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A Paleogene conglomeratic-sandy succession preserves the complex record of arc-continent collision, orogen
collapse and basin opening, followed by inversion related to renewed oblique convergence. This record is
unique because both arc and continental margin are now severely fragmented and only partially exposed
along the southern Caribbean–South American boundary in northern Colombia. We studied these clastic se-
quences in the San Jacinto deformed belt using an integrated provenance study that includes conglomerate
clast counting, geochemistry and U–Pb and Hf isotopic analysis in magmatic clasts, together with sandstone
petrography, heavy mineral analysis and detrital zircon U–Pb geochronology. The record of events extracted
from these coarse clastic rocks includes the formation and approach of an allochthonous Upper Cretaceous
intra-oceanic arc active from 88 Ma until 73 Ma. This arc collides against the upper Paleozoic to Triassic con-
tinental margin after 73 Ma, but before late Paleocene times. Poorly exposed remnants of serpentinized pe-
ridotites and middle pressure metamorphic detritus are related to closure of an intervening oceanic basin
between the continent and the colliding arc. This orogen was emerged in late Maastrichtian–early Paleocene,
and then collapsed as recorded by the thick upper Paleocene and younger succession of the San Jacinto
deformed belt where the coarse clastics, subject of this study, are exposed.
Orogenic collapse may have been the result of subduction zone flip, with incipient subduction of the buoyant
Caribbean Plate under South America.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Sediment-dominated accretionary wedges deposited in transi-
tional to marine sedimentary environments may represent some of
the thickest sediment accumulations on earth, and represent a major
element of ancient and modern accretionary orogens (Cawood et al.,
2009; Clift et al., 2002; Ingersoll et al., 2003). Their preservation and
subsequent evolution in continental margins have major implications
for crustal growth and recycling models and for the reconstruction of
the kinematic and paleogeographic evolution of convergent margins
(Cawood et al., 2009; Gray et al., 2007; Ingersoll et al., 2003; Kusky
et al., 1997; Marsaglia, 2003; Onishi and Kimura, 1995; Snyder et al.,
2002). These sediments are commonly sourced by the erosion of the
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adjacent uplifted margin and their substrate may be either oceanic,
supra-subduction or continental crust (Foster et al., 2009; Ingersoll
et al., 1995, 2003). Provenance analyses of these sedimentary deposits
help elucidate the substrate where they were deposited, timing of
arc-continent interactions, and identify the lithological characteristics
of sutured collisional orogens. This is particularly useful as overimposed
tectonic eventsmask the collisional and post-collisional evolution of the
margins (Bahlburg et al., 2009; Cawood et al., 2009; Clift et al., 2008;
Dewey and Mange, 1999; Foster et al., 2009; Hall, 2002; Mange et al.,
2010; Trop et al., 2003).

The Late Cretaceous to Eocene tectonic evolution of northwestern
South America has been dominated by the interaction of the South
American continental margin with the margins of an allochthonous
and Pacific-derived Caribbean oceanic plate (Bayona et al., 2011;
Cardona et al., 2010; 2011; Jaillard et al., 2008, 2009; Pindell et al.,
1998, 2005; Spikings et al., 2001, 2005; Vallejo et al., 2006, 2009;
Weber et al., 2009, 2010). This scenario is expressed by a series of
ocean-continent collisional orogens (either plateau-continent or
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arc-continent interactions), and the subsequent subduction attempts
and relative eastern oblique displacement of the Caribbean oceanic
plate under/against the northwestern South America continental
margin (ibid).

This record of oceanic-continent collisions has been the focus of
tectonostratigraphic analyses inboard, in the Colombian Andes (Fig. 1;
Ayala-Calvo et al., 2010; Bayona et al., 2008; in press; Cardona et al.,
2010; 2011; Gomez et al., 2005; Horton et al., 2010; Kennan and
Pindell, 2009; Kerr et al., 1997; McCourt et al., 1984; Montes et al.,
2005; Mora et al., 2010; Parra et al., 2009; Restrepo-Moreno et al.,
2009; Weber et al., 2009, 2010; Villagómez, 2010; Villagómez et al.,
2011). However, the sedimentary record closer to the sutures, and the
subsequent evolution of the fore-arc segments of the margin, remains
less well constrained (Cerón et al., 2007; Duque-Caro, 1979a,b, 1984;
Flinch, 2003; Guzmán, 2007; Mantilla-Pimiento et al., 2009).

It is in this proximal position to the suture that the San Jacinto
deformed belt is exposed as a discontinuous, long and narrow
sedimentary wedge of Paleogene rocks deposited over magmatic sub-
strate of oceanic affinity (Fig. 2, Duque-Caro, 1984). This belt is a mor-
phological entity isolated from the major Andean Cordilleras and has
been considered as an accretionary wedge deformed by Caribbean–
South American convergence (Duque-Caro, 1984; Escalona and Mann,
2011; Mantilla-Pimiento et al., 2009; Pindell and Kennan, 2009; Pindell
et al., 1998). However, the paucity of data, in particular compositional
data from the siliciclastic rocks, has limited the understanding of the
timing and style of interaction of the northern South America continen-
tal margin and the Caribbean plate.

Conglomerates of the San Jacinto deformed belt contain clasts that
can be used to understand the plate tectonic evolution of this seg-
ment of the margin, where basement rocks are extensively covered
Fig. 1.Modern tectonic configuration including exposed intra-oceanic arc and plateau remna
(modified from Buchs et al., 2010).
and eroded (Clift et al., 2009; Dávila and Astini, 2007; Dupuis et al.,
2009; Ferguson et al., 1996; Wanders et al., 2004).

In this contribution we present a regional provenance analysis of
upper Paleocene to Eocene conglomerates and sandstones from the
San Jacinto deformed belt in northern Colombia (Fig. 2). Different
techniques such as conglomerate clast counting, clast geochemistry,
U–Pb geochronology and zircon Hf isotopes, together with associated
sandstone petrography and U–Pb detrital zircon geochronology, are
used to understand the provenance of this belt. These new results
together with published tectonostratigraphic constraints are used to
reconstruct the tectonic evolution of the continental margin of north-
western South America from the Maastrichtian to the early Paleocene
arc-continent collision, Paleocene-Eocene continental margin subsi-
dence and related oblique convergence. When compared with the
record in other segments of the Northern Andean margin and the
Antilles, these results suggest that from 73 to 65 Ma there is a
margin-wide collisional event in northern South American that re-
flects the accretion of not a single (Burke, 1988; Pindell and Kennan,
2009), but various Late Cretaceous intra-oceanic arcs that were
formed at the margins of the Caribbean plate (Bustamante et al.,
2011; Cardona et al., 2009; Neill et al., 2011; Vallejo et al., 2006;
2009; Weber et al., 2011; Wright and Wyld, 2011).

