent strata of the Pal-
mito Formation overlying the more competent Tabaco Formation
(Fig. 3). Deformation in the footwall of the Cerrejón fault is limited
to faults and folds affecting the Cerrejón Formation, including large
structures such as the Ranchería fault and the Tabaco anticline, but
never involving rocks below the Cerrejón Formation. Further
northwest, and stratigraphically lower, there is no significant
deformation in the footwall of the Cerrejón thrust, with the Cer-
rejón Formation resting in structural continuity on Cretaceous
and Jurassic strata of the southeastern dip-slope of the Santa Marta
massif (Fig. 3).

The Cerrejón fault is very well exposed along the Palomino
creek canyon and the Majaguita mountain (inset in Fig. 2 and
Fig. 4), where detailed geologic mapping documents thrusting of
Mesozoic rocks, usually the Cretaceous Cogollo Group, on to lower
Eocene rocks of the Tabaco and Palmito Formations, separated by a
fault zone of no more than 20 m of breccia, and dipping only 9–12!
to the southeast. The hanging wall of the Cerrejón fault is burnt as
coal seams in the footwall spontaneously combusted after
emplacement. Stratigraphic separation between the Cretaceous
Cogollo Group and the Eocene Palmito Formation is at least 2 km
(Bayona et al., 2007), and the total throw of the fault was estimated
between 16 and 26 km by Kellogg and Bonini (1982).

3.2. Age of syntectonic deposits

The Tabaco Formation rests conformably on the Cerrejón For-
mation around the axial zone of the Tabaco anticline, but it is miss-
ing to the south, and only reappears near the Ranchería fault. In the
central part of the Ranchería valley, the Eocene Palmito Formation
directly rests on the Paleocene Cerrejón Formation (Fig. 2). These
observations, along with provenance analyses (Bayona et al.,
2007) indicate that mild deformation was already beginning to
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Fig. 2. Geologic map of the northern Cesar-Ranchería basin. Note how the Paleogene deposits of the Manantial, Cerrejón and Tabaco Formations rest in structural continuity
on the southeastern dip-slope of the Santa Marta massif. Modified from Tschanz et al. (1974), Olivella (2005), Ruiz (2006), Palencia (2007), Sánchez (2008), Espitia (2008) and
mapping by the authors. Topography from Nasa SRTM30. Inset shows geologic map of the Palomino creek canyon.

Fig. 3. Cross-section of the Cesar-Ranchería basin showing the Cerrejón Formation resting on to the southeastern dip-slope of the Santa Marta massif, and the Cerrejón thrust
placing Mesozoic strata on to Paleogene strata. Location in Fig. 2. Modified from Olivella (2005), Ruiz (2006), Palencia (2007), Sánchez (2008), Espitia (2008).

Fig. 4. Panoramic view of the southern face of the Palomino creek canyon showing the topographic contrast between the Cogollo Group limestone and the underlying Palmito
and Tabaco Formations.

C. Montes et al. / Journal of South American Earth Sciences 29 (2010) 832–848 835



Author's personal copy

take place in the Cesar-Ranchería basin during the accumulation of
the Tabaco Formation. Similar relationships have been reported to
the south (Ayala, 2009), where the equivalent of the Cerrejón For-
mation (Cuervos Formation) is overlain by a discontinuous unit
equivalent to the Tabaco Formation (La Loma informal unit), con-
taining detrital zircons as young as 50 Ma.

The Tabaco Formation sandstone contains magmatic zircons as
young as 56Ma (Cardona et al., in press), clearly constraining its age
to be early Eocene or younger. Biostratigraphic zonations (Jaramillo
et al., 2007) confirm that the underlying Cerrejón Formation spans
from themiddle to the late Paleocene. A single sample of a black shale
of the overlying Palmito Formation (Fig. 2, sample Paleo275) contains
an assemblage that is characteristic of the pollen zone T-05 of Jara-
millo et al. (2009), or pollen zone 17 of Muller et al. (1987) that have
been calibrated as Lower Eocene (Muller et al., 1987; Jaramillo et al.
2009). The palynological sample is composed by a rich palynoflora
composed of Polypodiisporites sp., Mauritiidites franciscoi minutus,
Mauritiidites franciscoi franciscoi,Mauritiidites franciscoipachyexinatus,
Polypodiisporites aff. specious, Cyclusphaera scabrata, Retitrescolpites?
irregularis, Retibrevitricolporites sp., Psilatriletes sp., Monocolpopolle-
nites ovatus, Tetracolporopollenites sp., Retitrescolpites baculatus, Cla-
vatricolpites densiclavatus, Poloretitricolpites absolutus, Longapertites
proxapertitoides reticuloides, Laganiopollis crassa, Margocolporites sp.,
and Bombacacidites sp.

