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a b s t r a c t

The Late Paleozoic to Triassic tectonics of northwestern South America have major implications for the
understanding of Laurentia–Gondwana interactions that formed Pangea, and the origin of several tec-
tonostratigraphic terranes dispersed by the break-up of this supercontinent during the formation of
the Caribbean. Two mylonitic and orthogneissic granitoid suites have been recognized in the northeast-
ern segment of the Sierra Nevada de Santa Marta, the lower Magdalena basin and the Guajira Serranias,
within the Caribbean region of Colombia. For the Santa Marta region U/Pb LAM-ICP-MS analysis yielded
zircon crystallization ages of 288.1 ± 4.5 Ma, 276.5 ± 5,1 Ma and 264.9 ± 4.0 Ma, related to the magmatic
intrusion. Geochemical and modal variations show a compositional spectrum between diorite and gran-
ite, whereas LREE enrichment, Ti and Nb anomalies and geochemical discrimination suggest that this
granitoid suite was formed within a magmatic arc setting. Inherited zircons suggest that this Early Perm-
ian plutonism was formed with the participation of Neoproterozoic and Grenvillian basement proximal
to the South American continent. Evidence of a superimposed Early Triassic (ca. 250 Ma) deformational
event in Santa Marta, together with a well defined S-type magmatism in the basement rocks from the
adjacent lower Magdalena Valley and Guajira Peninsula regions are related to a major shift in the regional
tectonic evolution. It’s envisioned that this event records either terrane accretion or strong plate coupling
during the final stages of Pangea agglutination. Connections with the main Alleghanian-Ouachitan Pan-
gean orogen are precluded due to their timing differences. The plutons temporally and compositionally
correlate with an arc found in the northern Andes and Mexican Gondwana terranes, and represent a
broader magmatic event formed at the proto-Pacific margin, outside the nucleus of the Laurentia–
Gondwana Alleghanian-Oachitan orogens. Evidence of lower temperature recrystallization is probably
linked to a younger Late Cretaceous deformational event that reworked the margin during the accretion
of the Caribbean arc to the northwest of South America.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Late Paleozoic to Triassic tectonics of the proto-Andean margin
are related to the final stages of agglutination of the Pangea super-
continent and the evolution of an active subduction zone along its
outboard Pacific margin (reviews in Hatcher (2002), Poole et al.
(2005), Cawood and Buchan (2007)). Regional paleogeographic
reconstructions for Pangea up until the Jurassic have suggested
that the northern South American margin was in geographic prox-
ll rights reserved.
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imity with Laurentia, with several southern Mexico and Middle
Americas terranes probably linked to the northern Andean margin
and its associated terranes (Pindell and Dewey, 1982; Pindell,
1985; Rowley and Pindell, 1989; Toussaint, 1993; Ruiz et al.,
1999; Stewart et al., 1999; Dickinson and Lawton, 2001; Torsvik
and Cocks, 2004). Recent geological and geochronological data
from magmatic and migmatitic rocks of the Northern Andes have
shown that the Late Paleozoic to Triassic tectonic event was exten-
sively recorded from northern Peru to the Central Cordillera of the
Colombian Andes (Restrepo et al., 1991; Noble et al., 1997; Torres
et al., 1999; Ordoñez and Pimentel, 2002; Vinasco et al., 2006; We-
ber et al., 2007; Cardona et al., 2008a; Ibañez-Mejía et al., 2008;
Chew et al., 2008). However, in northernmost Colombia, paucity
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Fig. 1. (A) Digital elevation model of northern South America including major massifs and basins in northern Colombia. Triassic samples from the lower Magdalena basin and
upper Guajira region from Montes et al. (2010) and Weber et al. (2010) are also plot. L1 = Lobita Well, C1 = Cicuco-1 Well, C2 = Cicuco-2 Well. W1 and W2 = samples collected
in Guajira by Weber et al. (2010). (B) Geological map of the Sierra Nevada de Santa Marta (Tschanz et al., 1974).
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of data, overimposed Meso-Cenozoic tectonic events and major
sedimentary basins have limited the correlation of pre-Mesozoic
crust with major Andean basement provinces and the understand-
ing of the evolving collisional and/or accretionary orogens that
have shaped the margins of Pangea.

In this contribution we integrate geologic, zircon U/Pb LAM-ICP-
MS and whole rock geochemistry from mylonitized granitoids in
the Sierra Nevada de Santa Marta massif with new geochemical
data and recently published geochronological data obtained from
the adjacent lower Magdalena basin (Montes et al., 2010) and
the Guajira Peninsula (Weber et al., 2010) (Fig. 1A and B). It is ar-
gued that the regional distribution of this magmatism and the
apparent shift in composition and deformation trace the regional
tectonic and paleogeographic configuration of the margin (Pearce,
1996; Zhou et al., 2006). This segmented granitoid belt in north-
ernmost Colombia has major implications in Pangean and North-
ern Andean tectonics.
2. Geological setting

The northern boundary of the Colombian Andes against the
Caribbean plate is characterized by several isolated massifs
bounded by Cenozoic basins and regional scale tectonic structures
(Fig. 1). This physiographic configuration reflects the complex Late
Mesozoic to Cenozoic tectonic interaction of the Caribbean, South
American and Pacific plates, which has triggered block rotation,
basin formation and tectonic uplift in northern Colombia (Kellogg,
1984; Macellari, 1995; Colletta et al., 1997; Taboada et al., 2000;
Montes et al., 2005, 2010).