1.1. Geological setting

The more widely accepted model of the Caribbean–South American
plate tectonic interactions suggest that the former includes a Cretaceous
oceanic plateau segments formed in the Pacific plates (Burke, 1988;
Cardona et al., 2010; Hughes and Pilatasig, 2002; Luzieux et al., 2006;
Pindell, 1993; Pindell et al., 1998, 2005; Spikings et al., 2001, 2005;
nts of the northern Colombia and the Caribbean including the San Jacinto deformed belt



Fig. 2. Geological map of the San Jacinto deformed belt in northern Colombia (modified from Guzman et al., 2004; Guzmán, 2007).
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Fig. 3. Stratigraphic chart from the San Jacinto deformed belt and the adjacent Sinu belt and Lower Magdalena Valley (modified from Duque-Caro, 1980; Flinch, 2003; Geotec, 1997;
Guzmán, 2007; Guzman et al., 2004).

Table 1
Results of conglomerate clasts analysis including coordinates of field localities.

Clast/station C1 C2 C3 C4 C5 C6 C8 C10

Coordinates N 14774204 1472763 1470883 1537044 1536818 1566624 1586564 1605481
Coordinates E 823500 832107 8352112 852780 852780 881515 8794775 884051
Basalt-Andesite 28 44 35 29 NR NR 67 40
Porphyritic Andesite 12 12 19 27 NR NR 12 23
Granite 3 0 3 0 NR NR NR 10
Granodiorite 1 24 37 15 NR NR NR 27
Chert 12 20 5 13 38 NR 8 NR
Limestone NR NR NR 10 NR 7 NR NR
Sandstone NR NR NR 4 NR 2 6 NR
Mudstone NR NR NR NR NR 82 NR NR
Gneiss 3 NR 1 NR NR NR NR NR
Quartzite 18 NR NR NR NR NR 7 NR
Milky quartz 23 NR NR 2 62 9 NR NR
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Vallejo et al., 2006, 2009; Van del Lelij et al., 2010; Weber et al., 2009,
2010; Wright and Wyld, 2011). This oceanic plateau was formed
south of its current position, and migrates to occupy an inter-
American position by consuming a post-Pangea, proto-Caribbean oce-
anic crust. Within its trajectory and since the Late Cretaceous, a single
or several intra-oceanic arcs were built at its margins and obliquely
collided with the northwestern South America.

Several accreted oceanic basaltic and plutonic segments, found in
the Andes and the northern Caribbean margins of South America,
are related to this interaction (Cardona et al., 2010; Kerr et al., 1997,
2003; Luzieux et al., 2006; Marresh et al., 2009; Sisson et al., 2005;
Spadea and Espinosa, 1996; Vallejo et al., 2006; Weber et al., 2009).

Following the collisional phases, the northeastern displacement
of the Caribbean plate and the North–south America convergence cre-
ated extensive block displacement and rotation, and the Caribbean
plate began its subduction under the South American plate (Cardona
et al., 2011; Montes et al., 2010; Müller et al., 1999; Pindell et al.,
1998; 2005; Vallejo et al., 2006; 2009).

In northern Colombia, the Caribbean margin is marked by a series
of isolated massifs and ranges, bound by Cenozoic sedimentary basins
that contrast with the continuous nature of the Andean Cordillera
to the south. The San Jacinto deformed belt Colombia is one of those
isolated domains (Fig. 1), and is exposed as a discontinuous series
of ranges formed by an extensive upper Paleocene to Oligocene sedi-
mentary succession deposited over the remnants of a poorly known
intra-oceanic and mixed oceanic/continental crust (Cerón et al.,
2007; Duque-Caro, 1984; Mantilla-Pimiento et al., 2009). Regional
tectonic interpretations have considered this belt as an accretionary
wedge formed within the intra‐oceanic Caribbean arc, or as a sedi-
mentary wedge deposited over the migrating Caribbean plate
(Duque-Caro, 1984; Escalona and Mann, 2011; Flinch, 2003; Pindell
and Kennan, 2009). The deformation and accretion of this wedge to
the upper continental plate took place in the Oligocene (Duque-Caro,
1984).

In the next chapter we present the tectonostratigraphic framework
of the San Jacinto deformed belt in order to present and discussed
the provenance data within a regional framework.

1.2. Tectonostratigraphic constraints from the San Jacinto deformed belt

The San Jacinto deformed belt is exposed as three discontinuous
ranges with a N20°E trend (Figs. 1 and 2, Duque-Caro, 1979a,b).
This belt records marine to transitional sedimentation between the
late Paleocene to Oligocene times (Fig. 3, Duque-Caro, 1984; Flinch,
2003; Guzmán, 2007).

To the southwest, it is bound by the Romeral fault zone, which is a
positive flower structure that separates it from the post-Eocene sedi-
ments of the Lower Magdalena Basin (Cerón et al., 2007; Mantilla-
Pimiento et al., 2009). This basin contains a coherent continental
ensialic basement of Triassic age and correlatable with the basement
exposed in the Central Cordillera (Cerón et al., 2007; Mantilla-
Pimiento et al., 2009; Montes et al., 2010; Rincón et al., 2007). The
Romeral fault zone which is traceable along the Andean Cordilleras
has been considered as the suture zone between the Caribbean and
the South American continent that was remobilized by subsequent
tectonic events (Duque-Caro, 1979a,b; Flinch, 2003; Mantilla-Pimiento
et al., 2009).

The Lower Magdalena basin is considered as a post-late Eocene ro-
tational basin linked to the advance of the Caribbean plate, or as a
non-magmatic fore-arc basin (see reviews in Duque-Caro, 1979a,b;
Flinch, 2003; Montes et al., 2010). To the northwest, the San Jacinto
deformed belt is bound by a younger sedimentary accretionary
prism (Sinu Belt) of Mio-Pliocene age (Duque-Caro, 1984). This youn-
ger belt has also been considered an accretionary wedge linked to the
Caribbean–South American interaction, and as a major component of
the South Caribbean deformed belt (Duque-Caro, 1984; Escalona and



Table 3
Heavy mineral analysis.

