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We report 6 K-Ar ages and paleomagnetic data from 28 sites collected in Jurassic, Lower Cretaceous and
Paleocene rocks of the Santa Marta massif, to test previous hypothesis of rotations and translations of this
massif, whose rock assemblage differs from other basement-cored ranges adjacent to the Guyana margin.
Three magnetic components were identified in this study. A first component has a direction parallel to
the present magnetic field and was uncovered in all units (D=352, =256, k=57.35, a95=5.3,
N=12). A second component was isolated in Cretaceous limestone and Jurassic volcaniclastic rocks
(D=8.8,1=8.3,k=24.71,a95=13.7, N=6), and it was interpreted as of Early Cretaceous age. In Jurassic
sites with this component, Early Cretaceous K-Ar ages obtained from this and previous studies are inter-
preted as reset ages. The third component was uncovered in eight sites of Jurassic volcaniclastic rocks,
and its direction indicates negative shallow to moderate inclinations and northeastward declinations.
K-Ar ages in these sites are of Early (196.5 + 4.9 Ma) to early Late Jurassic age (156.6 + 8.9 Ma). Due to
local structural complexity and too few Cretaceous outcrops to perform a reliable unconformity test,
we only used two sites with (1) K-Ar ages, (2) less structural complexity, and (3) reliable structural data
for Jurassic and Cretaceous rocks. The mean direction of the Jurassic component is (D = 20.4,1= -18.2, k=
46.9, a95 = 5.1, n = 18 specimens from two sites). These paleomagnetic data support previous models of
northward along-margin translations of Grenvillian-cored massifs. Additionally, clockwise vertical-axis
rotation of this massif, with respect to the stable craton, is also documented; the sense of rotation is sim-
ilar to that proposed for the Perija Range and other ranges of the southern Caribbean margin. More data is
needed to confirm the magnitudes of rotations and translations.
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1. Introduction et al., 2003; Kerr and Tarney, 2005). The Santa Marta massif is
the northernmost continental basement block cored with Grenvil-
lian-age metamorphic rocks; other blocks with similar basement

rocks are the Bucaramanga-Floresta (Ward et al., 1973; Restrepo-

The allochthonous origin of continental basement blocks ex-
posed between the Borde Llanero and Romeral fault systems in

the northwestern corner of South America is a subject of debate
(Fig. 1A). The Borde Llanero fault system separates poorly de-
formed Cretaceous and Cenozoic rocks of the Llanos basin (e.g.,
Cooper et al., 1995; Bayona et al., 2007) overlying deformed lower
Paleozoic sedimentary rocks and Precambrian basement (Dueifias,
2002) with affinity to rocks exposed in the Guyana (Amazonian)
craton (Priem et al., 1982; Ostos et al., 2005). The Romeral fault
system bounds continental basement blocks to the east from oce-
anic-cored accreted terranes to the west (Estrada, 1995; Cediel
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Pace et al., 1997) and Garzon massifs (Cordani et al., 2005; Jiménez
et al., 2006). When and how these terranes formed, collided and ar-
rived to its present geographic position remains unclear. This paper
reports new paleomagnetic and geochronological data from volca-
niclastic and sedimentary rocks cropping out along the southeast-
ern margin of the Santa Marta massif, that together with other
paleomagnetic data presented in other tectonic blocks farther
south, allow propose a model of how the Santa Marta massif ar-
rived to its present position, and how the translations of terranes
modified the present configuration of the northwestern corner of
South America.

Detailed geochronological and geochemical analyses in granu-
lite-cored basement uplifts of Grenvillian-age in the northern
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Fig. 1. (A) Location of massifs with grenvillian basement (SMM, SL, SM, GM) in the northern Andes; the Santa Marta massif is at the northernmost latitude. (B and C)
Paleomagnetic directions reported in previous studies. Paleomagnetic direction in the Perija Range indicates clockwise rotations 50 + 12° (Gose et al., 2003).

Andes reveal an affinity with terranes of Mexico and the Central
Andes (Restrepo-Pace et al., 1997; Cordani et al., 2005). Fragmen-
tation of these terranes took place during the early Paleozoic (Cor-
dani et al., 2005), but collisions between Grenvillian-age basement
blocks and Gondwana during the aggregation of Pangea remains
uncertain (Silurian-Early Devonian, Forero, 1990; Restrepo-Pace,
1992). Recently, Cardona et al. (2010) based on a review geochro-
nological data from Grenvillian basement and detrital signatures
on younger Paleozoic orogens of Colombia, Ecuador and Peru, pro-
posed that Grenville-cored massifs in Colombia, such as the Santa
Marta massif were formed on the northwestern margin of the
Amazonia craton, and subsequently become remobilized para-
authochtonous during younger orogens.

Even though the age of igneous and metamorphic rocks are dif-
ferent among the Santa Marta massif, Perija range and the Merida
Andes, paleomagnetic results from Middle Jurassic and younger
rocks exposed in those ranges indicate no paleolatitudinal transla-
tions of allochthonous terranes since Middle Jurassic (Fig. 1B-D,
Table 1). The core of the Santa Marta massif is grenvillian basement
rocks (Restrepo-Pace et al., 1997; Cordani et al., 2005; Cardona-
Molina et al., 2006), whereas the Merida Andes and Perija range
are characterized by the absence of rocks older than 700 Ma (Gon-
zalez de Juana et al., 1980; see more details for Merida Andes base-
ment in PDVSA-INTEVEP, 2005). A thick cover of upper Paleozoic
sedimentary rocks characterizes Perija and Merida ranges (Maze
and Hargraves, 1984; Dasch, 1982; Forero, 1990), whereas upper
Paleozoic sedimentary rocks are poorly recorded in the Santa Mar-
ta massif (Tschanz et al., 1974).

Bayona et al. (2006b) proposed along-margin northward transla-
tions of continental-cored terranes during the Early—-Middle Jurassic
on the basis of paleomagnetic data and integration of tectono-mag-
matic models for Late Triassic-Early Cretaceous time. Jurassic and

Cretaceous units analyzed by Bayona et al. (2006b) include rocks ex-
posed in the western block of the Bucaramanga fault (i.e. Bucara-
manga area in Fig. 1), Floresta massif, and the southern Magdalena
Valley (Fig. 1A and B). According to Bayona et al. (2006b), a linear,
subduction-related, magmatic arc tectonic setting in the Late Trias-
sic to Middle Jurassic (geochemical data summarized in Vasquez
et al., 2006) was followed by the onset of intracontinental exten-
sional and/or transtensional deformation with development of
extensional basins since the Late Jurassic to the Early Cretaceous
(as shown in Sarmiento-Rojas et al., 2006). However, several models
considers that some of the Early to Middle Mesozoic geotectonic
units west of the Guyana craton are in place, and constitute the
westward growth of the plate margin (Mojica et al., 1996). The
new paleomagnetic data presented in this study from Mesozoic
rocks in the Santa Marta Massif, Colombian Caribbean, is used to
refine the understanding and value of block translation hypothe-
sis along the continental margin of northern South America.

2. Regional setting of the Santa Marta massif

The Santa Marta massif (SMM, Fig. 2A) comprises four lithotec-
tonic belts (Tschanz et al., 1974) (Fig. 2). The northwestern corner
consists of orthogneisses (92 Ma) and a low-grade metamorphosed
volcanic-sedimentary belt (ca 82 Ma) with a Campanian age of
metamorphism (MacDonald et al., 1971; Tschanz et al., 1974; Car-
dona et al., 2008). The second belt includes amphibolite facies
rocks with a 530 Ma maximum protolith age and two-micas schist
with associated Permian granitoids (Cardona-Molina et al., 2006;
Cardona et al., 2008). The third belt consists of granulite facies
and associated metamorphosed anorthosites with a 1.25 Ga proto-
lith (Cordani et al., 2005) recording the Grenvillian continental col-



Table 1
Location, ages, directions and statistical parameters for Jurassic to Paleocene directions reported in previous studies (see Fig. 1).