The Tabaco Formation and its equivalents to the southwest (La
Loma informal unit) contain the record of the first tectonic activity
in the Perijá range in the form of increased K-feldspar and quartz
content (Bayona et al., 2007; Ayala, 2009) and by their discontinu-
ous map distribution (Fig. 2). Its age is early Eocene, as constrained
by detrital zircon geochronology (Cardona et al., in press; Ayala,
2009) and by the pollen content of the overlying Palmito Forma-
tion (sample 275, Fig. 2), and the underlying Cerrejón Formation
(Jaramillo et al., 2007). An early Eocene initiation of mild deforma-
tion and unroofing of the Perijá range coincide with previous
observations along the eastern flank of the range (Kellogg, 1984;
Duerto et al., 2006), and marks the time of first activity along the
Cerrejón thrust. Final emplacement of the Cerrejón thrust sheet
must have taken place during late Oligocene times, as inferred
from syntectonic strata in the eastern flank of the Perijá range. Late
Miocene deposits in the southern part of the Cesar-Ranchería basin
bracket the age of deformation (Ayala, 2009).

4. Extension

To better constrain the history recorded in the sedimentary pile
of the Plato-San Jorge basin, the most complete stratigraphic sec-
tion of the Plato-San Jorge basin was sought, scouting out strati-
graphic sections near the Carmen-Zambrano road where
sampling had taken place in the past to build biostratigraphic
zonations (Petters and Sarmiento, 1956). Only the northwestern
edge of this basin contains exposures suitable for stratigraphic
observations, where deformation related to the Romeral fault zone
folds and tilts strata, elsewhere, the flat-lying sedimentary pile can
only be studied from industry borehole data, discussed below.

Published sampling sites (Petters and Sarmiento, 1956) were
revisited, measured again and complemented with reference sec-
tions. Four stratigraphic sections, the El Carmen-Zambrano section
(including the Alférez Creek), San Jacinto, Salvador and El Guamo
Creeks were selected to define a composite stratigraphic section
(Fig. 5) that represents the stratigraphy of the lower Miocene to
the lower Pliocene interval in the area (Guzmán, 2007). The El Car-
men-Zambrano section is the only one of these four sections that
includes an almost complete sequence of this interval while the
remaining three sections, the San Jacinto, Salvador and El Guamo
Creek, the middle to lower Pliocene interval is not exposed.

Petters and Sarmiento (1956) described the biostratigraphy of
the El Carmen-Zambrano area, creating a zonation based on sam-
ples collected by W.E. Denton along the El Carmen-Zambrano road.
No formational names were used nor were rock units referenced or
sections measured in those studies. The El Carmen-Zambrano road
section, despite being the least continuously exposed, is strati-
graphically the most complete. later, DePorta (1962) and Stone
(1968) discussed the distribution of Oligocene rocks proposed by
Petters and Sarmiento (1956), warning of possible re-working of
biostratigraphic material. Duque-Caro (1975) describes the re-
working and proposes an age younger than Oligocene and early
Miocene for the Planulina karsteni zones overlying the Rancho
Formation.

4.1. Stratigraphy of Plato basin

Strata exposed along the western edge of the Plato basin is a
mostly Neogene, more than 2 km-thick, punctuated shallowing-
upwards and almost entirely fine-grained, clastic sequence. This
sequence is made up from bottom to top of longitudinal bars (Al-
férez Formation) laterally adjacent to delta plain deposits (Man-
datú Formation), sheltered bays or lagoons, near a muddy delta
mouth (Jesús del Monte Formation), and tidal flats and tidal chan-
nel deposits (Zambrano Formation). The total absence of conglom-
erates and near complete absence of carbonates indicates that the
Plato basin was an area that received abundant clastic input at high
sedimentation rates from distant sources. The Alférez Formation
represents laterally variable wave-dominated delta and prodelta
deposits that developed on a wide platform environment with lon-
gitudinal bars. Sporadic turbidite currents bring carbonate clasts
with glauconite towards the top of this unit. The Mandatú Forma-
tion starts shallow and becomes deeper towards the top, grading
from intertidal mudstone-dominated deposits (delta front) to very
fine grained mudstone with slumping structures. The Jesús del
Monte Formation also starts shallow at the base with minor varia-
tions and developing paleosols with desiccation cracks at the top,
indicating a shallower delta facies. The Zambrano Formation con-
tains continental deposits, and transitional environments and
swamps (Fig. 5). Although mostly undeformed, the stratigraphy
described here spans a fundamental crustal boundary: the Romeral
suture. Thus, it is possible that older strata, such as the 1.5 km-
thick El Carmen Formation (recording water depths between 200
and 900 m) may have been tectonically juxtaposed to the western
edge of the Plato basin prior to the establishment of the thick
aggradational delta.

4.2. Subsidence history

Here, we use Rincón et al. (2007) biostratigraphic and depth
data from six wells (I, II, III, XIV, XV, and XVIII, Fig. 1) as well as
the thicknesses, ages and sedimentological interpretations derived
from the Carmen-Zambrano stratigraphic section (Table 1, Fig. 5)
in an attempt to extract a first-order lithospheric stretching
(McKenzie, 1978) estimate for the Plato-San Jorge basin. Rincón
et al. (2007) established a biostratigraphic zonation after examin-
ing a large quantity of planktonic foraminifera samples from oil-
company drilling data, defining thirteen zones and eight subzones
for the Eocene to Pliocene interval. Three zones and two subzones
were defined for the Eocene, three zones for the Oligocene, six
zones and six subzones for the Miocene, and one zone for the Pli-
ocene. This zonation revealed three unconformities: (1) a late Eo-
cene–early Oligocene hiatus; (2) a late Oligocene–early Miocene
hiatus; and (3) a late Miocene hiatus.