Sample Field locality Rutile Turmaline Zircon Garnet Apatite Muscovite Chlorite Epidote Titanita Kyanite Hornblende Zoisite Pyroxene Total

7685 C1 1 7 29 4 – – – 21 – 57 – 2 163 284
7369 C4 49 6 89 – 11 – – – – – – – – 155
7004 C5 – 1 42 – 4 6 – – 21 – – 144 – 218
7005 C5 – 65 44 13 – 2 1 3 19 59 9 2 – 217
7006 C5 – 2 138 – 70 – – – 4 – – – – 214
7557 C7 3 27 50 10 – – – 51 123 – – 8 – 272

63A. Cardona et al. / Tectonophysics 580 (2012) 58–87
Mann, 2011; Pindell et al., 1998, 2005; Pindell and Kennan, 2009;
Toto and Kellogg, 1992).

The stratigraphic chart of the San Jacinto deformed belt is
presented in Fig. 3. Basement is constituted of highly weathered ba-
salts intercalated with volcanic and sedimentary rocks, as well as
some remnants of serpentinized peridotitic units and associated
gabbros (Duque-Caro, 1984; Guzmán, 2007). 2D seismic imaging,
gravimetric and magnetometric geophysical modelling, also suggests
that a basaltic volcano-sedimentary units tectonically intermixed
with continental crust (Cerón et al., 2007; Mantilla-Pimiento et al.,
2009).

The older and lowest sedimentary sequence which is the substrate
of the Paleogene sediments includes an intercalation of mudstones,
siltstones, cherts and some tuffs groupedwithin the Cansona Formation
(Duque-Caro, 1972; Geotec, 1997; Guzmán, 2007; Guzman et al.,
2004). This 600–1200 m thick unit seems to locally overly basalts and
agglomerates. Micropaleontological constrains suggest a Santonian to
Maastricthian depositional age (Dueñas and Gómez, 2011; Duque-
Caro, 1972; Geotec, 1997; Guzman et al., 2004).

Overlying the Cansona Formation are the correlative San Cayetano
and Arroyo Seco formations, which are widely distributed along the
San Jacinto deformed belt and may reach 350–500 m of stratigraphic
thickness (Duque-Caro, 1972; Guzmán, 2007; Fig. 2). They include a
prominent fining-upward siliciclastic sequence that varies from con-
glomerates, conglomeratic sandstones to fine-grained sandstones
and mudstones. Micropaleontological material recovered from these
sequences, including benthonic foraminifera, suggests a late
Paleocene to early Eocene age (Bürgl, 1961; Duque-Caro, 1979a,b;
Duque-Caro et al., 1991, 1996; Geotec, 1997; Guzmán, 2007; Guzman
et al., 2004; Rubio et al., 2009). These units have been interpreted
to have accumulated in deep to bathyal turbiditic environments
(Duque-Caro et al., 1996; Geotec;, 1997; Guzmán, 2007; Rubio et al.,
2009).

The laterally equivalent Maco, Chengue and Pendales formations
overly the San Cayetano–Arroyo Seco formations and include sand-
stones and conglomeratic sandstone that laterally grade, or are inter-
calated with mudstones, limestone and marls, formed in fan deltas
and shallow platforms. Foraminiferal constraints on these units indi-
cate a middle Eocene age (Duque-Caro, 1968, 1972; Duque-Caro
et al., 1996).

Overlying this units are the Tolu Viejo, San Jacinto and Arroyo de
Piedra formations which are composed of limestones intercalated
with silstones and mudstone and have a stratigraphic thickness of
at least 800 m (Duque-Caro et al., 1996). These units were formed
in a shallow environment of bioherms and fan deltas formed during
late Eocene-early Oligocene times (Bürgl, 1961; Geotec, 1997; Rubio
et al., 2009).
2. Methods

2.1. Conglomerates and sandstone analysis

Conglomerate clasts analyses were carried in accessible localities
following the ribbon count method (Howard, 1993). Those clasts
b2 cm in size were excluded from the analysis. Results are presented
in Table 1.

Eleven sandstones interspersed with the conglomerates were
collected and point-counted to determine their composition and
provenance. Sandstones were stained for feldspar recognition. Thin
sections were scanned as a 1800 dpi high resolution image and
open as a grid with Image J software. This software from the National
Institute of Health was used as an automatic sandstone framework
counter. Results can be export and used directly in any graphic or
spreadsheet application.

Petrographic procedure followed framework analysis after
Dickinson (1985) and Folk (1980) and included the identification of
different categories of igneous and metamorphic lithics (Table 2).

2.2. Heavy minerals

Sandstone samples were crushed, sieved and hydraulically con-
centrated in the b400 μm fraction. Subsequently sodium poly-
tungstate was used to obtained the >2.89 g/cm3 fraction. Grains
were mounted using the Meltmount ® resin with a refraction index
of 1.539. Mineral identification of ca. 300 translucent grains were
done following the ribbon method (Mange and Maurer, 1991). Re-
sults are presented in Table 3.

2.3. U–Pb geochronology

U–Pb-Th geochronology was conducted at the Washington State
University at Pullman following procedures established by Chang
et al. (2006). Zircon crystals were extracted from samples by tradi-
tional methods of crushing and grinding, followed by separation
with a Wilfley table, heavy liquids, and a Frantz magnetic separator.
Samples were processed such that all zircons were retained in the
final heavy mineral fraction. Picking of zircon crystals was done on
plutonic samples which in general are characterized by relatively
low zircon abundance. A split of zircons grains was selected from
the grains available in the detrital samples and photographed. Zircons
were incorporated into a 1″ epoxy mount together with standard zir-
cons. The mounts were sanded down to a depth of ~20 μm, polished,
and cleaned prior to isotopic analysis.

In the case of the zircons recovered from plutonic rocks, most of
the analyses were done at the zircon tips in order to constrain the
late zircon crystallization history (Valencia et al., 2005). In detrital
samples, the cores of the grains were analyzed to avoid complex zir-
con histories (Gehrels et al., 2006).

All LA-ICP-MS U–Pb analyses were conducted at Washington State
University using a New Wave Nd: YAG UV 213-nm laser coupled to a
ThermoFinnigan Element 2 single collector, double-focusing, magnet-
ic sector ICP-MS. Laser spot size and repetition rate were 30 μm and
10 Hz, respectively. He and Ar carrier gases delivered the sample
aerosol to the plasma. Each analysis consisted of a short blank analy-
sis followed by 300 sweeps through masses 204, 206, 207, 208, 232,
235, and 238, taking approximately 35 s.

LA-ICP-MS isotopic analyses are affected by two forms of inter-
element fractionation that must be corrected (Kosler and Sylvester,
2003). Time-dependent fractionation results from the more efficient



Table 4
U–Pb LA-ICP-MS analytical and age results from the analyzed plutonic clasts.

Sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma Selected 1 sigma

name 206Pb % Error 206Pb % Error Age (Ma) err (Ma) Age (Ma) err (Ma) Age (Ma) err (Ma)

Sample 7005 (C5)
7005_30 85.91694 2.44% 0.04559 2.47% 74.6 1.8 0.0 34.4 74.6 1.8
7005_29 85.29838 2.65% 0.05560 2.76% 75.1 2.0 436.4 60.3 75.1 2.0
7005_28 84.77677 2.26% 0.04714 2.20% 75.6 1.7 56.6 51.7 75.6 1.7
7005_27 82.90943 2.76% 0.04827 2.75% 77.3 2.1 112.3 63.6 77.3 2.1
7005_26 79.88820 2.54% 0.07222 2.58% 80.2 2.0 992.1 51.6 80.2 2.0
7005_25 80.23942 2.64% 0.10433 2.75% 79.8 2.1 1702.6 49.8 79.8 2.1
7005_24 83.03603 2.50% 0.05043 2.35% 77.2 1.9 214.8 53.6 77.2 1.9
7005_23 85.26149 2.51% 0.04961 2.36% 75.2 1.9 176.7 54.1 75.2 1.9
7005_22 85.11549 2.58% 0.05143 2.26% 75.3 1.9 260.3 51.1 75.3 1.9
7005_21 82.24912 2.41% 0.05195 2.25% 77.9 1.9 283.4 50.8 77.9 1.9
7005_20 82.83085 2.14% 0.04828 1.83% 77.4 1.6 112.8 42.5 77.4 1.6
7005_19 83.55528 2.37% 0.05459 2.67% 76.7 1.8 395.3 58.9 76.7 1.8
7005_18 81.68980 2.30% 0.04917 2.42% 78.4 1.8 156.1 55.6 78.4 1.8
7005_17 84.40753 2.44% 0.05154 2.62% 75.9 1.8 265.1 59.1 75.9 1.8
7005_16 86.87814 2.54% 0.04705 2.47% 73.8 1.9 51.7 58.0 73.8 1.9
7005_15 88.87562 2.22% 0.04997 2.06% 72.1 1.6 193.4 47.2 72.1 1.6
7005_14 86.29472 2.28% 0.05007 2.14% 74.3 1.7 198.2 48.9 74.3 1.7
7005_13 82.73420 2.33% 0.04837 2.17% 77.5 1.8 117.5 50.4 77.5 1.8
7005_12 86.67606 2.30% 0.04948 2.34% 73.9 1.7 170.6 53.8 73.9 1.7
7005_11 88.99103 2.43% 0.05119 2.66% 72.0 1.7 249.3 60.0 72.0 1.7
7005_10 88.87621 2.64% 0.04223 2.62% 72.1 1.9 0.0 0.0 72.1 1.9
7005_9 79.53407 2.27% 0.04646 2.35% 80.5 1.8 21.4 55.6 80.5 1.8
7005_8 88.40201 2.49% 0.04803 2.39% 72.5 1.8 100.9 55.5 72.5 1.8
7005_7 88.94947 2.24% 0.04869 2.41% 72.1 1.6 132.8 55.6 72.1 1.6
7005_6 87.90856 2.31% 0.05170 2.30% 72.9 1.7 272.2 51.8 72.9 1.7
7005_5 85.73429 1.98% 0.05195 1.67% 74.8 1.5 283.3 37.7 74.8 1.5
7005_4 82.20087 2.25% 0.04669 1.75% 77.9 1.7 33.3 41.5 77.9 1.7
7005_3 88.10638 2.09% 0.05147 1.74% 72.8 1.5 262.2 39.4 72.8 1.5
7005_2 85.72424 2.13% 0.04822 1.76% 74.8 1.6 110.3 41.1 74.8 1.6
7005_1 85.64944 2.08% 0.05258 2.34% 74.8 1.5 310.9 52.4 74.8 1.5

Sample 7006 (C5)
7006_24 85.00431 2.11% 0.04694 1.43% 75.39 1.58 46.06 33.72 75.39 1.58
7006_23 82.78871 2.19% 0.04881 1.78% 77.40 1.68 138.67 41.31 77.40 1.68
7006_22 84.31704 2.14% 0.04849 1.52% 76.00 1.62 123.35 35.45 76.00 1.62
7006_21 76.34695 2.08% 0.04857 1.42% 83.89 1.73 126.96 33.12 83.89 1.73
7006_20 83.77884 2.15% 0.04877 1.39% 76.49 1.64 136.63 32.37 76.49 1.64
7006_19 88.05154 2.48% 0.05302 2.58% 72.80 1.79 329.70 57.60 72.80 1.79
7006_18 81.10771 2.21% 0.05085 1.41% 78.99 1.73 233.94 32.12 78.99 1.73
7006_17 86.86562 2.47% 0.04975 2.29% 73.79 1.82 183.20 52.44 73.79 1.82
7006_16 86.31753 2.15% 0.04988 1.31% 74.25 1.58 189.39 30.18 74.25 1.58
7006_14 86.60489 2.17% 0.04814 1.38% 74.01 1.60 105.97 32.20 74.01 1.60
7006_13 86.69060 2.65% 0.04943 2.58% 73.94 1.95 168.31 59.24 73.94 1.95
7006_12 75.33610 2.29% 0.04833 1.71% 85.01 1.93 115.57 39.92 85.01 1.93
7006_11 85.27833 2.28% 0.04755 1.95% 75.15 1.70 76.87 45.67 75.15 1.70
7006_10 83.50518 2.22% 0.04685 1.68% 76.74 1.69 41.69 39.72 76.74 1.69
7006_9 84.09624 2.24% 0.05574 1.80% 76.20 1.70 442.07 39.54 76.20 1.70
7006_8 84.16131 2.17% 0.04794 1.35% 76.14 1.64 96.20 31.73 76.14 1.64
7006_7 84.78095 2.26% 0.05044 2.00% 75.59 1.70 215.50 45.63 75.59 1.70
7006_6 84.95560 2.35% 0.04786 1.83% 75.44 1.76 92.19 42.80 75.44 1.76
7006_5 86.97693 2.16% 0.04724 2.13% 73.69 1.58 61.24 49.99 73.69 1.58
7006_4 83.85033 2.11% 0.04829 2.13% 76.43 1.60 113.39 49.57 76.43 1.60
7006_3 85.86213 2.23% 0.04865 2.43% 74.64 1.66 130.87 56.15 74.64 1.66
7006_2 84.24715 2.23% 0.04554 2.46% 76.07 1.69 0.00 31.32 76.07 1.69
7006_1 83.45249 2.41% 0.04803 2.72% 76.79 1.84 100.95 63.02 76.79 1.84