Area Unit Site North®  Site West®  Age N/s  Insitu Tilt-corrected VGP Paleolatitude

Dec. Inc. k a95 Dec. Inc k a95 Latitude Longitude A95 Mean Error-south Error-north
Bucaramanga and Upper Magdalena Valley (Bayona et al., 2006a,b)
Bucaramanga Jordan 7.25 73.15 L-MJur. 2/13 151 -52 107 133 3536 -27.1 150 11.1 675 123.2 89 -144 -215 -8.2
Bucaramanga Girén 6.97 73.07 Uur.-LC 5 9.0 133 293 144 1.7 21.8 2931 144 853 307.9 11.0 113 3.7 20.1
Floresta massif Girén-Tibasosa 6.06 72.79 Uur.-LC 5 3531 -14.8 12.8 222 3526 148 33.0 135 825 208.9 9.9 7.5 0.7 15.1
Upper Magdalena Saldafia 3.84 75.41 UTri-LJu 7 175.2 152 16.0 143 1789 203 145 7521 756 109.0 114 -105 -196 -2.6
Upper Magdalena Yavi3,4674,96Apti 3.46 74.96 Aptian 8 55 54 7496 104 52 6.2 402 9.6 857 5.4 6.8 3.1 1.7 8.1
Mérida Andes (Castillo et al., 1991)
Mérida Andes La Quinta 8.1 71.8 M-U Jur. 1/18 1728 -152 387 56 1828 -174 36.2 58 871 1.7 4.31 8.9 5.9 121
Meérida Andes La Quinta 8.1 71.8 M-U Jur. 1/14 352.1 16.1 39.1 6.4 351.6 0.1 51.7 56 784 154.6 3.96 01 -28 29
Meérida Andes La Quinta 7.8 71.5 M-U Jur. 1/24 356.2 -49.7 356 6.5 3.1 59 419 6 84.3 76 424 3 -0.1 6
Meérida Andes Rio Negro 7.8 71.5 L. Cr. 1/8 1729 -79 744 6.5 1704 -205 743 6.5 80.1 215.6 4.94 10.6 7.1 14.3
Santa Marta massif (MacDonald and Opdyke, 1984)
Bosconia Guatapuri 10.1 73.7 UTri-UJ 3 24 364 20.8 76 472 26.7 704 306.6 27.8 28.4 10.6 60
Valledupar LosClavos 104 73.4 L-M Jur. 4 344.6 34.7 29.1 351.2 413 21.1 743 255 20.1 23.7 104 43.7
Perija range Maze and Hargraves (1984)
Volcanic rocks La Quinta 103 72.5 M-U Jur. 10 323 -2 284 319 9 359
Red beds La Quinta 10.3 72.5 M-U Jur. 5 311 0 36.1 309 3 35.7
Dikes La Quinta 10.3 725 M-U Jur. 3 354 36 104 6 27 16
Gose et al. (2003)
|Perija range Several units 10.50 72.70 Jur-Eoc. 11 474  26.1 426 124 441 6.6 9.6

Rancheria basin (Bayona et al., 2006a)
Cerrejone min Hato Nuevo-Manantia 11.00 72.80 U Kr-Pale 8 357.7 269 413 8.7 8.6 45,6 343 9.6
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Fig. 2. (A) Simplified geologic map of the Santa Marta massif and Perija Range (modified from Bellizzia et al. (1976) and Tschanz et al. (1974)) showing the distribution of sites
in four sectors, named [, II, III and IV. (B-E) Geologic map for each sector indicating the location of paleomagnetic sites (this study and MacDonald and Opdyke (1984)),
stratigraphic units, major structures, and units with K-Ar ages (this study and Tschanz et al. (1974)).

lision at ca 1.16-0.9 Ga (Restrepo-Pace et al., 1997; Cordani et al.,
2005). Isolated upper Paleozoic sedimentary rocks are also re-
ported in this belt (Tschanz et al., 1969). Granitoids of Paleocene
and Lower Eocene age intrude rocks of these three belts toward
the northwest (Tschanz et al., 1969; Cardona et al., 2008), whereas
granitoids of Jurassic age intrude the third belt and constitute the
unit with greater surface area in the SMM. Along the southeastern
border of Jurassic granitoids and volcanic units, Tschanz et al.
(1974) documented Early Cretaceous and Paleocene reset of Juras-

sic granitoids. A fourth belt to the southeast consists of weakly de-
formed Triassic-Jurassic volcaniclastic and plutonic rocks
unconformably overlain by Cretaceous-Paleocene sedimentary
rocks. Paleomagnetic sites are located in this belt. The Perija range,
to the southeast of the fourth belt and the Rancheria Valley, consist
mainly of Jurassic volcaniclastic rocks (Maze and Hargraves, 1984)
overlying upper Paleozoic sedimentary rocks and Lower Creta-
ceous rocks sedimentary accumulated in an extensional basin
(Miller, 1962; Caceres et al., 1980).
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Lithotectonics units described above are bounded by two major
strike-slip faults (Fig. 2). The right-lateral Oca Fault to the north
and the left-lateral Santa Marta Fault to the west places rocks of
the four belts in contact with thick Neogene successions of the
Guajira and Lower Magdalena basins, respectively. The Creta-
ceous-Paleocene sedimentary succession exposed in the fourth
belt forms a low-angle, southeast-dipping homocline in structural
continuity with rocks of the fourth belt of the SMM (Montes et al.,
2005). Faults and folds disrupt locally the fourth belt that is
bounded to the southeast by the Cesar lineament (Fig. 2A).

3. Study areas and sampling strategy

A total of 28 sites (307 specimens) were collected in Middle
Jurassic volcanic and volcaniclastic rocks, Aptian-Albian calcare-
ous units, and in a Paleocene pluton. Sites were distributed in four
sectors, internally divided into structural domains to perform the
tilt and unconformity test. Fig. 2 illustrates the structural domains
in each sector, and below is a brief description of the sampled units
(see Table 2 for more details). This work uses the stratigraphic
nomenclature presented in the geologic map of Invemar-Ingeom-
inas-Ecopetrol - ICP-Geosearch Ltda (2007).

The Bosconia sector (I in Fig. 2B), at the southwestern corner of
the massif, includes four structural domains. Jurassic volcaniclastic
rocks were sampled in domains IA and IB, which are located near
the trace of the Santa Marta fault system. Domain IC follows the re-
gional trend of Cretaceous calcareous beds (two sites) that uncon-
formably overlie volcaniclastic rocks of the Guatapuri Formation
(four sites). Three sites in domain ID were sampled in massive tuffs
of the Los Clavos Formation, being these sites the most distant to
the Santa Marta fault. Pre-Cretaceous rocks are affected by two re-
verse fault systems; the more regional with inferred right-lateral
displacements. Additional mapping is needed to define whether
strike-slip deformation took place along these two families, and
the geometric-kinematic relationship with the left-lateral Santa
Marta - Bucaramanga fault system.

Volcaniclastic rocks of Los Clavos and Guatapuri Formations
crop out in the Valledupar sector (Il in Fig. 2C), located to the
northeast of sector I. Sites were located in two areas, the western
domain (IIA, 2 sites) and the eastern domain (IIB, 1 site). In both
areas, a dominant east-northeast-striking reverse to right-lateral
fault system affects the Jurassic units. Other local faults without
a uniform strike and displacement (reverse, normal and strike—
slip) are present between the regional faults. As in the Bosconia
area, a detailed structural analysis is needed to define the
geometric-kinematic relationship between these two major fault
systems.