The Santa Marta Massif is a triangular uplifted segment located
in northernmost Colombia that covers an area of 13.700 Km2 and
reaches altitudes of �5.900 m. This massif can be divided into
three different belts that is correlatable with other northern An-
dean domains as well as the adjacent northeastern Guajira
Serranias (Fig. 1, reviews in Tschanz et al. (1974), Cordani et al.
(2005), Cardona-Molina et al. (2006)). The southeasternmost belt
includes a 1.0 Ga old high-grade metamorphic unit, that is part
of a more extensive Grenvillian orogenic belt dispersed along
the Colombian Andes, and records the ocean closure associated
with the agglutination of Rodinia since �1.25 Ga (Restrepo-Pace
et al., 1997; Ruiz et al., 1999; Cordani et al., 2005). Jurassic plu-
tonic and volcanic rocks intrude and cover this metamorphic unit,
and are responsible for the segmentation. Minor Carboniferous
and more widespread Late Mesozoic sedimentary sequences lie
in unconformity towards the southeast flank (Tschanz et al.,
1969, 1974; Rabe, 1977). The intermediate belt includes an inter-
calation of amphibole and mica-schists (Tschanz et al., 1969), and
a newly recognized series of mylonitic granitoids in the northeast
that will be described within this contribution. Previous temporal
constrains from this unit limits depositional, magmatic and meta-
morphic evolution between the Late Cambrian and the Early
Jurassic (Tschanz et al., 1974; Cardona-Molina et al., 2006). An
overimposed greenschist facies mylonitic event has been related
to the Late Cretaceous accretion of the Caribbean front (Tschanz
et al., 1969; Cardona-Molina et al., 2006). The northwestenmost
belt includes an imbricate stack of greenschist to amphibolite fa-
cies meta vulcano-sedimentary unit of Cretaceous age, related to
the interaction of the front of the Caribbean plate with the north-
ern margin of South America (MacDonald et al., 1971; Tschanz
et al., 1974; Bustamante et al., 2009; Cardona et al., 2008a). Paleo-
gene granitoids intrude the different belts and represent the
stitching plutons of the Caribbean orogenic event (Tschanz et al.,
1974; Cardona et al., 2008b). The lower Magdalena basin is a ma-
jor Cenozoic tectonosedimentary element in northern Colombia. It
is bounded by the Santa Marta Massif and the Santa Marta-
Bucaramanga Fault to the east, and to the west it has been limited
by the Romeral Fault System and the accreted oceanic San Jacinto
belt. The foothills of the Central and Eastern Colombian Cordill-
eras enclose this basin. Its origin has been linked to northern
Colombia block rotation associated to the post Eocene W–E
migration of the Caribbean Plate and northern displacement of
the North Andean block (Duque-Caro, 1978; Montes et al.,
2010). Oil exploration wells and recent gravimetric modeling have
shown that the substrate is made up of continental related mag-
matic and metamorphic rocks (Cerón et al., 2007). Basement rocks
from this basin have been recovered in oil wells in the Cicuco
High (Fig. 1A).

In this contribution we analyze a mylonitic granitoid segment
in the Paleozoic segment of the Santa Marta Massif, and present
new geochemical data from three granitoid cores recovered from
the Cicuco-2A, Cicuco-3 and Lobita wells in the Cicuco High
(Fig. 1A). Geocrhonological results from the latter are discussed
by Montes et al. (2010).



Fig. 2. Geology of the studied mylonitic zone (modified from Tschanz et al., 1974).

Fig. 3. Amphibolite xenolith in deformed granitoid (Quebrada Valencia). Myrmek-
ite and kinked plagioclase deformation textures.
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3. Analytical techniques

3.1. U/Pb LAM-ICP-MS

Zircon U/Pb analyses were carried at the Arizona LASERCHRON
laboratoy following the procedures described by Valencia et al.
(2005) and Gehrels et al. (2008). Unknowns and standard zircons
were mounted in inner half of the mount area, to reduce fraction-
ation. The grains analyzed were selected randomly from all of the
zircons mounted from each sample. Zircons crystals were analyzed
in polished section with a Micromass Isoprobe multicollector ICP-
MS equipped with nine Faraday collectors, an axial Daly collector,
and four ion-counting channels. The Isoprobe is equipped with an
ArF Excimer laser ablation system, which has an emission wave-
length of 193 nm. The collector configuration allows measurement
of 204Pb in an ion-counting channel while 206Pb, 207Pb, 208Pb,
232Th and 238U are simultaneously measured with Faraday detec-
tors. All analyses were conducted in static mode with a laser beam
diameter of 35–50 diameter, operated with an output energy of
�32 mJ (at 23 kV) and a pulse rate of 9 Hz. Each analysis consisted
of one 20-s integration on peaks with no laser firing and twenty 1-s
integrations on peaks with the laser firing. Hg contribution to the
204Pb mass position was removed by subtracting on-peak back-
ground values. Inter-element fractionation was monitored by ana-
lyzing an in-house zircon standard, which has a concordant TIMS
age of 564 ± 4 Ma (2r) (Gehrels, unpublished data). This standard
was analyzed once for every four unknowns in magmatic grains.
Uranium and Th concentrations were monitored by analyzing a
standard (NIST 610 Glass) with �500 ppm Th and U. The lead iso-
topic ratios were corrected for common Pb, using the measured
204Pb, assuming an initial Pb composition according to Stacey
and Kramers (1975) and respective uncertainties of 1.0, 0.3 and
2.0 for 206Pb/204Pb, 207Pb/204Pb, and 208Pb/204Pb.
Age of standard, calibration correction from standard, composi-
tion of common Pb and decay constant uncertainty are grouped
and are known as the systematic error. For these samples the sys-
tematic errors are around �1.0–1.4% for 206Pb/238U and �0.8–1.1
for 206Pb/207Pb.

3.2. Whole rock geochemistry

Whole rock chemical analyses of 10 samples were determined
at Acme Analytical Laboratories Ltd. in Vancouver, Canada. A
0.2 g aliquot is weighed into a graphite crucible and mixed with



Table 1
U/Pb zircon analytical results.

Analysis U (ppm) 206Pb U/Th 207Pb* ± (%) 206Pb* ± (%) Error 206Pb* ± (Ma) 207Pb* ± (Ma) 206Pb* ± (Ma) Best age (Ma) ± (Ma)
204Pb 235U 238U Corr. 238U 235U 207Pb*