Sample 7003 (C4)
7003_41a 88.65327 3.41% 0.04380 2.60% 72.3 2.5 0.0 0.0 72.3 2.5
7003_40a 87.20588 3.47% 0.04497 2.88% 73.5 2.5 0.0 8.8 73.5 2.5
7003_39a 88.95534 3.35% 0.05595 2.32% 72.1 2.4 450.4 50.7 72.1 2.4
7003_38a 90.03362 3.10% 0.04974 1.35% 71.2 2.2 182.8 31.1 71.2 2.2
7003_37a 89.19860 3.49% 0.05117 2.98% 71.9 2.5 248.4 67.2 71.9 2.5
7003_36a 86.23430 3.34% 0.04878 2.56% 74.3 2.5 137.4 59.0 74.3 2.5
7003_35a 89.85279 3.36% 0.04961 2.34% 71.3 2.4 176.8 53.7 71.3 2.4
7003_33a 89.80708 3.38% 0.04513 2.49% 71.4 2.4 0.0 8.7 71.4 2.4
7003_32a 88.50538 3.41% 0.04978 2.72% 72.4 2.5 184.9 62.1 72.4 2.5
7003_30a 88.79587 3.42% 0.04918 2.99% 72.2 2.5 156.6 68.4 72.2 2.5
7003_29a 88.19503 3.37% 0.04756 3.03% 72.7 2.4 77.3 70.5 72.7 2.4
7003_28a 87.60551 3.27% 0.05358 2.45% 73.2 2.4 353.6 54.4 73.2 2.4
7003_27a 85.15077 3.32% 0.04831 2.68% 75.3 2.5 114.6 61.9 75.3 2.5
7003_25a 92.82441 4.16% 0.05763 4.68% 69.1 2.9 515.8 99.6 69.1 2.9
7003_26a 88.75889 3.40% 0.04916 2.68% 72.2 2.4 155.5 61.5 72.2 2.4
7003_24a 88.38614 3.31% 0.05283 2.79% 72.5 2.4 321.6 62.1 72.5 2.4
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Table 4 (continued)

Sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma Selected 1 sigma

name 206Pb % Error 206Pb % Error Age (Ma) err (Ma) Age (Ma) err (Ma) Age (Ma) err (Ma)

7003_23a 89.94038 3.39% 0.04892 2.76% 71.3 2.4 144.0 63.4 71.3 2.4
7003_21a 91.38111 3.37% 0.04817 2.63% 70.2 2.3 107.6 60.8 70.2 2.3
7003_19a 88.90837 3.56% 0.04674 3.46% 72.1 2.6 37.7 79.0 72.1 2.6
7003_20a 87.50883 3.35% 0.04733 2.79% 73.2 2.4 66.5 64.6 73.2 2.4
7003_19a 88.90837 3.56% 0.04674 3.46% 72.1 2.6 37.7 79.0 72.1 2.6
7003_17a 86.47723 3.76% 0.04950 3.87% 74.1 2.8 171.6 88.0 74.1 2.8
7003_16a 88.36750 3.45% 0.05251 2.67% 72.5 2.5 307.8 59.6 72.5 2.5
7003_15a 86.17969 3.31% 0.05530 2.27% 74.4 2.4 424.5 49.9 74.4 2.4
7003_14a 90.72013 3.29% 0.04593 2.16% 70.7 2.3 2.7 44.7 70.7 2.3
7003_13a 90.27814 3.36% 0.05017 2.22% 71.0 2.4 202.8 50.7 71.0 2.4
7003_12a 87.65162 3.34% 0.04946 2.57% 73.1 2.4 169.9 58.9 73.1 2.4
7003_10a 86.82341 2.76% 0.04873 2.23% 73.8 2.0 134.7 51.6 73.8 2.0
7003_6a 94.17460 2.94% 0.04897 2.99% 68.1 2.0 146.3 68.7 68.1 2.0
7003_5a 89.79141 2.70% 0.04647 2.29% 71.4 1.9 22.5 53.8 71.4 1.9
7003_4a 88.59839 2.91% 0.04813 2.98% 72.4 2.1 105.7 69.0 72.4 2.1
7003_3a 87.68034 3.03% 0.05732 3.11% 73.1 2.2 503.8 67.0 73.1 2.2
7003_1a 89.44171 2.76% 0.04895 2.25% 71.7 2.0 145.6 52.0 71.7 2.0
7003_9a 80.04409 2.80% 0.04970 2.23% 80.0 2.2 180.9 51.2 80.0 2.2
7003_8a 70.78166 2.69% 0.04811 2.11% 90.4 2.4 104.5 49.0 90.4 2.4
7003_34a 73.16860 3.23% 0.04810 1.97% 87.5 2.8 104.2 45.9 87.5 2.8
7003_11a 80.19782 2.81% 0.04386 2.40% 79.9 2.2 0.0 0.0 79.9 2.2
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volatilization of Pb over U as the laser excavates successively deeper
levels in the ablation pit during an analysis, which in turn leads
to an increase in 206Pb/238U and 207Pb/235U ratios with time (Eggins
et al., 1998). By definition, time-dependent fractionation is zero at
the beginning of the analysis. Regression of time series data to the in-
tercept at t=0, therefore, yields the point at which time-dependent
fractionation equals zero.

Time-independent (or static) fractionation is the largest source of
uncertainty in LA-ICP-MS U–Pb geochronology and results from mass
and elemental static fractionation in the plasma and also poorly
understood laser-matrix effects (Kosler and Sylvester, 2003). It is
corrected by normalizing U/Pb and Pb/Pb ratios of the unknowns to
the zircon standards (Chang et al., 2006). For this study we used
two zircon standards: Peixe, with an age of 564 Ma (Dickinson and
Gehrels, 2003), and FC-1, with an age of 1099 Ma (Paces and Miller,
1993). Peixe was used to correct the 238U/206Pb and 235U/207Pb ratios
and FC-1 was used to correct the 207Pb/206Pb ratios.