The Fonseca sector (III in Fig. 2D), located at the northeastern
corner of the massif, is bounded to the north by the Oca Fault sys-
tem. In domain IIIA, four sites were drilled in Jurassic volcanic
rocks of the Golero, Los Clavos and Guatapuri formations. Creta-
ceous calcareous beds unconformably overlie Jurassic beds, and
three sites in Cretaceous rocks were collected in domains IIIB and
IIIC. Even though northeast-trending faults, both strike-slip and
northwest-verging reverse faults, have been mapped in this sector,
its structural complexity is minor compared to the localities in Bos-
conia and Valledupar.

The Mingueo sector (IV in Fig. 2E) is located along the northern
face of the massif and south of the Oca fault system. One site was
collected in highly-deformed Lower Cretaceous calcareous and
siliciclastic beds of the Rio Cafias Formation and another site in a
Paleogene plutonic rock. East-striking, right-lateral fault systems
parallel to Oca Fault. define blocks that include Paleogene intrusive
rocks, Jurassic volcaniclastic strata and isolated outcrops of Lower
Cretaceous rocks.

Samples from six sites of pre-Cretaceous volcanic rocks were se-
lected to carry out whole-rock K-Ar crystallization ages, assuming
no exotic Ar enrichment (Faure, 1986; Mcdougall and Harrison,
1999).

4. Paleomagnetic methods

Paleomagnetic samples were taken during the 2006-2007 field
seasons of the Invemar-Ingeominas-Ecopetrol - ICP mapping pro-
ject using a portable drill core and oriented with a magnetic com-
pass. Two oriented hand samples were collected in site RR4
because they were located at the end of a tunnel under construc-
tion for the (Rancheria dam).

Alternate fields (AF) and thermal progressive demagnetization
analysis were carried out at the Paleomagnetic laboratories of
Sao Paulo University (AF) and the University of Florida (AF and
thermal). Components of magnetization were calculated by means
of Principal Component Analysis (Kirschvink, 1980) interpreted
with the aid of orthogonal demagnetization diagrams (Zijderveld,
1967). Mean magnetization directions were calculated using Fish-
er’s statistics (Fisher, 1953). Components with k values less than 10
are indicated as directions with high dispersion, and sites with k
values less than 15 were not used for calculation of mean direc-
tions (Table 2).

Characteristic directions of Middle Jurassic units have two steps
of tilt correction. Actual bedding (DD/D = dip direction/dip angle)
indicate attitude of Middle Jurassic beds at present stage of defor-
mation. For correction 1, we used the attitude of overlying Creta-
ceous beds to calculate mean-site directions and Cretaceous
bedding for Jurassic beds (KrDD/KrD). Correction 2 calculates
mean-site directions assuming that Jurassic beds accumulated on
a horizontal surface.

Local incremental tilt tests (McFadden and Reid, 1982) were
used to determine the timing of magnetization with respect to Cre-
taceous deformation. The significance of the tilt test followed the
criteria of McElhinny (1964) because of the limited number of sites
per structural domain. The mean VGPs (virtual geomagnetic poles)
and paleolatitudes were determined from the characteristic com-
ponents. Middle Jurassic to Early Cretaceous paleomagnatic poles
for the South American cratonic areas (data from Castillo et al.,
1991; Randall, 1998; Vizan et al., 2004) were used to determine
the paleolatitude of a reference point in the Colombian craton
and to estimate the difference of northward displacement among
the Santa Marta massif, other grenville-cored massifs in Colombia,
and the reference point in the Colombian craton. For vertical-axis
rotations, the confidence limits for structural domain declinations
and the relative difference of declinations with an arbitrary
point in the stable craton follow the criteria given by Demarest
(1983).

5. Paleomagnetic results

Demagnetization diagrams for the studied Mesozoic strata
show univectorial and multivectorial paths, the latter suggesting
at least two events of magnetization. Directions of magnetization
were grouped in five components according to: (1) their tempera-
ture/coercivity range (see Table 2 for details) and (2) the behaviour
of their directions before and after tilt corrections. Components A
and B precede characteristic components C1, C2 and C3.

Components A and B were uncovered dominantly at low to
moderate temperature/coercivity ranges, and for component A
normal and reverse directions were determined. Component A
was isolated in 14 sites distributed in the four sectors, including
the Paleogene intrusive rocks (Fig. 3A), but only 12 sites have
k>15. The directions before tilt correction have a northward



Table 2

Statistical parameters of mean-site directions uncovered in 28 sites analyzed in the Santa Marta massif. DD/D = dip direction/dip angle; KrDD/KrD = corrected Cretaceous bedding for Jurassic beds; N/n = total specimens/specimens used
for mean calculation; D = Declination; I = Inclination, k = the Fisher (1953) precision parameter; a95 = half-angle of 95% confidence about the mean for sites. See text for discussion about tilt corrections.