The boreholes chosen from Rincón et al. (2007) to extract sub-
sidence information were drilled in the Plato-San Jorge basin far
removed from the Romeral fault zone, crossing an undeformed,
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flat-lying (Flinch, 2003) Neogene sequence. The sedimentary pile in
each well was removed using one-dimensional Airy model with
exponential reduction of porosity, assuming flat dips, a mantle

density of 3.3 gr/cm3, and decompacting using the best-fit density
curve derived from drilling data for the Plato basin (Cerón et al.,
2007). The choice of an Airy, one-dimensional model of isostasy

Fig. 5. Stratigraphic column of the Carmen-Zambrano road complemented with reference sections along the Alférez, San Jacinto, Salvador and El Guamo Creeks.
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is based on: (1) the absence of a conspicuous load, such as a thrust
sheet, that would load the elastic lithosphere, and (2) the low elas-
tic strength of the Plato-San Jorge basin as its crust is sliced in sev-
eral compartments by normal faults that would not transmit loads
during extension. For eustatic corrections, we used Haq et al.
(1987) sea level curve, calibrated for the Magdalena valley by Cuar-
tas et al. (2006). The composite stratigraphic column (Fig. 5) was
also backstripped following the same parameters as above.

The subsidence curves thus obtained (Fig. 6) over-estimate the
amount of crustal thinning predicted, as no water-depth correc-
tions were applied. The total tectonic subsidence is in the order
of 1.5–2.5 km, with the contribution from paleobathymetry still
unaccounted for. These curves, nonetheless represent a simple
first-order approximation to tectonic subsidence, documenting a
sharp increase in subsidence rates between 11 and 13 Ma, and
slower subsidence rates for the remaining history of the basin. As
with the boreholes, the stratigraphic section records an initial per-
iod of slow subsidence that increases suddenly around 12 Ma. The
most stratigraphically complete boreholes in the horst areas docu-
ment a time of opening of 27 Ma, which coincides with Duque-
Caro’s (1979) report of upper Oligocene carbonate strata directly
overlying crystalline basement in the Cicuco high. Rincón et al.
(2007), however, report sedimentation as old as late Eocene in

one of the deep grabens of the Plato compartment (Borehole III,
planktonic foraminifera zone Subbotina yeguaensis).

Given the over-estimation due to lack of paleobathymetric data,
the amounts of crustal extension predicted here are interpreted to
be the maximum values (Fig. 6, inset) obtained from backstripping
the sedimentary column from boreholes and the stratigraphic sec-
tion, or a beta value of less than 2.

5. Basement of the Plato-San Jorge basin

Late Permian to Early Triassic magmatic crystallization ages
have been reported in the northern end of the Cordillera Central
in the Puqui Complex, as well as in its eastern and western flanks
(Hall et al., 1972; Ordoñez and Pimentel, 2002; Viñasco et al., 2006;
Ibañez-Mejía et al., 2008). The Santa Marta massif also contains
similar magmatic crystallization ages in the Sevilla province (Mac-
Donald and Hurley, 1969; Cardona et al., this issue). The only avail-
able basement ages in the Plato-San Jorge basin to date include the
ca. 110 Ma biotite K–Ar from the Cicuco-3 well (Pinson et al.,
1962), and ca. 110 Ma and 60 Ma Rb–Sr, K–Ar ages from low-grade
schist and a volcanic rock of the El Cabano-1 and Los Cayos-1 wells
(Thery et al., 1977).

Table 1
Subsidence data extracted from Rincón et al. (2007) and the stratigraphic column.

Source Unit name/
biozone

Base depth
(km)

Age base
(Ma)

Density
(kg/m3)

Total subsidence
(km)

Sea Level at base (km),
Haq, et al. (1987)

Tectonic subsidence (km)
corr. for sea level

SS Alferez 1.86 16.4 2200 0.17 0.14 0.01
Unconformity 1.74 16 0 0.17 0.01
MandatuA 1.74 12.7 2100 0.83 0.1 0.7
MandatuB 1.17 11.4 2100 0.97 "0.08 0.73
Unconformity 1.03 9.2 0 0.97 "0.04 0.79
JesusA 1.03 7.2 2000 1.55 "0.08 1.1
JesusB 0.38 6.5 1900 1.83 1.28
Zambrano 0.04 5.6 1900 1.86 0.01 1.32

Rincón et al. (2007) Bh I 6 3.44 27.2 2360 0.82 0.1 0.35
7a 2.83 23.6 2360 0.85 0.12 0.48
7b 2.8 20.3 2350 1.27 0.05 0.6
8a 2.44 19.5 2350 1.47 0.14 0.72
8b 2.26 16.5 2340 1.56 0.14 0.75
9a 2.16 15.9 2020 3.05 0.13 1.88