Common Pb can represent a proportionally large contribution to
the total Pb in Mesozoic and younger U-poor zircons. However, com-
mon Pb is typically not significant in LA-ICP-MS analyses, most likely
because it is concentrated in cracks and inclusions, which can be
avoided. When this is not possible, the influence of common Pb is
easy to recognize on Tera-Wasserburg diagrams because analyses
tend to line up on a steep linear trajectory that can be anchored at a
reasonable 207Pb/206Pb common lead composition (y-intercept)
(DeGraaff–Surpless et al., 2002). Common Pb corrections were made
on these analyses using the 207Pb method (Williams, 1998). Uranium-
lead data were reduced using Isoplot (Ludwig, 2007). The final crystal-
lization ages that we report are Concordia or intercept ages, which
were determined by using the following procedure. Inmost of our sam-
ples, the majority of analyses form a single dominant cluster around a
single spot on or just above concordia in Tera-Wasserburg space,
which we interpret to be the approximate age of the sample. Analyses
that gave 207Pb/206Pb ages overlapping in uncertainty with their
206Pb/238U ages were judged to be concordant. The reported error
ages followed two uncertainties: the first is derived from the concor-
dant or intercept age calculation alone (time dependent), and the sec-
ond represents our systematic uncertainty during that session (time
independent), with the error from the standards quadratically added
to the analytical error.

U–Pb zircon crystallization ages were estimated and plot using
Isoplot 3.62 (Ludwig, 2007). The uncertainty of the age is determined
as the quadratic sum of the weighted mean error plus the total sys-
tematic error for the set of analyses. The systematic error, which
includes contributions from the standard calibration, age of the cali-
bration standard, composition of common Pb, and U decay constants,
is generally ~1–2% (2-sigma). For the detrital samples probability
plots were also obtained with the ISOPLOT 3.62 (Ludwig, 2007). Rep-
resentative age populations were considered when more than three
grains overlap in age (Gehrels et al., 2006). This statistical assumption
relies on the fact that individual grains may sometimes represent
lead-loss trajectories. Analytical results are presented in Tables 4
and 6.

2.4. Geochemistry

Bulk whole‐rock chemical analysis of 21 samples was determined
by inductively coupled plasma-mass spectrometry (ICP-MS) at Acme
Analytical Laboratories Ltd. in Vancouver, Canada. A 0.2 g aliquot is
weighed into a graphite crucible and mixed with 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 stan-
dards 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 (Perkins-Elmer Elan 6000) for determi-
nation of the trace elements, including rare earth elements. Results
are presented in Table 5.

2.5. Hf isotope LA-ICP-MS geochemistry

Hf isotope determinations were performed on magmatic zircon
crystals already analyzed for their U–Pb ages. The Hf spots were
positioned with the U–Pb laser spots as avoiding cracks, inclusions,
and zones displaying unusual cathodoluminescence. Hf isotopic mea-
surements were performed using a ThermoFinnigan Neptune™
MC-ICP‐MS equipped with 9 faraday collectors interfaced with a
New Wave™ 213 nm UP Nd-YAG laser housed at Washington State
University. The laser was operated at a pulse of rate 10 Hz and a
fluence of 10–12 J/cm2. Laser spot size was 40 μm except for some
smaller grains where a 30 μm spot was used. Carrier gas consisted
of purified He plus small quantities of N2 to minimize oxide forma-
tion and increase Hf sensitivity. The total Hf signal achieved was



Table 5
Whole‐rock geochemical analysis from the plutonic and volcanic clasts. C refers to the different localities.

Rock Locality Sample SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O TiO2 P2O5 MnO Cr2O3 Sc LOI Sum Co Cs Hf Nb Rb

Diorite C1 7722 63.97 16.94 5.05 1.74 2.62 5.23 0.8 0.5 0.14 0.08 0.003 9 2.8 99.89 6.8 2.2 3.4 2.3 16.5
Diorite C2 7728 63.19 15.67 4.79 1.73 3.36 3.53 3.86 0.53 0.2 0.07 0 9 2.9 99.8 9.6 2.2 6.8 8.9 161
Diorite C3 7732 57.42 15.67 7.26 4.89 5.94 4.27 0.78 0.71 0.14 0.1 0.014 23 2.6 99.81 24.5 0 2.2 4 15
Granodiorite C4 7740 59.17 16.8 5.75 1.8 6.6 3.79 1.78 0.65 0.44 0.15 0 10 2.9 99.78 11.1 2.4 3.3 3.3 43.5
Granodiorite C8 7755 63.12 16.74 5.26 1.6 5.34 3.46 1.95 0.32 0.17 0.14 0 10 1.7 99.8 9.1 0.8 2.3 2.3 41.6
Andesite C9 190001 58.81 15.63 7.49 4.38 5.82 2.86 1.57 0.67 0.14 0.1 0.014 23 2.3 99.76 21.1 0.5 2.4 4.9 35.3
Andesite C9 190002 59.22 16.16 7.63 4.17 6.83 3.91 0.32 0.56 0.06 0.11 0.009 31 0.9 99.85 19 2.6 1.2 2.7
Andesite C9 190004 53.67 14.49 9.28 5.98 5.53 3.45 0.87 0.81 0.12 0.15 0.026 30 5.4 99.77 27.9 0.2 2.1 3.9 19.2
Andesite C9 190006 58.25 15.99 8.03 3.84 4.58 4.13 1.24 0.82 0.15 0.14 0.005 20 2.6 99.75 18.1 0.3 2.6 5.1 26.6
Andesite C9 190007 60.06 15.01 6.44 4.49 3.54 4.22 1.29 0.77 0.14 0.06 0.016 23 3.7 99.78 17.6 0.2 2.3 5.5 27
Andesite C9 190008 56.38 15.35 7.91 5.35 5.97 3.23 1.18 0.71 0.12 0.12 0.021 26 3.4 99.76 28.6 0.2 2.4 5.7 23.1
Andesite C9 190009 61.08 13.63 5.61 2.32 4.32 2.21 0.76 0.42 0.14 0.09 0.002 20 9.2 99.78 10.2 0.4 1.8 3.8 16.3
Andesite C9 190010 60.7 15.76 6.06 1.76 6.11 2.89 2.72 0.51 0.16 0.17 0.003 21 2.9 99.77 15.1 0.8 2.6 2.5 56.9
Andesite C9 190011 57.05 16.16 8.03 4.71 4.83 3.65 1.39 0.78 0.14 0.15 0.015 24 2.9 99.79 20.1 0.2 2 3.9 23.4
Andesite C9 190012 57.41 13.56 7.29 4.83 5.88 2.97 0.51 0.49 0.09 0.15 0.013 22 6.6 99.85 21.9 0.2 1.5 2.4 6.2
Andesite C9 190017 58.44 15.79 7.08 4.7 6.09 3.23 0.62 0.74 0.13 0.14 0.014 24 2.8 99.79 22.5 0.2 2.4 4.6 10.8
Andesite C1 7719 61.27 16.89 5.64 2.61 3.07 4.87 1.68 0.61 0.18 0.08 0.002 12 2.9 99.82 12.1 0.7 3.9 10.7 19.2
Andesite C2 7725 57.09 15.16 7.99 1.42 4.26 4.86 2.36 0.64 0.46 0.12 0 13 5.4 99.72 25 0.7 2.9 2.3 33.4
Andesite C2 7730 64.97 15.54 5.01 0.72 1.51 4.27 4.88 0.59 0.15 0.1 0 9 2.1 99.81 2.8 0.6 6.9 9.7 108.5
Andesite C3 7733 46.76 16.34 9.89 6.8 11.85 2.95 0.21 0.93 0.08 0.19 0.035 37 3.8 99.82 40.9 0 1.5 0.5 2.2
Andesite C3 7734 55.42 15.8 8.76 5.21 5.7 3.45 1.03 0.83 0.13 0.14 0.01 26 3.3 99.78 26 0.2 2.3 4 18.1
Andesite C4 7737 58.75 16.54 6.23 1.92 2.57 5.02 3.86 0.64 0.44 0.09 0.002 15 3.6 99.71 18.6 0.2 4.5 3.5 57.5
Andesite C4 7739 55.87 18.11 6.29 2.01 5.04 4.32 3.04 0.5 0.38 0.1 0 13 4 99.69 14.3 0.3 3.1 2.6 47.5
Andesite C7 7747 50.49 15.9 11.2 5.66 5.52 2.11 0.68 0.7 0.17 0.15 0.01 38 7.2 99.74 30.3 0.1 2.8 0.5 10.2
Andesite C8 7756 56.46 17.85 6.99 1.89 5.79 4.77 1.05 0.57 0.24 0.15 0 16 4.1 99.82 14.1 0.3 2.3 3.3 20.8
Andesite C8 7757 54.96 16.54 9.12 3.04 4.86 5.12 1.24 0.81 0.29 0.17 0.002 28 3.6 99.79 20 0.2 2.4 1.1 21.7
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between 5 and 10 V. The data were acquired in static mode with 60
one second integrations. Details of analytical procedures and data
treatment are after (Vervoort et al., 2004; DuFrane et al., 2007).