A14-4 968 11410 0.8 0.32966 1.5 0.04575 1.0 0.68 288.4 2.8 289.3 3.7 296.6 24.6 288.4 2.8
A14-5 917 10377 0.9 0.31984 1.6 0.04463 1.0 0.61 281.5 2.8 281.8 4.0 284.5 29.7 281.5 2.8
A14-6 548 9486 1.3 0.33109 3.2 0.04573 1.1 0.34 288.3 3.1 290.4 8.1 307.5 68.3 288.3 3.1
A14-7 586 2967 1.2 0.3205 5.1 0.04383 3.7 0.72 276.5 9.9 282.3 12.5 330.4 79.1 276.5 9.9
A14-8 784 4998 1.1 0.31542 4.6 0.04477 2.8 0.60 282.3 7.6 278.4 11.1 245.1 83.9 282.3 7.6
A14-9 971 8361 2.1 0.31019 2.6 0.04395 1.1 0.40 277.2 2.9 274.3 6.3 249.5 55.5 277.2 2.9
A14-10A 690 6084 2.3 0.32598 3.8 0.0451 1.7 0.45 284.4 4.7 286.5 9.5 303.9 77.6 284.4 4.7
A14-11 800 19179 1 0.33105 2.0 0.04629 1.0 0.50 291.7 2.9 290.4 5.0 279.5 39.2 291.7 2.9
A14-12 623 11368 1.1 0.32788 1.9 0.04585 1.0 0.53 289.0 2.8 287.9 4.8 279.5 37.0 289.0 2.8
A14-13 759 9153 0.9 0.31571 3.2 0.04517 1.3 0.41 284.8 3.7 278.6 7.8 227.1 67.5 284.8 3.7
A14-15 629 10417 1.2 0.33737 4.2 0.04595 1.1 0.26 289.6 3.1 295.2 10.8 339.3 92.1 289.6 3.1
A14-15a 818 22419 1 0.33582 1.5 0.04658 1.0 0.68 293.5 2.9 294.0 3.8 298.0 24.8 293.5 2.9
A14-16 1015 17326 0.8 0.31669 3.1 0.04496 1.7 0.57 283.5 4.8 279.4 7.5 244.5 57.7 283.5 4.8
A14-17 636 5451 0.7 0.33517 2.9 0.04694 2.1 0.73 295.7 6.1 293.5 7.4 276.2 45.5 295.7 6.1
A14-18 666 9955 0.6 0.33093 2.7 0.0467 1.6 0.60 294.3 4.6 290.3 6.7 258.3 48.8 294.3 4.6
A14-21 655 10400 1.4 0.31513 2.8 0.04503 1.0 0.35 283.9 2.8 278.1 6.9 229.8 61.1 283.9 2.8
A14-23 818 14274 1.7 0.33574 3.0 0.04635 1.0 0.33 292.0 2.9 293.9 7.7 309.0 65.3 292.0 2.9
A14-25 844 10719 1 0.3281 2.4 0.0458 1.9 0.80 288.7 5.4 288.1 6.0 283.7 33.3 288.7 5.4
A14-26 768 8924 1.1 0.31618 4.8 0.04486 3.5 0.73 282.9 9.8 279.0 11.8 246.3 75.7 282.9 9.8
A14-27 688 3176 1 0.31413 6.0 0.045 3.1 0.51 283.8 8.5 277.4 14.5 223.9 118.6 283.8 8.5
A14-28 985 19425 0.6 0.31784 4.1 0.04455 3.9 0.95 280.9 10.8 280.2 10.1 274.4 28.4 280.9 10.8
A14-29 962 16702 1.1 0.31751 2.4 0.04404 2.0 0.81 277.8 5.4 280.0 5.9 298.0 32.1 277.8 5.4
A14-31 551 8291 0.9 0.33205 2.8 0.04508 2.3 0.81 284.2 6.3 291.1 7.1 347.0 36.8 284.2 6.3
A14-32 465 10946 0.8 0.34407 4.0 0.04697 2.2 0.56 295.9 6.5 300.3 10.5 334.3 76.2 295.9 6.5
A14-33 632 9471 0.9 0.32124 2.0 0.04538 1.4 0.69 286.1 3.9 282.9 5.0 256.0 33.9 286.1 3.9
A14-35 662 9961 0.7 0.3555 3.5 0.04707 2.8 0.78 296.5 8.0 308.8 9.4 402.8 48.8 296.5 8.0
A14-36 845 11900 3.2 0.33527 4.0 0.0451 1.5 0.37 284.3 4.1 293.6 10.2 367.7 84.2 284.3 4.1
A14-37 411 5637 1.7 0.34622 3.3 0.04674 2.1 0.65 294.5 6.1 301.9 8.5 359.4 56.2 294.5 6.1
A14-38 525 3760 1.1 0.34941 5.4 0.04706 2.4 0.45 296.4 6.9 304.3 14.1 364.8 108.4 296.4 6.9
A14-39 398 6633 1.3 0.32163 5.8 0.04568 5.3 0.91 288.0 14.8 283.2 14.3 243.7 55.5 288.0 14.8
A14-40 579 9585 1.3 0.32656 1.6 0.04554 1.1 0.67 287.1 3.1 286.9 4.1 285.9 28.0 287.1 3.1
A14-41 590 7480 1.7 0.32598 3.8 0.04617 1.8 0.47 291.0 5.1 286.5 9.5 250.1 77.4 291.0 5.1
A14-43 604 9179 1.3 0.31817 3.1 0.04497 2.8 0.90 283.5 7.7 280.5 7.6 255.1 31.5 283.5 7.7
A14-44 604 11810 1.2 0.32809 2.0 0.04582 1.4 0.69 288.8 3.9 288.1 5.1 282.5 33.6 288.8 3.9
A14-46 777 11483 1.2 0.32399 3.1 0.04579 1.4 0.45 288.6 4.0 285.0 7.8 254.9 64.5 288.6 4.0
A14-47 422 2740 1.3 0.32476 9.0 0.04524 4.1 0.45 285.2 11.3 285.6 22.4 288.3 183.4 285.2 11.3
A14-48 736 22471 2.1 0.34119 8.4 0.0461 1.8 0.21 290.6 5.1 298.1 21.8 357.4 186.4 290.6 5.1