Overlying In situ Correction 1 Correction 2
. . Rock Actual KrDD/Kr C
Sector|Area] Site Unit L Cret: N/n range b
Description | DD/D reD:c/el;)us D & Dec Inc k a95 Dec Inc Dec Inc t
ic vitri 9/7 | o0-10mT; 0-2000C | 3565 | 21,2 | 27,52 | 11,7 | 359,9 | 27,9 356,8 49,6
JRG177|  Golero Fm. felsic vitric | 195727 | 130710 188/22% | il 122 | 2
tuff 9/9 |10-100 mT; 200-620 °C|{ 358,2 17,5 3,74 30,9 High Dispersion to the North
1A ic vitri 8/8 | 0-20 mT; 0-300°C | 352,2 | 23,7 | 96,06 | 5,7 | 3558 | 30,9 350,8 52,2 |A
CAS194|  Golero Fm. felsic vitric 1,05/278] 130710 188/22% |- L : : . : . : : :
tuff 7/7 | 20-90 mT; 300-680°C | 188,2 | 23,9 [ 22,01 [ 12,9 185 18,4 185,1 3,5 |C2(reverse)
CAS195] Golero Fm. | latitic tuff (p) | 342/33 |  110/21 356/44 | 4/3 0-30 mT. 354 254 | 37,39 | 20,5 5,1 32,8 3,8 -10,7 |A
e - . - o]
cas188| Tabanos Fm, | l2tticerystal [ oo ool o000 136/23 * |0/6_| 10-100 mT; 0-200°C [ 348,9 [ 28,7 | 32,87 [ 11,9 353 36,3 9,4 52,7 |A
vitric tuff (p) 6/5 200-620 °C 61,8 | 12,5 | 1036 | 76 63,5 8,6 65,4 12 [c3
) itic vitri -200 © 3451 | 32,1 | 44,28 | 10,2 | 349,6 | 40,1 10,7 51,5
cAS199| Guatapuri Fm. | 2HHCVIEC | 41533 | 13010 119/23% |-Z2L8 0=200¢ u u b b 4 . : 4 A
B tuff (p) 7/7 400-620 °C 352 2 27,33 ] 118 | 3527 | 9,3 358,2 22,2 |c1
tuffaceous 4/8 | 0-50 mT; 100-300 °C | 327 12,8 | 14,36 | 25,1 328 22,3 329,8 34,9 |A**
CAS200| Guatapuri Fm. N 135/23 130/10 134/13*
siltstone 8/8 |50-100 mT; 400-660 °c| 359,8 | 2,5 | 382 | 9,1 0,6 9 2,9 17,7 |c1
CAS201| Tébanos Fm. |felsic vitric tuff|137/33 130/10 136/23* | 6/5 | 0-100 mT; 0-500°C | 340,8 | 24,1 | 28,78 | 14,5 | 343,7 | 32,6 355,5 51,9 |[a
<
i 5/5 0-300 °C 0,3 43 | 89,93 81 1,3 10,6 11 31,9 |A
z 1RQ175| Guatapuri Fm. | tuffaceous | 36,0 | 130,10 | 137732 % 2L
8 siltstone and 5/4 300-660 °C 14,3 1,5 | 232,8 6 14,9 5,8 21,8 21,4 |c1
2 JRQ171| Guatapuri Fm. lithic tuff [ "155/27 [ 130/10 153/18* | 6/4 0-450 °C 30,7 54 | 28,19 | 17,6 | 31,8 6,9 35 159 [c1
@ P . - . - o]
a cas219| Guatapuri Fm, |Meenstalfelsicl | o T 167/18 | 10/8 ] 0-25mT; 0-300°c [ 3435 [ 21,2 | 22,08 ] 12,1 [ 3355 [ 318 332 49,3 |A
= lapilli tuff 10/7 | 0-100 mT; 300-640 °C High Dispersion
Ic . - 6/6 0-400 °C High Dispersion
JRG191| Guatapuri Fm. | latitic tuff 138/32 130/10 137/22%
P () / / i 6/6 400-700 °C 16,9 | -11,9 [ 2086 [ 46 [ 153 [ -79 | 146 39 |[c2
i i jomicri - o High Dispersion
CAS218 Undifferentiated | biomicrite, 130/10 6/2 0-560 °C igh Dispersi
Cretaceous wackstone 6/4 0-700 °C 200,3 | -1,9 [126,13] 82 [ 2009 | -52 ] Ci(reverse)
i i - 0 High Di "
CAS220 Undifferentiated . 216/19 5/4 0-300 °C igh Dispersion
Cretaceous 5/5 300-450 °C 352,7 | -2,1 [ 34,96 ] 13,1 [ 3515 [ 11,7 | C1
quartztrachytic 7/6 0-15 mT; 0-400 °C High Dispersion
JRG198| Los Clavos Fm. vitric-cystal |137/33 & 130/10 136/23 *
7/6 |15-100 mT; 400-590 °C| 29,7 | -15,6 | 61,78 | 9,8 27,2 | -13,5 23,5 -5,3
tuff (p) C2
it - 6/4 0-15 mT; 100-400 °C High Dispersion
ID |1rG199| Los Clavos Fm | '28C CYStal |57 35 6] y30/10 | 136723 % 2L i i =h
lithic tuff 6/5 |30-100 mT; 530-620 °C| 358,8 [ -27,9 [ 14,66 [ 20,7 [ 3554 [ 21,1 | 352,4 -2,9 |caxx
i i 6/6 0-15 mT;y 0-300 °C High Dispersion
EAM22| ) s Clavos Fm | Intermediate 1435331 130710 | 136/23 * Y
5 tuff 6/5 |15-100 mT; 450-6200c| 24,8 [ -357 [ 61,16 [ 90 [ 183 [ -325] 86 20 |2
© ic lithic- 8/6 0-12.5 mT; 0-300 °C High Dispersion
2 IJRG239| Los Clavos Fm [Sracvtic lithic=) 160,15 1 430/10 189/6% / o di=P
8 | a crystal tuff (p) 8/8 12.5-100 mT; 300-590°] 4,1 [ -38 [ 9,94 [ 185 | 3586 [ -31,7 [ 3592 25 |c2xx
a latitic crystal- 6/4 0-100 mT; 0-300 °C High Dispersion
w CAS226| Los Clavos Fm e 170/36 | 130/10 166/28*
E vitric tuff 6/5 | 0-100 mT; 500-5%0 oC [ 340,4 [ -459 [ 37,00 [ 12,7 [ 3362 [ 371 [ 3381 9,4 |c2
; tuff: 7/1 0-450 °C High Dispersion
o | 1B |3rRG241| Guatapuri Fm. urtaceous | 4 ge/35 | 130710 164/27%
) siltstone 7/6 0-660 °C 2,1 7,9 | 10,72 | 21,4 1,4 -1,7 3,1 2|l
ac2od  corro e ot (o) 1137793 & 14071055 | 137729+ || 07 mT; 100-400°C | 188,8 | -27,4 | 14,92 | 16,2 | 1937 | -33,0 209,9 43,5 _|A**(reverse
Ol€ro Fm. Exeits i (@) | B Y: b 8/8 | 10-origen; 500-590 °C | 29,7 | 581 | 35 9,5 47,1 | 60,3 80,3 536 |c3
— = — e
RR2 Los Clavos Fm crystal-vitric 315/64 + 140/10.5 311/74% 14/12 0-15 mT; 0-300 °C ig ispersion
1A tuff 14/14[25-100 mT; 500-590 °oc| 32,9 -18 [ 1526 | 10,5 [ 29,9 [ -14,7 52,4 -14,4  |c2
. 13/12]  0-10 mT; 0-300 °C High Dispersion
3 RR4 | Guatapuri Fm. | tuffaceous | oo o0 | i40/105 | s3/25r (L ml, ey (BIETEIE
& siltstone 13/13[35-100 mT; 500-680 oc| 30,8 [ -7,7 [12527] 3,7 298 [ -4,1 25,6 18,5 |C2
z iti 4 50 mT; 0-500 © 2 1 1 2 1 27,7
z o P e e e e | e 0-50 mT; 0-500 °C 323 0, 33,98 6 323 0,6 327, 58 |8
w latitic tuff (p) 8/5 [25-100 mT; 100-660 °C| 7,7 1,2 | 43,94 [ 11,7 8,3 8,2 6,8 -16,8 |C2
=
g - - —
=] Undifferentiated biomicrite .
’ - = 0- o]
) e FCB133| ' C arrcoots wacketona | 102/15 6/5 | 90-origen; 0-590°C | 357,7 | 31,8 |131,46| 6,7 7,4 34,3 I
Fc13y| Undifferentiated | - biomicrite, | 0\, 6/6 | 90-origen; 0-4000°Cc | 350,9 | 28,8 | 103,7 | 6,6 | 3589 | 338
Cretaceous packstone A
iclcasaso|  Rio Caftes — B 6/4 0-200 °C 346 332 | 47,53 | 13,5 | 3508 | 16,1 A
Formation 6/4 200-500 °C 2188 -7 27,08 18 2191 119 B
§ cnsiyo| Santa Marta ERE: 6/4 0-300 °C 349,8 | 11,1 | 12,05 | 18,1 Ax*
g Batholith monzonite 6/4 300-560 °C 190 | -29,2 | 20,83 | 20,6 A(reverse)
z2
= biomicrite and 6/5 0-20 mT High Dispersion
; CAS171| Rio Cafias Fm. calcareous 195/75
B siltstone 6/5 7.5-50 mT 1 | -39,9 | 28,18 | 14,7 | 2,1 | 33,6 CpHx
(p) sample with petrography
& for sites without signals of stratification in volcanic rocks, we consider the regional attitude from adjacent sites of the same sector
+ High deformation in site RR2. DD/D data is an approximation, but it is not reliable

*

*k

where Cretaceous rocks are not exposed, we use the regional attitude of Cretaceous units for tilt correction (DD/D= 130/10)
sites with k<15 were not used for calculation of mean directions of sectors shown in Table 3 and in Figure 4
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Fig. 3. Orthogonal diagrams of demagnetization of representative samples before tilt correction. Full (open) symbols in Zijderveld plots represent projections onto the

horizontal (vertical) plane.

declination and shallow positive inclination (Fig. 3C and H) or the
equivalent reverse (Fig. 3A). Directions of component A show the
best grouping before tilt correction using 12 sites (Fig. 4, Table 4).
Directions and unblocking temperatures/coercitivity of component

B are not uniform, although they were uncovered at less than

500 °C. In site RR8 (Jurassic unit)

Component B precede a charac-

teristic component C2 and in site CAS250 (Cretaceous unit) is at

higher ranges of Component A.
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Fig. 4. Equal-area plots at different ages and sectors showing tilt-corrected directions of paleomagnetic components A, C1 and C2. Solid (open) symbols represent positive

(negative) inclinations.