Bh II 7b 3.26 20.3 2340 0.83 0.05 0.34
8a 2.65 19.5 2340 0.95 0.14 0.43
8b 2.53 16.5 2340 1.12 0.14 0.53
9a 2.41 15.9 2310 1.8 0.13 1.06
9b 1.77 12.2 2200 3.21 0.05 2.1

Bh III 3 1.22 36.8 2200 0.52 0.17 0.12
4 0.76 33.5 2100 0.59 0.17 0.41
5 0.7 31.3 2070 0.8 0 0.41
6 0.49 27.2 2030 1.15 0.1 0.63
7a 0.09 23.6 2000 1.22 0.12 0.8

Bh XV 8b 3.75 16.5 2350 1 0.14 0.46
9a 3.02 15.9 2270 2.56 0.13 1.51
9b 1.52 12.2 2100 3.18 0.05 2.06
Unconformity 0.79 11.6 0 3.49 "0.08 2.2
11 0.79 9.4 2030 3.9 "0.04 2.38
12 0.49 7 1970 3.9 0.02 2.53

Bh XVIII 6 4.47 27.2 2600 0.5 0.1 0.13
Unconformity 4.13 23.6 0 0.91 0.12 0.36
9a 4.13 15.9 2350 1.43 0.13 0.76
9b 2.74 12.2 2330 2.3 0.05 1.41
10 1.86 11.6 2150 3.29 "0.08 1.95
11 0.95 9.4 2100 3.42 "0.04 1.94
12 0.73 7 1970 3.82 0.02 2.34

Bh XIV 6 3.79 23.6 2360 1.62 0.12 0.8
8a 2.53 19.5 2330 2.31 0.14 1.19
8b 1.86 16.5 2280 2.56 0.14 1.35
9a 1.58 15.9 2010 3.5 0.13 2.08
9b 0.43 12.2 1950 3.79 0.05 2.33
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In order to obtain more robust geochronological constrains for
the basement of the Plato-San Jorge basin, we collected samples
from the Cicuco-2a, Cicuco-3 and Lobita-1 wells in the Cicuco high
(Fig. 7). The rocks recovered from the Cicuco wells show a similar
composition with quartz (55%), K-feldspar (15%), plagioclase (18%),
biotite (6%) and muscovite (6%), while the Lobita-1 sample is a bio-
tite granite. Fractured plagioclase and bent micas suggest some
deformation at greenschist facies conditions of ca. 300! C (Passchi-
er and Trouw, 1996). Zircons were retrieved from all samples and
analyzed by the U/Pb method, which relies on the well-known
strong geochronological memory of zircon and its formation dur-
ing a magmatic event.

5.1. Analytical techniques

U/Pb analyses were carried out at the Arizona LASERCHRON
Laboratory by Laser Ablation-Multi-Collector–ICP–Mass Spectrom-
etry (LAM–ICP-MS). Details on the analytical procedures and
description of the method are from Gehrels et al. (2006), Gehrels
et al. (2008) and Valencia et al. (2006). Zircons were mounted in
epoxy and polished for laser ablation analysis. The interiors of
the zircon grains were ablated using a NewWave DUV193 Excimer
laser (New Wave Instruments, Provo, UT, USA and Lambda Physik
Inc., Ft Lauderdale, FL, USA) operating at a wavelength of 193 nm
and using a spot diameter of 35 mm; laser ablation pits are
!20 lm deep. With the LA-MC-ICP-MS, the ablated material is car-
ried via argon gas to the plasma source of a Micromass Isoprobe,
which is configured in such a way that U and Pb can be measured
simultaneously. Measurements were made in the static mode
using Faraday collectors for 238U, 232Th, 208Pb, 207Pb, 206Pb and an
ion counting channel for 204Pb. Analyses consist of one 20 s inte-
gration with the peak centered but no laser firing (checking back-
ground levels), and 20 1s integrations with the laser firing on the
zircon grain. At the end of each analysis, a 30-s delay occurs during
which time the previous sample is purged from the system and the
peak signal intensity returns to background levels. The contribu-
tion of Hg to the 204Pb is accounted for by subtracting the back-
ground values. Common lead corrections were made using the
measured 204Pb of the sample and assuming initial Pb composi-

tions from Stacey and Krammers (1975). A fragment of a zircon
crystal of known age (564 ± 4 Ma, 2s error; G.E. Gehrels, unpub-
lished data) was analyzed after every fifth zircon analysis to correct
for inter-element and Pb isotope fractionation.

Concordia ages for the three samples were calculated according
to Ludwig (2003). The concordia age considers only the measure-
ment or analytical errors. For the analyzed samples the analytical
errors are 0.22% and 0.31% of the age. Other sources that contrib-
uted to the error in the final age determination are standard age,
calibration correction from standard, composition of common Pb
and decay constant. These uncertainties are known as the system-
atic error. For these samples the systematic error is 1.6%. The final
error in the age of the samples is determined by adding quadrati-
cally the analytical and systematic errors. For samples Cicuco-2a
and Cicuco-3 were of 1.63–1.62%, respectively. All age uncertain-
ties are reported at the 2-sigma level.