A14-51 773 21614 1 0.33653 2.9 0.0466 1.1 0.38 293.6 3.2 294.5 7.5 302.1 61.6 293.6 3.2
A14-53 962 10404 0.9 0.32707 2.1 0.04586 1.2 0.55 289.1 3.3 287.3 5.3 273.3 40.6 289.1 3.3
A14-55 1069 15988 2 0.33187 2.4 0.0459 1.1 0.47 289.3 3.2 291.0 6.0 304.4 47.9 289.3 3.2
A14-56 720 7011 1.2 0.31652 5.1 0.0452 2.7 0.53 285.0 7.6 279.2 12.5 231.2 100.7 285.0 7.6
A14-57 548 7941 1.5 0.33461 3.9 0.04588 2.7 0.69 289.2 7.6 293.1 10.0 324.3 64.6 289.2 7.6
A14-58 924 12886 2.3 0.31671 2.8 0.04385 1.1 0.41 276.6 3.1 279.4 6.9 302.2 58.7 276.6 3.1
A14-60A 647 13154 1.3 0.31637 4.2 0.04447 1.5 0.36 280.5 4.2 279.1 10.2 267.6 88.9 280.5 4.2
A14-61 649 6586 1.4 0.31405 4.3 0.04411 2.9 0.68 278.3 7.8 277.3 10.3 269.2 71.8 278.3 7.8
A14-62 554 8377 1.9 0.33558 4.7 0.04508 2.1 0.45 284.2 5.9 293.8 12.1 370.8 95.7 284.2 5.9
A14-63 730 18717 0.9 0.33643 3.7 0.04623 3.0 0.81 291.4 8.4 294.5 9.3 319.2 48.9 291.4 8.4
A14-65 639 8487 1.3 0.32946 5.1 0.04548 2.8 0.54 286.7 7.8 289.2 12.9 309.0 98.3 286.7 7.8
A14-69 865 16580 0.7 0.3251 2.2 0.04544 2.0 0.88 286.4 5.5 285.8 5.5 280.7 23.8 286.4 5.5
A14-1 216 11734 2.2 1.17261 5.0 0.13225 4.3 0.86 800.7 32.2 787.9 27.4 751.8 54.5 800.7 32.2
A14-66 266 6215 1 1.31672 2.7 0.11999 1.5 0.54 730.5 10.1 853.1 15.6 1186.8 44.7 730.5 10.1
A14-49 1644 68190 20.1 0.83293 3.0 0.10024 1.9 0.62 615.8 11.1 615.2 14.0 613.1 51.2 615.8 11.1
A14-60 416 25409 2.4 2.29115 4.3 0.20631 2.4 0.56 1209.1 26.3 1209.6 30.2 1210.3 69.8 1210.3 69.8
A48-05 491 8196 1.2 0.33066 1.6 0.04541 1.0 0.62 286.3 2.8 290.1 4.1 320.5 28.9 286.3 2.8
A48-06 481 5527 1.2 0.30298 3.0 0.04304 1.0 0.33 271.6 2.7 268.7 7.1 243.5 65.1 271.6 2.7
A48-07 747 1766 1.4 0.54101 4.0 0.04449 1.6 0.41 280.6 4.5 439.1 14.3 1386.7 70.5 280.6 4.5
A48-08 522 5628 1.5 0.31003 8.2 0.04218 3.6 0.43 266.3 9.3 274.2 19.8 342.0 168.4 266.3 9.3
A48-09 205 3603 1.8 0.32982 2.3 0.04395 1.0 0.43 277.3 2.7 289.4 5.8 388.9 46.9 277.3 2.7
A48-10 775 2542 2.1 0.33584 4.1 0.04256 1.8 0.45 268.7 4.8 294.0 10.5 500.4 81.1 268.7 4.8
A48-11 339 4038 2 0.318 5.2 0.04348 2.4 0.46 274.4 6.3 280.4 12.7 330.6 104.5 274.4 6.3
A48-12 467 1351 1.9 0.30631 5.9 0.04453 3.5 0.59 280.8 9.6 271.3 14.1 189.8 111.0 280.8 9.6
A48-13 164 1684 1.7 0.31482 13.5 0.0436 2.8 0.21 275.1 7.7 277.9 32.7 301.4 301.1 275.1 7.7
A48-14 824 6056 1.5 0.29212 3.9 0.04134 2.5 0.65 261.2 6.5 260.2 9.0 251.8 69.1 261.2 6.5
A48-15 304 6497 1.4 0.32586 3.5 0.04493 2.5 0.72 283.3 7.0 286.4 8.8 311.8 55.6 283.3 7.0
A48-17 463 7869 1.7 0.30412 3.7 0.04222 2.4 0.65 266.6 6.2 269.6 8.7 296.2 63.8 266.6 6.2
A48-19 937 4066 1.9 0.3407 5.2 0.04468 1.7 0.33 281.8 4.8 297.7 13.4 424.4 109.6 281.8 4.8
A48-20 400 1789 0.9 0.31092 3.4 0.04399 1.3 0.39 277.5 3.6 274.9 8.2 252.8 72.4 277.5 3.6
A48-21 1890 19243 1.3 0.31187 2.0 0.04344 1.2 0.60 274.1 3.2 275.6 4.7 288.4 35.9 274.1 3.2
A48-23 758 6671 1.9 0.32498 5.6 0.04501 4.2 0.74 283.8 11.6 285.7 14.1 301.6 86.8 283.8 11.6
A48-24 665 10043 1.7 0.31602 4.5 0.04294 3.1 0.68 271.0 8.1 278.8 11.0 344.8 74.9 271.0 8.1
A48-25 344 7325 1.9 0.31912 3.4 0.04318 2.9 0.85 272.5 7.8 281.2 8.4 354.3 40.6 272.5 7.8
A48-26 79 1797 2 0.31229 4.1 0.04324 3.1 0.76 272.9 8.4 276.0 10.0 302.2 60.6 272.9 8.4
A48-27 205 1245 2.3 0.31361 7.6 0.04336 6.0 0.79 273.6 16.0 277.0 18.4 305.5 106.9 273.6 16.0