For the calculation of Hf-depleted mantle model ages (HfTDM) we
used 176Hf/177Hf and 176Lu/177Hf for the individual zircon samples
to determine their 176Hf/177Hf(i) ratios at their crystallization ages.
Projection back from zircon crystallization was calculated using
176Lu/177Hfcrust, today=0.0093 (Amelin et al., 2000; Vervoort and
Patchett, 1996). The depleted mantle Hf evolution curve was calculat-
ed from present-day depleted mantle values of 176Hf/177Hf DM(0)=
0.283225 and 176Lu/177Hf DM(0)=0.038512 (Vervoort and Blichert-
Toft, 1999). Results are presented in Table 6

3. Results

3.1. Sampling

We have analyzed conglomerates and associated sandstones from
8 localities (Locality=C) of upper Paleocene to late Eocene strata in
the southern and central segments of the San Jacinto Belt (Fig. 2).
Although not all the sampled units present biostratigraphic control,
lateral facies correlations can be used to established temporal limits
to the analytical data (Figs. 2 and 3).

Paleontological constraints within some of the analyzed sections
include biostratigraphic data from the San Cayetano–Arroyo Seco For-
mation within the Arroyo Seco creek (C4) which includes Stensioina
beccariformis, Ischyposporites problematicus, Polypodiisporites inangahensis,
Proxapertite operculatus that can be related to the late Paleocene to early
Eocene (Rubio et al., 2009). In the Carreto–San Cayetano road (C10)
the presence of radiolarium such as Zehakina and Spiroplectamina is
characteristic of the late Paleocene (GEOTEC, 1997). For the Cerro
Maco Formation Guzman et al. (2004) near C7 and C8 report foraminif-
era associations such as Globorotalia bullbrooki, Globorotalia broedermani,
Clavigerinella akersi which are representative of the middle Eocene.

3.2. Conglomerate clast counting

Clast counting results from the different field localities are
presented in Table 1.
Most of the conglomerates are matrix-supported and of polymictic
character, with clasts sizes varying from 3 to 10 cm (Fig. 4). Shapes
are predominantly sub‐angular to weakly rounded.

Upper Paleocene conglomerates (San Cayetano–Arroyo Seco For-
mation, Fig. 2) are exposed in 1.0–4.6 m beds. Clasts include abun-
dant plutonic fragments of granodiorite to granite composition,
together with mafic to intermediate volcanics some of them highly
porphyritic (Figs. 4A and 5A). Sedimentary clasts include chert with
minor calcareous and siliciclastic (sandstone and mudstone). Al-
though more restricted, metamorphic lithics include quartzite and
milky quartz.

The two middle Eocene conglomerates from the Maco Formation
(Fig. 2) also show the same major igneous associations and scarce
metamorphic lithics (Figs. 4B and 5B).

A major contrast is recorded in upper Eocene to Oligocene strata
(San Jacinto and Tolu Viejo Formations, Fig. 2) where igneous clasts
are absent and sedimentary lithics, both siliciclastic and chemical
(chert and limestone) types are extremely abundant (Figs. 4C and 5C).
3.3. Sandstone petrography and heavy minerals

Petrographic and heavy mineral results are presented in Tables 2
and 3.

Upper Paleocene–early Eocene sandstones interspersed within
conglomerates are medium- to coarse-grained, with angular to sub‐
angular grains and poor to very poor sorting. Compositionally
they vary from lithic arkose to lithoarenites, and include very fresh
K-Feldspar and plagioclase (Figs. 4a and 6a). Lithics include sedimen-
tary (siliciclastic and chert), igneous (volcanic and plutonic) as well
as minor metamorphic fragments of predominantly micaceous char-
acter and more limited amphibolitic and gneissic fragments (Fig. 4b
and 6a). Within the Dickinson (1985) sandstone discrimination
diagram they plot mainly in the transitional to dissected arc field
(Fig. 6b), which confirms the importance of a mix shallow and deeper
magmatic source with an associated basement.