5.2. Geochronological results

A total of 41 zircon crystals were analyzed for the Cicuco-2a
granitoid sample, where tips and cores were analyzed in some of
the crystals. Analyzed zircons are concordant, with 31 of them
yielding a concordia age of 241.6 ± 3.9 Ma with a propagation error
of 1.62%, which we relate to the magmatic age. Most of the U/Th
values from this zircons are <10, as expected from their magmatic
origin. Older inherited zircon cores related the genesis of this gran-
itoid were also found, with Paleozoic, Neoproterozoic and Grenvil-
lian ages. Similar crystallization ages were obtained from the
Cicuco-3 granitoid, where 31 zircons crystals were analyzed. Nine-
teen grains yield a 241.6 ± 3. 9 Ma concordia age with similar prop-
agation error of 1.63%, and older inherited Paleozoic ages were also
found. This Early Triassic age is related to the magmatic age and
overlaps with the Cicuco-2a granitoid age. Thirty eight zircons
were analyzed from a massive biotite granite from the Lobita-1
well, adjacent to the Cicuco boreholes. Crystals show highly con-
cordant ages and evidence of mixed and inherited ages are clearly
seen in the age distribution. A major group of seventeen rims yield
a concordia age of 239.6 ± 2.9 Ma. This ca. 239 Ma is similar to the
crystallization ages of the Cicuco-2a and 3 granitoids, and due to

Fig. 6. First-order approximation to tectonic subsidence derived from boreholes published by Rincón et al. (2007) in roman numerals, and the stratigraphic section measured
in the Carmen-Zambrano road (SS). Borehole III is the only one inside one of the deep graben areas, in the southern prong of the Plato compartment. Inset shows the first-
order approximation to tectonic subsidence plotted against square root of age. The predicted value of extension is over-estimated due to insufficient water-depth data.
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their spatial proximity it suggest their geological correlation. How-
ever, six additional crystal rims show a younger 228.2 ± 2.8 Ma age,

which suggest a more complex thermomagmatic evolution, which
requires further exploration.

Fig. 7. Concordia plots for wells Cicuco-2a (74!38053.0700 W, 9!16024.78100N, 2,4 km deep), Cicuco-3 ("74!38051.9400 W, 9!17038.5800 , 2,5 km deep) and Lobita-1
("74!41030.8300 , 9!1803000 , 2.5 km deep). Data-point error ellipses are 2 sigma. Geologic map shows the location of the wells and other Permo-Triassic belts in the northern
Cordillera Central (Ordoñez and Pimentel, 2002) and the Santa Marta massif (Cardona et al., this issue). P, Puqui complex; all other abbreviations as in Fig. 1.
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These new geochronologic data not only confirm the presence
of stretched continental basement in the Plato-San Jorge basin as
deduced by Cerón et al. (2007), but also constitute a new link be-
tween magmatic provinces of the same age in the Santa Marta
massif (288.1 ± 4.5 and 276.5 ± 5.1 Ma, Cardona et al., this issue)
and the northernmost Cordillera Central (248 ± 17 Ma, Ordoñez,
2001) through the Plato-San Jorge basin. This belt has a signature
of two-mica granitoids (Viñasco et al., 2006) with a large compo-
nent of inherited older crust (Ordoñez, 2001; Viñasco et al.,

2006). Previous K–Ar ages in biotite of 100–110 Ma (Pinson et al.,
1962) need further scrutiny, as may represent partial resetting
due to a Cretaceous event (Toussaint, 1996).

6. Discussion

In the previous sections, we have presented evidence for: (1)
incipient early Eocene mild deformation related to thrust sheet

Fig. 8. Paleomagnetic data in the northern Andes suggesting large amounts of vertical-axis rotation. a 95: half-angle of 95% confidence about the mean for sites. Cif, Cimitarra
fault; Pf, Palestina fault; Tf, Tigre fault. All other abbreviations as in Fig. 1. Modified from Feininger (1970), Schubert and Sifontes (1970), Tschanz et al. (1974), Skerlec and
Hargraves (1980), and Schamel (1991).

Fig. 9. Panoramic view of uniformly southeast-dipping Cretaceous and Jurassic strata along the southeastern dip-slope of the Santa Marta massif.
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emplacement along the western foothills of the Perijá range; (2)
late Eocene to Oligocene opening of the Plato-San Jorge basin and
continued extension throughout Miocene times, and (3) a Late
Permian to Early Triassic magmatic belt spanning the Cordillera
Central, Santa Marta massif, and Plato-San Jorge basin. In this sec-
tion we integrate this information with new and existing geophys-
ical (Flinch, 2003; Cerón et al., 2007; Mantilla-Pimiento et al.,
2009) and paleomagnetic data (Bayona et al., this issue) and pres-
ent a geometric and kinematic model for the evolution of the Plato-
San Jorge, Santa Marta massif and Cesar-Ranchería basin.