A characteristic component C1, uncovered at moderate to high-
temperature/coercivity ranges (Table 2), was isolated in Cretaceous
and Jurassic rocks from Bosconia (six sites, Fig. 3B), Valledupar (1
site with k < 15) and Mingueo (1 site with k < 15). In situ directions
of component C1 are north-northeastward with very shallow
directions in sector I (Bosconia, or the equivalent reverse in site
CAS218), and with moderate negative inclinations in sectors II
(Valledupar) and IV (Mingueo). After tilt correction for Cretaceous
bedding, directions of sectors I and IV have positive inclinations,
whereas direction of sector Il is almost flat (Fig. 4, Table 3), increas-
ing the grouping coefficient k of the mean direction.

A characteristic component C2, uncovered at high-temperature/
coercivity ranges (Table 3), was isolated in 11 sites with Middle
Jurassic rocks in sectors I (Bosconia, Fig. 3D), II (Valledupar,
Fig. 3E) and III (Fonseca. Fig. 3F and G). Directions of component
C2 before tilt correction is mainly to the north with negative incli-
nations (Fig. 4, Table 3) or the equivalent reverse (southern direc-
tions in sites RR4 and CAS194 were converted to northward
direction for calculation of mean directions). After the two-step tilt
corrections, inclinations become shallower but continue negative,
with exception of two sites that are very shallow with positive

inclinations (Fig. 4). Declination values vary from north-northeast
for sectors I and III, and more to the northwest for sector II.

Component C3, uncovered at moderate to high-temperature/
coercivity ranges (Table 2), was defined in two sites, in sectors |
and III (Fig. 3H). After the two steps of tilt correction, declination
values are to the northeast-east but with disperse values of posi-
tive inclination (Table 2).

6. K-Ar analysis
6.1. Methods

Whole rock fragments were analyzed by the K-Ar method at the
Centre of Geochronological Research of the University of Sdo Paulo
(CPGeo-USP). Analytical procedures are described in Cordani
(1970) and Cordani et al. (2004). Two aliquots from the same sam-
ple were separated for the K and Ar analysis. Potassium analyses of
each pulverized sample were carried out in duplicate, by flame
photometry. Argon extractions were made in an ultra-high-vac-
uum system, where a spike of 38 Ar was added and the gas was
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purified in titanium and copper getters. Final argon isotopic deter-
minations were carried out in a Reynolds-type gas spectrometer.
Analytical precision for K, based on the duplicate analyses, is usu-
ally below 4% whereas for Ar it is around 0.5%. Decay constant of
40K is after Steiger and Jager (1977).

6.2. Results

Table 4 presents age distribution of sampled sites, including
previous K-Ar data from Tschanz et al. (1974). Samples from three
sites (CAS195, JRG239 and CAS 252) report ages overlapping within
error, which suggest that results reflect the evolution of the K-Ar
system in the sampled area.

K-Ar ages reported in the Bosconia sector range from Early Cre-
taceous in Golero and Guatapuri volcanic rocks (CAS195, ca.
130 Ma in two samples with overlapping ages; 138 +9 Ma re-
ported by Tschanz et al. (1974)), to Early Jurassic (JRG191,

Table 3
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196.5 + 4.9 Ma) and to Permian in Guatapuri Formation (CAS199,
ca 286 Ma in one sample with overlapping ages).

In the Valledupar sector, reported ages for Los Clavos and Guat-
apuri Formation range from Early Cretaceous (JRG239 yield two
similar ages of 123 Ma, 133 +£5 Ma reported by Tschanz et al.
(1974)) to Early-Middle Jurassic (ca 175-180 Ma) according to
three ages reported by Tschanz et al. (1974). In the Fonseca area,
K-Ar ages are Late Jurassic, as indicated by two samples with over-
lapping ages from dacitic tuffs of Golero Formation (CAS 252, ca
152 Ma) and an andesite tuff of Los Clavos Formation (RRS,
156.6 + 8.9 Ma). Farther to the south, Tschanz et al. (1974) report
two Middle Jurassic ages in the Guatapuri Formation (165 +6
and 181 £ 10 Ma). Early to Middle Jurassic K-Ar ages obtained in
volcanic rocks are within the range of U-Pb zircons ages reported
from Jurassic plutons cropping out to the northwest (Bosconia:
175-180 Ma; Fonseca: 181-187 Ma; Invemar-Ingeominas-Ecope-
trol — ICP-Geosearch Ltda, 2007) and with K-Ar ages reported by
Tschanz et al. (1974).

Statistical parameters of mean-site directions uncovered for each component in each sector. Abbreviations as in Table 2.

Component/sector Sites (N/n) In situ Correction 1 Correction 2
Dec Inc k a95 Dec Inc k a95 Dec Inc k a95
Componet A
(I) Bosconia 16/8 350.3 227  61.11 7.1 3532 30.7 4446 84 3595 425 12.07 166
(IIT) Fonseca 7/3 351.6 314 21936 83 3586 283 40.76 19.6
(IV) Mingueo 2/1 190 —29.2 2083 206
Mean of Component A 28/12 352 256 5735 5.3 3547 30.1 4638 6.8 359.5 425 12.07 16.6
Component C1
(I) Bosconia 16/6 8.2 1.9 2568 135 8.8 83 2471 137 146 199 246 189
(IV) Mingueo * 2/1 1 -39.9 2818 147 2.1 33.6 28.18 147
Mean of Component C1 7 74 -39 1425 166 1.9 19.9 2071 136 14.6 199 246 189
Component C2
(I) Bosconia 16/4 19.8 -22 3514 156 163 -182 352 158 13 -4.5 34383 154
(I1) Valledupar 3/1 3404 -459 37.09 127 336.2 37.1 37.09 12.7 338.1 -94 37.09 127
(111) Fonseca 7/3 236 -83 2341 26.1 226 35 2339 261 282 -173 13.62 348
Mean of Component C2 8 17.7 -20.2 1436 15.1 148 -155 1389 154 125 -12 13.38 146
Mean of Component C2 (Sites RR4 and RR8 in  21/18 (specimen 244 -53 33.02 6.1 239 -07 33.02 61 204 -182 469 5.1
Fonseca) level)
Mean direction of components A, C1 and C2 used for other analysis are indicated in bold.
¢ Site with high structural deformation; therefore, we use mean value of Bosconia for calculation of VGP and paleolatitudes in Table 5.
b Site RR2 in Fonseca was excluded due to lack of reliable structural data, as indicated in Table 2.
Table 4
Analytical results of K-Ar data from our study and other K-Ar ages reported in volcanic rocks by Tschanz et al. (1974).
Data from this study (whole rock analysis)
Sector Area Sample Unit %K Rad “°Ar, ccSTP/g x Atm “°Ar% Age, Ma’
I BOSCONIA 1A CAS 195 a Golero Fm. 1978 10.61 10.2 133.0£3.2
CAS 195 b Golero Fm. 2995 15.45 7.8 128.2+2.7
IC JRG191b Guatapuri Fm. 3653 29.45 8.8 196.5+4.9
ID CAS 199 d Guatapuri Fm. 1775 21.03 3.5 281.8+6.3
CAS 199 d REP Guatapuri Fm. 1775 21.98 8.6 293.5+6.8
I VALLEDUPAR liA JRG 239 a Los Clavos Fm. 3047 14.74 13.2 120.5+3.1
JRG239¢g Los Clavos Fm. 3209 16.36 5.1 126.7 £2.7
CAS 252 a Golero Fm. 1456 9.02 8.3 152.9+4.0
CAS 252 e Golero Fm. 1457 8.93 9 151.3£3.9
Il FONSECA A RR8 Los Clavos Fm. 0904 5.74 45.6 156.6 +8.9