(continued on next page)
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Table 1 (continued)

Analysis U (ppm) 206Pb U/Th 207Pb* ± (%) 206Pb* ± (%) Error 206Pb* ± (Ma) 207Pb* ± (Ma) 206Pb* ± (Ma) Best age (Ma) ± (Ma)
204Pb 235U 238U Corr. 238U 235U 207Pb*

A48-28 155 2960 1.6 0.31096 4.9 0.04293 3.9 0.79 270.9 10.4 274.9 11.9 308.9 68.4 270.9 10.4
A48-29 1068 13506 1.6 0.32621 3.5 0.04307 1.4 0.41 271.8 3.8 286.7 8.8 409.5 72.4 271.8 3.8
A48-3 2094 5039 1.1 0.28296 5.5 0.03999 4.6 0.83 252.7 11.3 253.0 12.4 255.3 71.6 252.7 11.3
A48-30 352 5660 1.6 0.31682 5.3 0.04303 2.7 0.52 271.6 7.3 279.5 13.0 345.6 102.9 271.6 7.3
A48-31 318 4589 1.9 0.33019 4.7 0.04462 3.9 0.82 281.4 10.7 289.7 11.9 357.2 60.8 281.4 10.7
A48-32 513 16420 1.9 0.34143 2.5 0.0444 1.9 0.75 280.1 5.2 298.3 6.5 443.1 37.2 280.1 5.2
A48-33 420 789 2 0.28396 7.2 0.04158 3.4 0.48 262.6 8.8 253.8 16.1 173.0 146.9 262.6 8.8
A48-34 295 5626 2.1 0.31559 4.0 0.04319 3.4 0.85 272.6 9.0 278.5 9.7 328.4 47.7 272.6 9.0
A48-35 243 1283 1.7 0.32614 5.0 0.04444 2.4 0.48 280.3 6.7 286.6 12.6 338.2 99.8 280.3 6.7
A48-36 505 5910 2 0.3203 2.3 0.04383 1.7 0.76 276.5 4.7 282.1 5.6 328.8 33.6 276.5 4.7
A48-37 685 10047 1.6 0.30717 2.5 0.04333 1.7 0.69 273.4 4.7 272.0 6.0 259.6 42.1 273.4 4.7
A48-39 1034 17659 3 0.34087 2.6 0.04539 1.8 0.70 286.2 5.1 297.8 6.6 390.2 41.1 286.2 5.1
A48-4 342 2284 1 0.31663 3.1 0.04431 2.1 0.67 279.5 5.7 279.3 7.6 277.5 52.7 279.5 5.7
A48-40 1649 1686 1.7 0.36948 2.8 0.04316 1.0 0.36 272.4 2.7 319.3 7.7 676.9 55.9 272.4 2.7
A48-41 379 7040 1.5 0.30361 4.0 0.04154 1.8 0.44 262.3 4.5 269.2 9.4 329.4 81.2 262.3 4.5
A48-42 212 4545 1.8 0.33708 4.3 0.04574 2.1 0.48 288.3 5.9 295.0 11.0 347.9 85.2 288.3 5.9
A48-44 260 6783 1.9 0.32165 2.6 0.04391 1.0 0.39 277.0 2.7 283.2 6.4 334.1 53.9 277.0 2.7
A48-45 179 1458 1.8 0.31874 4.8 0.04249 1.8 0.38 268.3 4.8 280.9 11.7 387.7 99.1 268.3 4.8
A48-46 345 4774 1.9 0.30736 2.4 0.04362 1.9 0.80 275.2 5.1 272.1 5.7 245.4 33.3 275.2 5.1
A48-47 509 5227 2 0.32748 3.5 0.04444 2.3 0.66 280.3 6.3 287.6 8.7 347.6 59.0 280.3 6.3
A48-48 1035 1137 4.8 0.31182 9.0 0.04431 6.0 0.66 279.5 16.3 275.6 21.8 242.7 156.3 279.5 16.3
A48-49 296 5741 2 0.31702 2.5 0.04333 1.7 0.66 273.4 4.5 279.6 6.2 331.7 43.4 273.4 4.5
A48-50 371 2501 1.3 0.32003 3.8 0.04491 1.6 0.43 283.2 4.5 281.9 9.4 271.4 79.3 283.2 4.5
A48-51 381 6167 1.3 0.36067 4.0 0.04382 1.2 0.31 276.5 3.3 312.7 10.6 592.5 81.5 276.5 3.3
A48-52 923 12506 2 0.34732 3.2 0.04696 2.5 0.79 295.9 7.3 302.7 8.4 355.9 44.2 295.9 7.3
A48-53 690 918 2.6 0.32044 8.4 0.04606 3.3 0.40 290.3 9.5 282.2 20.6 216.0 178.1 290.3 9.5
A48-54 841 12400 1.4 0.32511 3.0 0.04493 2.5 0.82 283.3 6.9 285.8 7.6 306.6 39.1 283.3 6.9
A48-55 382 4960 1.5 0.33811 2.7 0.04528 1.3 0.46 285.5 3.5 295.7 7.0 377.4 54.5 285.5 3.5
A48-57 908 2132 1.1 0.33629 4.0 0.04595 2.3 0.58 289.6 6.6 294.4 10.3 332.3 74.6 289.6 6.6
A48-58 984 15833 1.4 0.30932 2.0 0.04334 1.4 0.68 273.5 3.7 273.7 4.9 275.0 34.5 273.5 3.7
A48-60 477 5337 1.4 0.30527 4.5 0.04331 2.8 0.62 273.3 7.6 270.5 10.8 246.1 81.7 273.3 7.6
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1.5 g of LiBO2 flux. The crucibles are placed in an oven and heated
to 1050 �C for 15 min. The molten sample is dissolved in 5% HNO3.
Calibration standards and reagent blanks are added to the sample
sequence. Sample solutions are aspirated into an ICP emission
spectrograph (Jarrel Ash Atom Comb 975) for determining major
oxides and certain trace elements (Ba, Nb, Ni, Sr, Sc, Y and Zr),
while the sample solutions are aspirated into an ICP-MS (Per-
kins–Elmer Elan 6000) for determination of the trace elements,
including rare earth elements.
3.3. Mineral chemistry

Biotite compositions were obtained by wavelength-dispersive
spectrometry (WDS) with a Cameca SX-50 microprobe (University
of Granada), operated at 20 kV and 20 nA, and synthetic SiO2,
Al2O3, MnTiO3, Fe2O3, MgO and natural diopside, Albite and sani-
dine as calibration standards.
4. Field and petrologic relations

Tschanz et al. (1969, 1974) defined the Sevilla Province within
the Santa Marta Massif as a major SW–NE Paleozoic metamorphic
belt. These authors divided it into the Buritaca Gneiss, composed
mainly of hornblende gneisses, amphibolites and some migma-
tites, and the Los Muchachitos Gneiss comprising similar rocks,
but including intercalations of two mica-schists and marbles. A
major retrograde greenschist facies deformational event has been
considered as one of the more peculiar features of the Los Much-
achitos Gneiss (Tschanz et al., 1969). Based on structural relations
and a ca. 250 Ma K–Ar age (MacDonald and Hurley, 1969) from a
deformed granitoid clast found in the Don Diego River, these
authors considered the existence of an orthogneiss of Late Permian
age that may be linked to this belt.
During recent field work carried out in the northeastern coastal
region, a major shear zone with a SW–NE trend and ca. 6 km of
extension was identified (Fig. 2). Protoliths of this mylonitic belt
are hornblende-biotie schists from the Los Muchachitos Gneiss
and a prominent quartzofeldspathic unit. To the southwest non-
mylonitic amphibole schists also related to the Paleozoic Los
Muchachitos Gneiss were found, whereas to the northwest two
mica-schists related to the meta volcano-sedimentary Cretaceous
unit are exposed. The contact between this Cretaceous metamor-
phic rocks and the Paleozoic belt coincides with the major mylonic
belt, and represent a paleogeographic limit between allocthonous
accreted Caribbean elements and continental basement.