6.1. Paleomagnetic data

Paleomagnetic investigations in the northern Andes/southern
Caribbean (Fig. 8) region suggest intermediate (50!) to large (90!)
vertical-axis rotation values (Hargraves and Shagam, 1969; Mac-
Donald and Opdyke, 1972; Skerlec and Hargraves, 1980; Gose
et al., 2003). Counterclockwise vertical-axis rotations have also
been also reported in the Perijá range (Maze and Hargraves,
1984), but the dispersion value reported (a-95 of 64) of these anal-
yses is too large to be considered a reliable data point. Other paleo-
magnetic investigations suggest no rotation at all (Maze and
Hargraves, 1984), with sampling sites near the Santa Marta–
Bucaramanga fault, where local tectonic effects are likely, and
may not represent the Santa Marta massif as a coherent block.
More recent paleomagnetic investigations (Bayona et al., this vol-
ume) analyzed samples taken from the stable core of the Santa
Marta massif, far from large faults that could generate local defor-
mation (such as Oca and Santa Marta–Bucaramanga faults), but
close enough to the Mesozoic sedimentary cover to obtain a reli-
able reference paleo-horizontal planes. The Ranchería river canyon,
near the town of Fonseca (Fig. 2), is one of the few places meeting
these conditions in the massif, with the additional advantage that
construction of the Cercado dam offered fresh rock exposures in
tunnels, roads and dam foundations.

Geologic maps of the Santa Marta massif (Tschanz et al., 1974)
confirm that faults affecting the Mesozoic and Cenozoic rocks near
the sampling site have only local significance and the results of

these paleomagnetic studies can be extrapolated to the Santa Mar-
ta massif as a coherent tectonic block. Near the town of Fonseca,
Cretaceous strata form resistant ridges that strongly contrast
against valley-forming Paleocene strata (Jaramillo et al., 2007) of
the coal-bearing Cerrejón Formation. Cretaceous and Paleocene
strata uniformly dip approximately 16! to the southeast defining
a simple – but regional – monocline along the southeastern flank
of the Santa Marta massif (Fig. 2 and Fig. 9). Southeast-dipping vol-
canic and volcanoclastic Middle Jurassic rocks (Corual, Guatapurí,
Los Clavos and Golero Formations) underlie Albian carbonate rocks
of the Cogollo Group in angular unconformity. The Ranchería fault
is the only large structure in the vicinity of the Fonseca sampling
site branching out of the Cerrejón fault, and obliquely slicing the
monocline with a left-lateral, strike-slip horizontal displacement
in excess of 5 km duplicating the Cerrejón Formation (Fig. 2). This
fault is attenuated and dissipates near Fonseca as deduced from
resistant ridges of Cretaceous strata unaffected by the fault.

The magnitude of clockwise vertical-axis rotation deduced from
two sites (RR2 and RR4, Bayona et al., this issue) in the Fonseca
area is 17 ± 12.8! with a very low dispersion (a-95 of 5.1). Larger
vertical-axis rotations were isolated in other sites near Fonseca
(e.g. RR2, Bayona et al., this issue) but ignored here due poor struc-
tural control. These new paleomagnetic data lend further support
to the overall vertical-axis rotation of the Santa Marta massif, but
with moderate values, instead of intermediate to large values
found in the southern Caribbean region (Hargraves and Shagam,
1969; MacDonald and Opdyke, 1984; Skerlec and Hargraves,
1980; Gose et al., 2003). The discrepancy in the magnitude of rota-
tion needs to be investigated further.

6.2. Structure

Structure of the Plato-San Jorge basin is reinterpreted here from
three main sources: Cerón et al. (2007) comprehensive geophysical
analysis, and Flinch’s (2003) and Mantilla-Pimiento’s (2009) seis-
mic sections. Geophysical information is complemented with pub-
lished boreholes (Rincón et al., 2007) to control depth to basement.
Two seismic sections and line-drawings of seismic sections

Fig. 10. Line-drawings from seismic sections reinterpreted from those published by Flinch (2003) for the southern part of the Plato-San Jorge basin. Seismic transect 16
(ST16) and 15 (ST15).
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presented by Flinch (2003) and Mantilla-Pimiento et al. (2009)
were reinterpreted, while geophysically derived basement con-
tours (Cerón et al., 2007) were re-drawn in light of the structural
style of graben and horsts defined in the seismic sections (Fig. 10).

Uninterpreted seismic sections published by Flinch (2003) and
Mantilla-Pimiento et al. (2009), display a mostly undeformed, flat-
lying sedimentary sequence where strong seismic reflectors define
normal faults in grabens that preserve a sedimentary package as
old as Oligocene, with faults crossing strata as young as upper Mio-

cene. A thick Pliocene to Pleistocene package blankets the entire ba-
sin. The crystalline basement approaches the surface towards the
northwestern edge of the basin,where reactivation anddeformation
related to the Romeral fault zone has exposed strata as old as Mio-
cene (Fig. 5). Only a fewof the faults depicted in the seismic transects
of Flinch (2003) and Mantilla-Pimiento et al. (2009) could be incor-
porated in thefinal reinterpretation (Fig. 11) as the spatial resolution
of this data set ismuch larger thanCerón’s et al. (2007) geophysically
derived basement contours.

Fig. 11. Cross-sections across Plato-San Jorge basin illustrating the structural style interpreted on the basis of published geophysical information (Flinch, 2003; Cerón et al.,
2007) and borehole data (Rincón et al., 2007).