Ages reported in volcanic rocks (Tschanz et al. (1974); pgl = plagioclase; hn = hornblende; ep = epidote; bt = biotite; wh r = whole rock)

Sector Sample code Unit Rock classification Age, Ma

1 BOSCONIA T-20 (Near site JRQ171) Guatapuri Fm. Basalt, intrudes? 138 £ 9 (pgl)

II VALLEDUPAR T-19(Near siteJRG241) Los Clavos Fm. Rhyodacite ignimbrite 133 £ 5(pgl); 175 + 13(hn); 180 £ 12 (hn + ep)
T-27(Near site JRG239) Stock in Los Clavos Fm. Granodiorite stock 176 £ 7 (bt)

III FONSECA T-21 (further south of site RR8) Guatapuri Fm. Basalt, below red beds 165+6 (whr); 181 £10 (whr)
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7. Discussion
7.1. Age of pre-Cretaceous volcaniclastic rocks

One difficulty along the southeastern margin of the Santa Marta
massif has been the recognition of volcanic units. Two groups of K-
Ar ages can be differentiated using the data presented here and
those published by Tschanz et al. (1974). The older group corre-
sponds to Early Jurassic to early Late Jurassic magmatic event(s)
(ca 151-196 Ma) and includes K-Ar ages reported in the Bosconia,
Valledupar and Fonseca sectors. This event is further supported by
the reported K-Ar ages (Tschanz et al., 1974) and and U/Pb zircon
ages (Invemar-Ingeominas-Ecopetrol - ICP-Geosearch Ltda,
unpublished data) in Jurassic batholiths to the northwest. These
two peak events are widespread along the Eastern Colombian
Jurassic magmatic rocks (Aspden et al., 1987).

The second group is of Early Cretaceous age (120-138 Ma).
These ages have been only reported in Bosconia (sites near the San-
ta Marta fault system) and Valledupar areas. Some of the early Cre-
taceous ages are in the same volcanic unit with reported Jurassic
ages (e.g., sample T-19 and T-27, Table 4); therefore, we infer that
these Early Cretaceous ages are reset ages due to heating related to
an extensional tectonism that affected the adjacent Perija range
and areas to the south of the Santa Marta-Bucaramanga fault sys-
tem during latest Jurassic and Early Cretaceous time (Miller, 1962;
Tschanz et al., 1974; Bellizzia et al. 1976; Caceres et al., 1980; Clav-
ijo et al., 2008).

The Permian ages from the Guatapuri Formation (CAS199) are
related to excess Ar. More detailed geochronology, including Ar-
Ar analyses in feldspars and U-Pb ages, will allow to test the ther-
mal significance of this Early Cretaceous event, the excess Ar linked
to the Guatapuri Formation, and the detail stratigraphy of all these
volcanic units.

7.2. Timing of magnetization of uncovered components

Directions of component A, uncovered in Paleogene, Cretaceous
and Jurassic rocks (Table 2), are interpreted as thermoviscous or
chemical re-magnetizations whose directions are either parallel
to the present Earth magnetic field or have high dispersion. North-
ward and moderate positive directions reported by MacDonald and
Opdyke (1984) correspond to low coercivity components (Table 1),
and their directions are similar to the directions grouped as com-
ponent A in this work. Similar directions were reported for Paleo-
cene rocks in the Rancheria Valley by Bayona et al.
(2006a)(Table 1), and they were interpreted as post-tilting. There-
fore, we consider that the age of magnetization is post-tilting of
Paleocene-Lower Eocene strata of the Rancheria Valley, likely of
Miocene age or younger.

Directions of component C1 with k > 15 were uncovered in Cre-
taceous and Jurassic rocks in 6 sites of Bosconia (where we inter-
preted the reset of K-Ar ages). Directions have the best grouping
after tilt correction for Cretaceous bedding (Fig. 4, Table 3); the
inclination is shallow and positive, but declinations have a large
dispersion to the north-northeast. Although dominant southeast
dip trend of strata exposed in Bosconia limit the options for reliable
tilt tests, the drift from negative to positive inclination of the mean
direction of a Cretaceous site in sector IV (Mingueo) support the
idea of a pre-tilt magnetization age for C1 component (Fig. 4).
Two additional arguments can be used to propose Early Cretaceous
age of magnetization for Component C1. First, the reset ages, in-
ferred from heating, are Early Cretaceous and affect some sites near
the Santa Marta fault (sector I) but do not affect sites faraway (sec-
tor III). Secondly, directions determined for other Lower Cretaceous
rocks in the Merida Andes (Castillo et al., 1991), Perija Range (Gose

et al.,, 2003), Bucaramanga, Floresta and southern Magdalena Val-
ley (Bayona et al., 2006b) have similar inclinations (Fig. 1, Table 1).

Directions of component C2, uncovered in Jurassic volcaniclas-
tic rocks distant to the Santa Marta fault system, have inclinations
values that differ from the inclinations of components A and C1. In
sectors I, I and III the dominant negative inclinations persist after
the two stages of tilt correction (or very shallow positive in some
sites) (Fig. 4, Table 3), indicate that the direction of component
C2 is different from overlying Cretaceous beds (positive unconfor-
mity test). Although C1 and C2 components were not uncovered in
a single site of Jurassic rocks, these components were uncovered in
adjacent areas where Jurassic and Cretaceous rocks were exposed
(areas IC and ID, Table 2). A near depositional magnetization of
characteristic direction C2 isolated in Jurassic rocks is inferred
by: (1) Declinations/Inclination values are different in comparison
with the present magnetic field or directions of Component A
(uncovered in Paleogene rocks) and with characteristic directions
uncovered in Cretaceous rocks (Component C1) after tilt correction
(Fig. 4, Table 3); (2) high stability of components carried by miner-
als with unblocking temperature above 570 °C and 70 mT (e.g., tit-
ano-magnetite and hematite, Table 2); (3) better cluster of
moderate negative inclinations after the two steps of tilt correc-
tions; (4) sites with Component C2 has no reset ages (site
JRG191 in area IC and site RR8 in area IIIA). Similar directions with
negative inclinations were uncovered in the Middle Jurassic Jordan
Formation in Bucaramanga area and Saldafia Formation in the
southern Magdalena Valley (Fig. 1B, Table 1; Bayona et al., 2006b).

Directions of components B and C3 have not consistency, and
we consider that they do not have a geological significance.

7.3. Vertical-axis rotations and translations: preliminary
interpretations

After considering that the timing of magnetization of compo-
nents C1 and C2 are Lower Cretaceous and Middle Jurassic in
age, respectively, we can infer vertical-axis rotations and tectonic
translations of the Santa Marta massif. Calculation of the declina-
tion/inclination values deducted for a stable point in the craton
for Middle Jurassic time (see Bayona et al., 2006b for paleopoles
of the South America craton) indicate that characteristic directions
C1 and C2, whose declinations significantly differ from the North-
South line, can be interpreted as belonging to blocks with some de-
gree of vertical-axis rotation.