Mylonitic folitation follows a SW–NE trend, dipping between
30� and 70� to the NW, with shallow dipping mineral lineation
(10–30� NE). Mica fish and quarter folds were found as dextral
kinematic indicators.

The quartzofeldespatic unit includes mylonites and protomylo-
nites, with relict K Feldspar (5–40%), Plagioclase (10–40%) and Bio-
tite (<5%) porphyroclasts, sourronded by a matrix formed during
deformation by the crystallization of Muscovite (5–25%) + Biotite
(10–30%) + Quartz (20–40%) + Epidote (3–20%) + Chlorite + titan-
ite. Accessory primary minerals include zircon, titanite, apatite
and opaques. The main deformational fabric is characterized by
Quartz with ondulatory extinction, deformation llamellae and
grain boundary migration, whereas feldspar is microfractured
and also shows ondulatory extinction. Plagioclase kinks and ori-
ented myrmekites are surrounded by this finer-grained matrix of
mica and Quartz (Fig. 3A and B), attesting to a previous deforma-
tional recrystallization. Structures related to a magmatic origin in-
clude porphyritc idiomorphic feldspars (Fig. 3C), deformed aplitic
dikes and both magmatic and metamorphic enclaves (Fig. 3D).
Perthite and graphic microtextures are also considered as mag-
matic remnants. Variable proportions of feldspar porphyroclasts,
the anorthite content between An36–An52, and the compositional
variation in the neoformed minerals of the matrix are most likely



A. Cardona et al. / Journal of South American Earth Sciences 29 (2010) 772–783 777
related to a compositional variability from the magmatic precur-
sor. Relict titanite and apatite suggest an I-type origin (Barbarin,
1999) for the protolith granitoid. The presence of amphibole schist
xenoliths (Fig. 3C) indicates that the contact between the granitoid
and the metamorphic rocks of the Los Muchachitos Gneiss is intru-
sive. Relations with the northwestern schist belt are not well de-
fined, and no intrusive contacts were seen in the field.

The amphibole schists from Los Muchachitos Gneiss show an
amphibolite facies foliation defined by Hornblende + Plagioclase
(An52) + Biotite + Qartz with titanite, apatite and opaques as acces-
sory minerals. A retrograde mylonitic overprint with a spaced
cleavage defined by Epidote + Biotite + Chlorite + Quartz. The schist
belt is made up of fine to medium grained mica schist with
minor intercalation of marbles and quartz-actinolite schists. The
principal foliation on this unit is defined by Muscovite + Bio-
Fig. 4. U/Pb geochronological results from mylonitic granitoids: (
tite + Quartz ± Chlorite and Actinolite + Albite + Chlorite + Epidote,
and follows the same trend seen in the mylonitic belt.

4.1. Cicuco High granitoids

Granitoid cores recovered from the Cicuco High industry wells
have been described by Montes et al. (2010). We have analyzed
the same samples from the Cicuco-2a, Cicuco-3 and Lobita-1 wells
in the Cicuco High (Fig. 1). Location and basement depths are as
follow: Cicuco-2a (74�38053.0700W, 9�16024.78100N, 2,4 km deep),
Cicuco-3 (�74�38051.9400W, 9�17038.5800, 2,5 km deep) and Lobita-
1 (�74�41030.8300, 9�1803000, 2.5 km deep). The rocks are two mica
granites, with average Quartz (55%), K-feldspar (15%), plagioclase
(18%), Biotite (6%) and Muscovite (6%), and include an overprint
greenschist facies deformation (Montes et al., 2010).
A) Sample A14, (B) Sample A48 and (C) Sample EAM-12-05.
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4.2. U/Pb geochronology

Two granitoid samples from Santa Marta mylonites were se-
lected for zircon U/Pb LAM-ICP-MS geochronological analyses. In
some of the samples we chose to analyze a broader amount of zir-
con crystals in order to identify the magmatic age, but also possible
xenocrystal or inherited ages that will shed a light in the existence
of assimilated material during magma genesis and the nature of
the crustal domain where the magma was formed.

Analytical data is presented in Table 1 and concordia plots are
shown in Fig. 4. All zircons from both samples present U/Th ra-
tios <12 that can be related to a growth within magmatic condi-
tions (Rubatto, 2002).

All except one of the 52 zircons from sample A14 plot along the
concordia, four zircons yield 615 ± 11 Ma, 730 ± 10 Ma,
800 ± 32 Ma, 1210 ± 69 Ma that are related to inherited zircons
that record the character of the crystal domain were this rock
was formed. The other 48 crystals yield a weight average
206Pb/238U age with its associated propagation error of
288.1 ± 4.5 Ma (Fig. 4A). This age is related to the Early Permian
magmatic crystallization of the granitoid. Zircons from sample
A48 are concordant, and have yielded a weighted average age
206Pb/238U of 276.5 ± 5.1 Ma (Fig. 4B).

There seems to be a trend towards younger Late Permian ca.
250 Ma ages with some ages in sample A48 slightly younger, that
are probably related to a Pb-loss event. Zircons from sample
EAM-12-05 are characterized by a significant amount of inherited
zircons with Early Paleozoic and Grenvillian ages. Nine zircon tips
from this mylonite have yielded an 206Pb/238U of 264.9 ± 4.0 Ma
age (Fig. 4C) which also records the crystallization of the magmatic
precursor.