C. Montes et al. / Journal of South American Earth Sciences 29 (2010) 832–848 843



Author's personal copy

Cross-sections were drawn perpendicular to major structures
(Fig. 11) where borehole information from Rincón et al. (2007)
was projected to constrain structure and depths to basement.

These sections illustrate basin geometry in agreement with avail-
able geophysical and borehole information, where normal faults
should accommodate the tectonic contribution of the crustal

Fig. 12. Basement map of the Plato-San Jorge basin reinterpreted from Cerón et al. (2007) incorporating normal faults to bound the main basement depressions. Thick dashed
line indicates depth to Moho (Cerón et al., 2007). Roman numerals indicate location of boreholes published by Rincón et al. (2007), ST15 and ST16 represent seismic transects
published by Flinch (2003). Location of profiles AA0 , BB0 , and CC0indicated by solid lines. Abbreviations as in Fig. 1.
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stretching calculated from first-order tectonic subsidence analysis
(beta of approximately 2, Fig. 6). The resulting picture (Fig. 12) re-
veals a nearly 200 km-wide, fan-shaped, sedimentary basin filled
with upper Eocene to Oligocene and younger strata, sitting on ex-
tended continental crust in three compartments: El Dificil, a deep
and elongated, NNW-trending basin with 6 km of sediment fill;
Plato, a two-prong, NW-trending extensional basin with up to
6 km of sediment fill; and San Jorge, a single WNW-trending exten-
sional basin, with up to 5 km of sediment fill. The latter two sub-
basins are separated by the Cicuco horst, a WNW-trending base-
ment high with 2–3 km of sediment cover. Together, these struc-
tural features define a fan-like arrangement of normal faults
from nearly westerly trends in the south (San Jorge basin) to more
northerly-trending structures closer to the Santa Marta massif
with an apex to the southeast.

6.3. Geometric model

For the construction of the model we sought to obtain an origi-
nal geometry that would close most of the graben areas defined in
Fig. 12. Best-fit closure was used as the initial stage to calculate
kinematic estimates along the Santa Marta–Bucaramanga, Oca
and Cerrejón faults, as well as for the normal faults in the Plato-
San Jorge basin. We assumed that the horst areas (shades of grey
in Fig. 13) remain constant and behave rigidly, while the deep gra-
bens (white in Fig. 13) were allowed to distort accommodating
much of the extension. The northern Cordillera Central and the
Maracaibo block remain fixed, and the rotating Santa Massif was
modeled as a rigid block fully detached from the Perijá range. This
model ignores any partition of deformation that may have oc-
curred within the Perijá range, where strike-slip structures such
as the Tigre fault may take up part of the deformation assigned
here exclusively to the Cerrejón fault. Euler poles and rotation val-
ues (Table 2) were solely derived from the best-fit closure con-
straint, and calculated for each one of the rigid blocks.

The tectonic model presented here (Fig. 13) considers two sim-
ple scenarios: the first one with a clockwise, vertical-axis rotation
value for the Santa Marta massif of 30!, achieving a nearly com-
plete closure of graben areas, and a second one with a clockwise
rotation value of 23!. In both cases, clockwise, vertical-axis rota-
tion of the Santa Marta massif predicts that the displacement along
the Cerrejón fault, and all the structures sharing this oblique con-
traction (e.g. Tigre and Motilones faults), would decrease to the
southwest along strike from a maximum at its northeastern tip.
Vertical-axis rotation of the Santa Marta massif would also predict
a left-lateral slip for the Oca fault relative to a stationary Caribbean
plate, but a right-lateral slip is necessarily derived relative to a far-
travelled Caribbean plate (Pindell et al., 1998; Kennan and Pindell,
in press), and further predicts that most of the displacement ob-
served on the Oca fault may be the result of shortening along the
Perijá range as previously noted by Kellogg (1984). The left-lateral
Santa Marta Bucaramanga fault would have a maximum displace-
ment near its northernmost tip and decreasing along the strike to
the south. A rotating Santa Marta massif also predicts that exten-
sion in the fan-shaped Plato-San Jorge basin would have a maxi-
mum value along its northwestern edge and would decrease to a
minimum towards its southeastern apex. Both scenarios depict
an undeformed stage that would represent a micro-plate configu-
ration valid for the middle to late Eocene (Fig. 14) as deformation
– both contractional and extensional – was beginning to be re-
corded in the Cesar-Ranchería and Plato-San Jorge basins,
respectively.