We need to consider local structural complexities that affect the
directions of components C1 and C2 before using them for regional
interpretations. The complex arrange of faults in sectors I and II,
that include at least two families of faults affecting pre-Cretaceous
units, may generate local rotations that increase the dispersion of
declination values in these two sectors. In addition, we had to infer
bedding attitude for some Jurassic sites (e.g., sites in area ID), as
well as to consider a regional bedding attitude for Cretaceous beds
where they are not exposed (e.g., sector II). For those reasons, even
though the Middle Jurassic component C2 was uncovered in a total
of 8 sites with k values >15 (Table 3), we used only sites RR4 and
RR8 to calculate the mean direction (at specimen level, Table 3)
of Component C2 for Fonseca sector (Ill) because: (1) sector III
(Fonseca) is not affected by the Oca and Santa Marta fault systems
and has the least internal complexity of all sites analyzed; (2) sites
RR4 and RR8 have reliable structural data, whereas site RR2 does
not have reliable attitude data and is affected by two fault systems
(Fig. 2D); and (3) sites RR4 and RR8 are close to the unconformity
with Cretaceous beds and site RR2 is distant to the Cretaceous out-
crop, therefore the two-step tilt correction is reliable for sites RR4
and RR8. For Lower Cretaceous directions, we consider the mean
direction of component C1 obtained in Bosconia; we prefer to dis-
card the direction of C1 in Mingueo sector due to high deformation
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of Cretaceous beds, and also because the information comes from

only one site.

All components C2 in sector Ill (Fonseca) show evidence of
clockwise rotations. The magnitude of clockwise rotation is

Table 5

17 +12.8° using only sites RR4 and RR8 (Table 5) with respect to
a stable point in the craton (Fig. 5); a greater magnitude
(24.8 +38.3°) may be considered if the mean direction of sector
Il (Fonseca) is used; a smaller magnitude (9.1 +18.9°) result if

Calculation of: (1) expected declination (Dm) and inclinations (Im) for a reference point in the stable craton (see Fig. 5 for location), virtual geomagnetic poles (VGP) from
characteristic components C1 and C2 (Dm, Im) in the Santa Marta massif, (3) paleolatitudes, and (4) rotations of the Santa Marta massif relative to the reference point in the stable
craton. VGP position for the South America craton recalculated using data from Castillo et al. (1991), Randall (1998) and Vizan et al. (2004).

VGP Direction Paleolatitude Rotation
Lat Log A95 Dm Im a95 Mean South North Mean Error |
Aptian (112-121 Ma) direction (Dm Im) 84.6 252.6 35 356.8 16.4 35 8.4 10.3 6.5
calculated in the Craton (4°N 72°W),
using Southamerican paleopole
Paleopole calculated for Aptian-Albian 79.6 48.5 9.8 8.8 8.3 13.7 4.2 -1.7 10.5 12 14.3
Component C1 in SMM (only Sector I,
Bosconia, 10°N 73.7°W)
Jurassic-Cretaceous (121-160 Ma) 84.2 220.7 5.2 354.6 123 5.2 6.2 9 3.6
direction (Dm Im) calculated in the
Craton (4°N 72°W), using
Southamerican paleopole
Middle Jurassic direction (Dm Im) -854 240.2 11.6 34 1.8 11.6 0.9 -4.9 6.8
calculated in the Craton (4°N 72°W),
using Southamerican paleopole
Component C2 in SMM (sites RR4 and RR8 -61.3 2413 3.8 204 -18.2 5.1 -9.3 —-12.2 —6.6 17 12.8
of Sector III, Fonseca, 10.9°N 72.9°W)
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Fig. 5. Comparison of Jurassic and Cretaceous characteristic paleomagnetic declination reported for the Santa Marta massif (component C2), Perija Range (Gose et al., 2003),
Merida Andes (mean of Jurassic La Quinta Fm.; Castillo et al., 1991), Bucaramanga (Jordan Fm.), Floresta massif (Giron-Tibasosa units) and an arbitrary point in the craton
(Bayona et al., 2006b) (see Table 1 for other statistical parameters). Clockwise rotation of the Santa Marta massif and Perija Range, with respect to the craton, is 17 + 12.8° and

50 + 12°, respectively.
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Fig. 6. Paleolatitude data calculated using paleomagnetic data from Upper Triassic to Lower Cretaceous rocks in (A) the stable craton (paleopole recalculated using data from
Castillo et al. (1991), Randall (1998), and Vizan et al. (2004)) and (B) The Santa Marta massif and other ranges in the northern Andes. Note the contrasting difference in
paleolatitudinal displacement of the craton with respect to the Santa Marta massif in Early to Middle Jurassic time (see Table 1 for data).

the mean direction of component C2 is from sectors I, Il and IIL
Similar sense, but with higher magnitude of rotations (50 = 12°),
has been documented for the Perija Range (Gose et al., 2003).
Clockwise rotation is also inferred for C1 component in Sector I
(Bosconia, 12° + 14.3°)(Table 5), but the magnitude may be affected
by local structural complexity. Montes et al. (this volume) discuss
the implications of clockwise rotation for Neogene extensional tec-
tonism of the Lower Magdalena basin along the western (trailing)
border of the Santa Marta massif, and Neogene thrusting along the
southeastern (leading) border to the Santa Marta massif.
Comprehensive analysis of our results together with paleomag-
netic data from Jurassic to Lower Cretaceous rocks exposed in the
Perija Range, Mérida Andes, Eastern Cordillera, southern Magda-
lena Valley and stable areas of South America shows northward
translation of terranes west of the Borde Llanero Faults with re-
spect to the craton (data from Bayona et al., 2006b; Fig. 6). In the
Early Jurassic, mean-paleolatitude values for terranes west of the
Borde Llanero and Bucaramanga faults varies from —14.4° (Bucara-
manga area), —12.7° (Santa Marta massif) to —10.5° (Upper Magda-
lena Valley), but these values change significantly in the Late
Jurassic-Early Cretaceous to +4.2° (Santa Marta massif), +7.5°
(Floresta Massif), +11.3° (BA) and +3.1° (Upper Magdalena Valley)
(see Table 3; Fig. 6 shows error bars for paleolatitudinal and age
determinations). Northward translation of mean-paleolatitudinal
values of a reference point in the craton (4°N, 72°W, see position
in Figs. 1A and 5) from Early Jurassic to Early Cretaceous was only
from +0.9° to +6.2° (Table 3; Fig. 6). Northern (positive) paleolati-
tudes have been determined in Jurassic rocks exposed in the Meri-
da Andes (Castillo et al., 1991) and Perija Range (Gose et al., 2003).

7.4. Paleogeographic reconstructions for the evolution of the
northwestern margin of South America

The early Mesozoic conceptual tectonic evolution presented
here illustrates along-margin northward translation of terranes
with respect a reference point in the craton (Fig. 7). This model is
supported by paleomagnetic data, and considers both geochemical
and stratigraphic data of lower Mesozoic rocks presented in Bay-
ona et al. (2006b). The model is based on the suggestion of north-
ward displacement of accreted terranes during the Late Jurassic in
a greater magnitude than the northward displacement of a refer-
ence point in the South America craton (Fig. 6). In Late Triassic to
Early Jurassic times, the South American craton was subject of con-
siderable paleolatitudinal movements (Iglesia et al., 2006); we do
not have data from rocks of those ages in accreted terranes to make
a comparison in the difference of displacement between accreted
terranes and the stable craton.