4.3. Geochemistry

Major and trace elements whole rock analysis for the granitoid
mylonite samples and three granitoids cores recovered from the
Cicuco-1, Cicuco-2a and the Lobita-1 wells of the Cicuco High ana-
lyzed by Montes et al. (2010) are presented in Table 2. Due to
recrystallization and deformation associated with the metamor-
phic overprint, large ion lithophile elements were probably mobi-
lized and their meaning is interpreted with caution. In contrast, the
relatively immobile behaviour of HFSE and REE are meaningful
for petrogenetic interpretations (Michard, 1989; Wilson, 1989;
Rollinson, 1993, Hollings and Wymann, 2005). SiO2 and Al2O3 con-
tents for the mylonites are moderate to high, varying between
58.8% and 72.6% and 11.8–17.6 wt.% respectively. The Cicuco High
granitoids present higher silica and aluminium values (68.3–69.3
wt.%, 14.82–15.3 wt.%). Selected major and trace elements for the
mylonites were plotted against silica in Harker-type diagrams.
Although some dispersion is commonly seen, general negative
trends for TiO2, MgO, Al2O3, MnO and P2O5 (Fig. 5) reflect precursor
magmatic processes. As expected the highly mobile K2O and Na2O
are more scattered possibly linked to element mobility during
deformation. Some trace elements such as Sc and V also show a
coherent negative correlation with SiO2 (Fig 5). Within an Al2O3

versus MgO protolith discrimination diagram (Marc, 1992), all
the samples from the mylonitic granitoid fall in the orthogneiss
field (Fig. 6), re-inforcing their magmatic origin suggested by field
and textural observations.

Within a TAS classification diagram the rocks are classified as
syenodiorite, granodiorite and granite (Fig. 7A), and within the
SiO2-(Zr/TiO2) diagram after Winchester and Floyd (1977), the
granitoid samples plot in a continuous trend that may be related
to plutonic equivalents of andesite to rhyolite (Fig. 7B). The Cicuco
granitoids are also felsic, falling within fields comparable with the
Santa Marta mylonites (Fig. 7A and B).



Fig. 5. Selected Harker diagrams from the Mylonitic granitoids from Santa Marta.

Fig. 6. Protolith discrimination diagram (Marc, 1992). Circles = Santa Marta Myl-
onites, squares = Cicuco High cores.
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In the ACNK vs. ANK diagram all of the rocks are clearly subal-
kaline, and they plot between the metaluminous and peralumi-
nous fields (Fig. 8). The aluminium saturation index (ASI) is
below 1.1 for the mylonitic granitoids, within the range of the I-
type granitoids (Chappell and White, 1992). The peraluminous nat-
ure of two of the samples was probably related to the presence of
Biotite in the protoliths, together with the formation of additional
micaceous minerals during deformation. In contrast the Cicuco
High granitoid samples show ASI values >1.2, which correlates
the with the S-type granitoids suggested by Chappell and White
(1992).

Chondrite normalized patterns for rare earth elements (REE) are
strongly fractionated with enriched light rare earth elements
(LREE) ((La/Sm)N = 2.33–5.31 and 2.86–2.99) and (La/Yb)N = 4.7–
29.9 and 5.9–7.9 for the SM and LMB respectively (Fig. 9A). Most
of the granitoids show a well defined negative Eu anomaly, with
Eu/Eu* between 0.53–0.96 and 0.41–0.60 attesting for significant
plagioclase fractionation. Three of the more silica rich rocks from
the mylinotitic belt of Santa Marta have the lowest REE contents
and are characterized by a weak to strong Eu/Eu* positive anomaly,
that is possibly related to a cumulate origin (Cullers and Graff,
1984).

Trace elements from both granitoid series are characterized by a
relative enrichment in the alkali elements (K, Rb, Ba) and Th, with a
weak depletion in high field strength elements (Hf, Sm, Y, Yb)



Fig. 7. (A) TAS modified classification diagram of plutonic igneous rocks (Wilson, 1989). (B) SiO2-(Zr/TiO2) after Winchester and Floyd (1977). Circles = Santa Marta Mylonites,
squares = Cicuco High cores.

Fig. 8. ACNK vs. ANK discrimination diagram. Circles = Santa Marta Mylonites,
squares = Cicuco High cores.

Fig. 9. (A) Rare earth element diagrams. (B) Normalized multielemental d

Fig. 10. Granitoid tectonic discrimination diagram (Pearce et al., 198
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when normalized against the primitive mantle (Fig. 9B). The geo-
chemical compositions of granitoid rocks usually provide insights
about tectonic settings (Pearce et al., 1984; Harris et al., 1986;
Pearce, 1996). Within the Rb–Nb–Y and Ta–Yb diagrams of Pearce
et al. (1984) all the data points plot within the volcanic arc field
(VAG) (Fig. 10). Similarly, mantle normalized trace element pat-
terns show negative Nb, Ta and TiO2 (Fig. 9B) anomalies that sup-
port their formation as subduction-related magmas.
4.4. Mineral chemistry

Due to their importance for regional understanding of a scarcely
exposed basement domains, we have analyzed the mineral chem-
istry of Biotite porphyroclasts from the granitoid recovered at the
Cicuco-2A well in the lower Magdalena Valley. The chemical
iagram. Circles = Santa Marta Mylonites, squares = Cicuco High cores.

4). Circles = Santa Marta Mylonites, squares = Cicuco High cores.



Table 3
Mineral chemistry from the Cicuco-2A sample (lower Magdalena Valley).

Sample 1 2 3 4

SiO2 35.142 32.477 34.040 34.194
TiO2 1.753 1.657 1.542 1.901
Al2O3 18.681 20.852 19.726 19.409
FeO 22.654 23.219 22.014 21.969
MnO 0.192 0.178 0.184 0.197
MgO 7.621 7.590 7.070 7.081
CaO 0.004 0.126 0.090 0.034
Na2O 0.026 0.050 0.057 0.091
K2O 8.928 7.034 8.843 8.893
Si 5.398 5.108 5.326 5.336
Al iv 2.602 2.892 2.674 2.664
Al vi 0.781 0.974 0.964 0.906
Al total 3.382 3.866 3.638 3.570
Ti 0.203 0.196 0.181 0.223
Fe 2.910 3.054 2.881 2.867
Mn 0.025 0.024 0.024 0.026
Mg 1.745 1.780 1.649 1.647
Ca 0.001 0.021 0.015 0.006
Na 0.008 0.015 0.017 0.028
K 1.749 1.411 1.765 1.770
Total 19.751 19.476 19.633 19.637
Fe/Fe + Mg 0.625 0.632 0.636 0.635