Given a 23! vertical-axis rotation of the Santa Marta massif, the
amount of lithospheric stretching derived from this geometric
model is 1.47 in the Plato-San Jorge basin and about 50 km of
shortening for the Perijá range with an angular shear of 0.42, about

Fig. 13. Tectonic model for the simultaneous rotation of the Santa Marta massif,
opening of the Plato-San Jorge basin along its trailing edge, and shortening of the
Cesar-Ranchería basin along its leading edge. (A) Present configuration, (B) 23! of
clockwise, vertical-axis rotation of the Santa Marta massif, and (C) 30! of clockwise,
vertical-axis rotation of the Santa Marta massif. Stretching values calculated for the
northwesternmost Plato-San Jorge basin. Shortening estimates along the Cerrejón
fault represent a consolidated figure for all the faults in the Perijá range, including
the Motilones and the Tigre fault, where strain partitioning probably took place.
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40 km of left-lateral displacement for the Santa Marta–Bucaraman-
ga fault and an amount of right-lateral displacement along the Oca
fault of 75 km. For a 30! vertical-axis rotation of the Santa Marta
massif, the amount of lithospheric stretching derived for the Pla-
to-San Jorge basin is 1.75, with about 56 km of shortening for the
Perijá range, angular shear of 0.57, 45 km of left-lateral displace-
ment along the Santa Marta–Bucaramanga fault and 100 km of
right-lateral displacement along the Oca fault (Fig. 13).

Extensional values derived for the Plato-San Jorge basin (beta
values between1.47 and 1.75; 86 and 115 km, respectively) agree
with first-order estimates of lithospheric stretching estimates de-
rived from borehole data (beta values of less than 2). Estimates
of slip derived for the Oca fault east of Perijá (75–100 km,
Fig. 13) similarly agree well with published data (90 ± 8 km,
Kellogg, 1984). Combined shortening estimates for the Perijá range
(50–56 km, Fig. 13) fall within the same range as combined short-
ening along the Cerrejón, Tigre, Guasare, Mostrencos arch faults

(25–35 km, Kellogg, 1984), and Tigre fault (7–11 km, Kellogg,
1984). Left-lateral slip derived for the Santa Marta–Bucaramanga
fault (40–45 km) is about half of previous estimates (110 km,
Campbell, 1965) because previous estimates assumed that all
deformation was focused along the fault, whereas the value de-
rived here is just the north-south component of the deformation,
where total northeast-southwest extension in the Plato-San Jorge
basin is between 86 and 115 km with a total north-south compo-
nent of 72–94 km, respectively.

7. Conclusions

A new geometric model explaining the simultaneous exten-
sional and contractional deformation in the Plato-San Jorge and Ce-
sar-Ranchería basins adequately explains the simultaneous, yet
contrasting, structural styles found on two of the flanks of the San-
ta Marta massif. New structural mapping documents that Eocene

Table 2
Model data.

Plate 23! Case 30! Case

Euler pole Rotation magnitude Euler pole Rotation magnitude

Latitude Longitude Latitude Longitude

1 9.6 "73.22 23 9.51 "73.05 30
2 9.3 "73.75 23 9.25 "73.55 28
3 9.06 "73.7 14 8.66 "73.59 16
4 8.87 "73.82 8 8.59 "73.50 8
5 8.5 "73.77 3 8.50 "73.77 3

Fig. 14. Tectonostratigraphic diagram of the basins on both sides of the Santa Marta massif. Borehole III constrains the earliest opening age for the Plato-San Jorge basin, along
southern prong of the Plato compartment. Li: La Loma informal unit, CuF: Cuervos Fm., PF: Palmito Fm., TF: Tabaco Fm., CF: Cerrejón Fm., MF: Manatial Fm., SS: Stratigraphic
section of figure 5, ZF: Zambrano Fm., JF: Jesús del Monte Fm., MaF: Mandatú Fm, AF: Alférez Fm. (Stratigraphic columns after Rincón et al., 2007; Bayona et al., 2007;
Guzmán, 2007; Ayala, 2009).
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and younger shortening took place along the western foothills of
the Perijá range while stratigraphic sections measured in the wes-
tern edge of the Plato basin and existing biostratigraphic zonations
based on industry borehole information (Rincón et al., 2007; Cuar-
tas et al., 2006) record post- late Eocene basin opening and exten-
sion in the Plato-San Jorge basin. The resulting palinspastic model
suggests that even moderate amounts (30!) of vertical-axis, clock-
wise rotation of the Santa Marta massif can simultaneously solve
approximately 115 km of extension along its trailing edge (Plato-
San Jorge basin) and about 100 km of right-lateral shear along its
leading edge (Perijá range). Extension in the Plato-San Jorge basin
would have segmented a once continuous Permo-Triassic mag-
matic belt spanning the Santa Marta massif, the Plato-San Jorge ba-
sin and the northern Cordillera Central. The amount of lithospheric
stretching derived for the Plato-San Jorge basin is between 1.75
and 2, with about 56 km of shortening predicted for the Perijá
range with an angular shear of 0.57. Only 45 km of left-lateral dis-
placement is derived for the Santa Marta–Bucaramanga fault and
100 km of right-lateral displacement for the Oca fault (Fig. 13).

This model explains the magnitudes, styles and timing of defor-
mation, thus placing additional constraints on the possible paleo-
geographic configurations of this margin, as a simultaneously
extending Plato-San Jorge basin and contracting Cesar-Ranchería
basin would strongly affect paleodrainage and facies distributions.
This palinspastic restoration is a tool to analyze facies distributions
and paleodrainage patterns to better predict distributions of source
areas and reservoir rocks in northern Colombia. Additional paleo-
magnetic investigations as well as detailed provenance analyses
are needed to further our understanding of the dynamics of this
complex margin.
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