The restored position of translated continental-cored terranes,
now disrupted at different latitudes in the Colombian Andes
(Fig. 1A), may help to define the extension of marine basins, fossil
associations and presence of paleosol profiles. Ordovician grapto-
lites reported in the Upper Magdalena Valley have affinities with
Graptolites reported in northern Argentina (Moreno et al., 2008),
and Geyer (1969) noted a similar upper Triassic-Lower Jurassic
ammonites association in San Lucas Range and northern Peru.
The similarity between the early Mesozoic stratigraphy and tec-
tonic setting of the Southern Magdalena Valley, San Lucas range
and Santa Marta massif with the upper Permian - lower Jurassic
volcanics, red beds, and marine limestones, shales and sandstones
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Fig. 7. Conceptual model of along-strike migration of accreted terranes in an oblique subduction margin, modified from Bayona et al. (2006b). See Fig. 1A for present
geographic distribution of massifs and other structural blocks in northern South America. (A) Calc-alkaline plutonic and volcanic rocks are aligned along a linear subduction-
related magmatic arc. (B) Translations changed to a dominantly east-west direction, as suggested by Castillo et al. (1991). Extensional tectonism affected areas close to the
Bucaramanga fault (FM, SM, PR, MA), which acted as a transfer fault. (C) For Aptian time, the terrains are juxtaposed to the stable craton.

in Eastern Cordillera of Peru and Bolivia indicate that the areas
were adjacent in early Mesozoic times (Sempere et al., 2002; Sar-
miento-Rojas et al., 2006). Marine strata of upper Triassic-Lower
Jurassic Indios Formation in the Santa Marta massif (Trumpy,
1943 in Etayo-Serna et al., 1983), the Morrocoyal Formation in
San Lucas Range (Geyer, 1969) and those from Southern Magda-
lena Valley (Mojica and Prinz-Grimm, 2000), may have accumu-
lated in the same extensional basin of marine strata now
exposed in Ecuador (Santiago Fm., Geyer, 1974 in Mojica et al.,
1996) and northern Peru (Jaillard et al., 1990; Sempere et al.,
2002) (Fig. 7A). Paleomagnetic data from Permian and Triassic
rocks in northern Peru indicate no significant paleolatitudinal
transport and rotations with respect the stable craton (Gilder
et al., 2003).

The change from red, laminated mudstones interbedded with
bioturbated to massive sandstones accumulated in marginal lacus-
trine to fluvial settings of the of the Middle Jurassic Jordan Forma-
tion (Cediel, 1968) to mottled massive mudstones with concoidal
fracture in the Jurassic-Lower Cretaceous Giron Formation (Aya-

la-Calvo et al., 2005) may suggest that paleosol development in
continental successions is the result of a change from arid to more
humid conditions. This change in climatic conditions may be ex-
plained by the hypothesis of northward translations of terranes.

The distribution of Grenvillian crust in the northern Andes sug-
gest that Grenvillian belts of the Colombian Andes will fit a position
closed to northern Peru and Southern Ecuador during the Jurassic,
leaving room for several Mexican pre-Mesozoic terranes that over-
lap the northwestern margin of Colombian and Venezuela between
the Early Pemian and the Early Jurassic (Pindell and Barret,
1990; Dickinson and Lawton, 2001; Cardona et al., 2009).

In summary, the tectonic model illustrated in Fig. 7 shows two
major tectonic events affecting the northwestern margin of South
America. The first tectonic scenario occurred during the Late Trias-
sic and Early Jurassic and is related to an oblique subduction mar-
gin (Fig. 7A). Calc-alkaline magmas intruded along a magmatic arc
striking parallel to the subduction zone (Aspden et al., 1987). This
magmatic arc includes from north to south: Santa Marta massif,
Santander massif, Floresta massif, San Lucas range and Upper Mag-
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dalena Valley, and due to the obliquity of its associated subduction,
several arc, fore-arc and back-arc elements were displaced along
the margin, as similar to the so called transcurrent or fore-arc terr-
anes (Avé Lallement and Oldow, 1988; Gibbons, 1994). In Middle-
Late Jurassic to Early Cretaceous (Fig. 7B), northward translations
of terranes increase, westward retreat of the subduction zone
and opening of the proto-Caribbean sea favored intracontinental
extensional and/or transtensional deformation with development
of basins filled by syn-extensional siliciclastic and volcaniclastic
continental deposits in Merida Andes and Perija range, as well as
in basins close to the Bucaramanga fault. For Early Cretaceous, dia-
chronous marine transgression inundated the latter basins and
reached its maximum extension in mid to Late Cretaceous time
(Etayo-Serna et al., 1976) (Fig. 7C).

Additional paleomagnetic, structural and geochronological
work is needed, including the adjacent San Lucas Range, in order
to establish a more confident paleolatitudinal position for each ac-
creted terranes.

8. Conclusions

Low to moderate temperature/coercivity magnetic components
and moderate to high-temperature/coercivity characteristic mag-
netic components were successfully uncovered in Mesozoic rocks
exposed in the Santa Marta massif (Fig. 1A).

The directions of those components are: a component whose
direction is parallel to the present day Field (Component A:
D=352,1=25.6, k=57.35,a95=5.3, N=12), a second component
uncovered in Lower Cretaceous and Jurassic rocks with reset K-
Ar ages (Component C1: D=8.8, [=8.3, k=24.71, a95=13.7,
N =6), and a third component only uncovered in Jurassic volcani-
clastic rocks (Component C2: D=125, I=-12, k=13.38,
a95 = 14.6, N = 8). The tilt test is not statistically significant due
to similar dip directions of Mesozoic strata, but the following argu-
ments support a Middle-Late Jurassic age as the time of magneti-
zation, close to the time of deposition: (1) direction is different
than that of components A and C1; (2) high stability of compo-
nents; (3) better cluster of moderate negative inclinations after
the two steps of tilt corrections; and (4) K-Ar ages are in Mid-
dle-Late Jurassic range. Similar directions have been reported in
other Middle Jurassic rocks south of Bucaramanga (Jordan Forma-
tion) and southern Magdalena Valley (Saldafia Formation)
(Fig. 1B; Bayona et al., 2006a,b).

Characteristic component C2 was isolated in eight sites, How-
ever, only two sites have reliable age and structural data. These
two sites are in the Fonseca sector, the area with the least struc-
tural complexity and good structural control; overlying Cretaceous
rocks are very close to having a reliable unconformity test. In addi-
tion, a K-Ar age of 156.6 + 8.9 Ma was obtained in one of those
sites. The mean direction calculated from these two sites is
D=204,1=-18.2, k=46.9, a95 =5.1, n =18 specimens from two
sites, and we use this direction to estimate rotation and terrane
translation. The magnitude of clockwise rotation is 17 + 12.8° with
respect to a stable point in the craton. A similar sense of rotation
has been proposed for the Perija Range, but with a magnitude of
50 + 12° (Gose et al., 2003). The Santa Marta massif moved north-
ward from —9.3° at Middle Jurassic time, to +4.2° in Early Creta-
ceous time, and then to its present latitude +10°. Similar
northward movement in other terranes south of the Bucaramanga
fault, restored configurations of Late Triassic-Early Jurassic marine
strata, and differences of paleosol development favour the hypoth-
esis of along-strike paleolatitudinal migration of terranes (Bayona
et al., 2006b).

The preliminary paleomagnetic results and obtained K-Ar ages
suggest the need for a more detailed paleomagnetic study in the

Fonseca sector. This study should include magnetic mineral analy-
sis together with a stratigraphy and U-Pb geochronology of the
Jurassic volcaniclastic succession to better quantify the magni-
tudes of rotations and translations of the Santa Marta massif. Pa-
leo-magnetic studies in the Bosconia sector may clarify local
rotations associated with reverse and strike-slip fault systems.
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