Fig. 11. Biotite composition magmatic discrimination diagram (Abdel-Rahman,
1994). Analyzed Biotites are from the Cicuco-2 High.
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composition of Biotites are used as an additional discriminator of
magma characteristics (Abdel-Rahman, 1994; Batchelor, 2003).
Analytical results are shown in Table 3.
Fig. 12. Actual geography and Permian paleogeography of western Pangea including C
therein).
Biotites have homogenous Fe/Fe + Mg and Al iv values between
0.625–0.636 and 2.62–2.89. When plotted in the FeO–MgO–Al2O3

discrimination diagram (Abdel-Rahman, 1994), results confirm
the peraluminous nature of the Cicuco High grantoids (Fig. 11).
5. Discussion and tectonic implications

Field and geochemical data have shown that the mylonitic
granitoids from the northeastern segment of the Santa Marta Mas-
sif were formed within a convergent arc related setting. This arc
grew during the Permian between 288 Ma and 264 Ma as seen
by the U/Pb zircon crystallization ages, and intrudes a Paleozoic
metamorphic basement that has experienced previous amphibolite
facies metamorphism (Cardona-Molina et al., 2006) Inherited
Grenvillian zircons are similar to the ages from the basement rocks
found adjacent to this arc within the SM, and also constitute the
backbone of the Eastern Colombian Andes (Cordani et al., 2005),
and may suggest that this arc was probably built close to the
northern South American margin. Relict oriented myrmekites and
kinked plagioclase surrounded by the micaceous fabric suggest a
high temperature deformational event with temperatures P450 �C
(Passchier and Trouw, 1996). Remnants of Permian magmatism
have been also found along different segments of the northern An-
des (Fig. 12), including the Sierra de Perijá, Maracaibo Lake, and the
El Baul massif in Venezuela (Espejo et al., 1980; Dasch, 1982; Feo-
Codoecido et al., 1984; Viscarret et al., 2007) as well as in the island
of Trinidad (Speed et al., 1997). Farther south in the Central Cordil-
lera of the Colombian Andes, Early Permian xenocrysts have been
reported in S-type Triassic granitoids and paragneisses (Ordoñez
and Pimentel, 2002; Vinasco et al., 2006; Ibañez-Mejía et al.,
2008). Therefore, it is possible that they are part of the active Perm-
ian proto-Andean margin. Following the growth of this arc, there
are evidences for a major switch in the regional tectonomagmatic
evolution. The ca. 240 Ma S-type granitoids from the Cicuco High
(Montes et al., 2010), and similar ca. 245 Ma Muscovite orthogne-
ises from farther south in the Guajira region (Weber et al., 2010)
have compositional characteristics that differ from the previous
I-type arc granitoid, particularly their typical S-type signature. It́s
also suggested that the continental arc affinity of this plutonism
in the Cicuco High granitoids may reflect their origin due to the
melting of the older Permian arc.

We suggest that the high temperature deformational event in
the mylonites and the ca. 250 Ma Pb loss found in one of the sam-
ples from Santa Marta, together with the similar amphibole K–Ar
age obtained by MacDonald and Hurley (1969) in a gneissic clast
found in proximity to the studied mylonites are related to this
event. Also some of the more aluminous and silica high sample
from the Santa Marta Mylonites are potential vestiges of this event
that must be considered in detail during future geochronological
olombian and Mexican terranes (modified from Weber et al. (2007) and reference
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research. The Permo-Triassic detrital zircon population found in
the Late Cretaceous metasediments of Santa Marta and Guajira
confirms the importance of this event in the region (Cardona
et al., 2010; Weber et al., 2010). A major Early Triassic event has
been also recognized in other segments the Northern Andes of
Colombian and Ecuadorian (reviews in Noble et al. (1997), Ordoñez
and Pimentel (2002), Vinasco et al. (2006), Weber et al. (2007)).
Paleogeographic reconstructions have suggested the existence of
a spatial geological overlapping between the Northern Andes and
some of the Mexican and Central American Pre-Jurassic terranes
during Late Paleozoic to Triassic agglutination of Pangea supercon-
tinent (Pindell and Dewey, 1982; Pindell, 1985; Rowley and Pin-
dell, 1989; Ruiz et al., 1999; Stewart et al., 1999; Dickinson and
Lawton, 2001). In Middle America there is evidence of a similar
switch from I-type to S-type magmatism with associated high tem-
perature metamorphism (Weber et al., 2007; 2009; Estrada-
Carmona et al., 2008). Within this context, different models have
been proposed for the change from the Permiam to the Early Trias-
sic tectonic events along both the northern Andes and Mexico: (1)
an Alleghanian collision of several terranes trapped between the
Laurentia–Gondwana collison, (2) the subduction of a thickened
oceanic plate, (3) terrane accretion, or (4) strong plate coupling
during the final stages of Pangea agglutination (Vinasco et al.,
2006; Cawood and Buchan, 2007; Weber et al., 2007, 2009).

Due to the regional distribution of the Triassic event, we con-
sider the subduction of a thickened crust the less feasible model.
The Early Permian arc ages from Santa Marta and the continuity
of magmatic activity until the Triassic post-dates the main Ouach-
ita-Marathon and Alleghanian sutures linked to Laurentia–Gondw-
ana interactions, where the tectonic activity may have ended by ca.
281 Ma (reviews in Ross (1986), Dickinson and Lawton (2001),
Hatcher (2002), Torsvik and Cocks (2004), Nance and Linnemann
(2008)). We therefore suggest that terrane accretion or strong plate
coupling are the more appropriate mechanism to explain the
Permian to Triassic tectonics. Within these models, the older Perm-
ian arc is related to the subduction of the Pacific plate at the wes-
tern margin of Pangea, and can be also considered as part of a
broader magmatic provinces that extend to other allochthonous
Mexican terranes (Fig. 12, Yáñez et al., 1991, Ruiz et al., 1999; Tor-
res et al., 1999; Dickinson and Lawton, 2001; Elías-Herrera and
Ortega-Gutiérrez, 2002, Solari et al., 2001; Ducea et al., 2004; We-
ber et al., 2007).

Finally, the existence of an overimposed greenschist facies
mylonitic event, together with the Ar–Ar Maastrichian ages found
in low strain domains in the host rocks of the Los Muchachitos
Gneiss (Cardona-Molina et al., 2006), is linked to the Late Creta-
ceous-Paleogene accretion of the Caribbean front.
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