Upper Eocene sandstones are also texturally immature and of me-
dium grain size and are characterized by higher quartz and feldspar
contents, and classified as subarkose and lithic arkose (Figs. 4c and
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374.8 0.1 1.1 0.8 65 112.5 14.2 7.2 17.9 2.35 10.8 2.33 0.76 2.37 0.41 2.42 0.48 1.48 0.24 1.62 0.25 8.3 2 23.7
362.4 0.6 18.7 5.9 100 240.1 19.3 25.3 57.1 6.62 25.7 4.9 0.87 3.99 0.61 3.38 0.66 1.97 0.31 2.06 0.31 49.1 4.7 6.9
305.5 0.2 1.3 0.4 227 90.1 14.1 9.3 18.2 2.32 9.5 2.27 0.78 2.54 0.42 2.48 0.49 1.49 0.23 1.46 0.22 12.5 0.5 30.7
725.5 0.2 3.7 1.1 138 112.6 17.2 15.9 34.9 4.48 19.2 3.95 1.36 3.6 0.55 3.07 0.6 1.75 0.27 1.8 0.27 29.8 1.7 2.4
569.9 0.1 2.1 1.5 104 69.9 10.2 5.9 12.7 1.82 7.6 1.77 0.62 1.69 0.27 1.62 0.36 1.07 0.17 1.11 0.2 81.3 2.2 2.5
239.2 0.3 1.2 0.5 180 90.1 13.5 7.6 17 2.15 9.4 2.15 0.69 2.37 0.39 2.28 0.47 1.4 0.22 1.39 0.22 151 2.2 106
204.7 0.3 0.2 224 92.6 19.4 3 10 1.54 7.9 2.52 0.65 3 0.53 3.22 0.71 2.12 0.35 2.15 0.34 5 0.7 70
239.4 0.2 1.2 0.3 229 75.2 12.9 5.6 12.8 1.72 7.7 2.09 0.63 2.39 0.41 2.3 0.49 1.38 0.23 1.47 0.21 60 1 83
217 0.3 1.1 0.4 196 97.4 15.4 7.7 17.9 2.35 11.1 2.55 0.81 2.88 0.47 2.73 0.56 1.67 0.26 1.65 0.26 273.2 1 74
185.3 0.3 1.1 0.6 180 87 24.5 8.1 19.3 2.73 13.3 3.95 1.08 4.61 0.81 4.68 0.94 2.59 0.39 2.35 0.33 115.3 1.8 72
273.3 0.4 1.1 0.5 208 87.7 13.8 7 15.9 2.01 9.2 2.18 0.79 2.5 0.42 2.46 0.5 1.58 0.24 1.49 0.24 94.7 1.1 113
469.8 0.2 0.6 0.3 97 61.6 14.3 4.3 10.6 1.46 6.8 1.9 0.58 2.29 0.42 2.44 0.53 1.57 0.24 1.55 0.23 57.3 2.5 44
407.8 0.2 3.9 1.3 171 87.7 15.6 10.4 22.8 3 13 2.98 0.79 2.78 0.46 2.62 0.56 1.65 0.27 1.71 0.27 96.1 2.7 31
261.2 0.2 1.4 0.4 211 86.8 13.7 7.1 16 2.1 9.6 2.34 0.8 2.53 0.42 2.36 0.5 1.46 0.23 1.41 0.21 67.1 2.1 82
172.2 0.2 0.7 0.2 139 54.9 10 4.4 9.7 1.25 5.6 1.51 0.52 1.76 0.29 1.68 0.34 1 0.16 0.99 0.16 57.3 2.1 72
256 0.3 1.1 0.5 207 89.9 14.3 7.2 16.4 2.04 8.5 2.25 0.78 2.53 0.43 2.57 0.5 1.53 0.24 1.44 0.24 78.5 1.5 86
437.1 0.6 4 1.6 119 159.7 18.9 17.6 39.5 4.89 20.1 3.92 1.04 3.54 0.56 3.06 0.61 1.87 0.3 1.94 0.3 16.1 1.6 10.2
913.4 0 3.1 1.5 158 92.6 19.8 15.8 38.9 5.22 24.4 4.9 1.3 4.2 0.64 3.61 0.69 1.98 0.32 2 0.31 67.4 9.9 10.3
317.8 0.5 11 3.6 24 242.3 26.6 32.1 72.8 9.27 36 6.97 1.28 5.46 0.83 4.87 0.94 2.67 0.43 2.88 0.44 16.9 4.3 2.6
187.4 0 0 0 272 58.2 30.7 2.7 6.6 1.35 7 2.48 1.11 3.82 0.73 4.88 1.08 3.3 0.47 2.98 0.48 29.5 0.4 77.4
236.3 0.2 1 0.4 252 87 16.7 7.1 16 2.21 10.1 2.5 0.85 2.89 0.49 2.97 0.61 1.81 0.27 1.79 0.26 81 0.9 35.3
479.7 0.2 5.7 1.9 161 144.4 22 20.2 47.4 6.39 27.4 5.35 1.44 4.54 0.66 3.67 0.74 2.19 0.34 2.18 0.35 164.8 11.2 10.4
656.8 0.1 5 1.7 145 104.9 17.4 18.1 38.8 5.23 22.1 4.33 1.22 3.63 0.54 2.94 0.59 1.74 0.27 1.87 0.3 222.9 5.3 3.9
446.7 0 1.1 0.4 321 87.8 19.3 6 14.1 2.2 10.7 2.77 0.93 3.22 0.54 3.28 0.65 2.02 0.31 2.06 0.32 146.6 3.2 19.1
397.5 0.2 2.8 0.9 106 73.9 22.2 11.1 24.5 3.54 16.1 3.71 1.14 3.89 0.63 3.65 0.78 2.34 0.37 2.32 0.37 76.7 1.9 2
209.4 0 1.9 0.7 265 69.5 25.5 8.6 20.1 3.02 14.5 3.83 1.21 4.34 0.71 4.24 0.86 2.61 0.4 2.55 0.4 135 2.3 5.6

Table 6
Hf analytical results from zircons of the analyzed plutonic clasts.

Sample 176Hf/177Hf 2s 176Lu/177Hf 2s 176Yb/177Hf Age (Ma) eHf (0) 2s eHf(t) 2s

7003 (C4)
7003-12 0.283134 ±0.000057 0.000931 ±0.000051 0.035072 70 12.34 ±2.00 13.85 ±2.00
7003-11 0.283149 ±0.000058 0.000820 ±0.000081 0.030056 70 12.87 ±2.06 14.39 ±2.06
7003-10 0.283116 ±0.000045 0.000869 ±0.000055 0.033383 70 11.70 ±1.59 13.22 ±1.59
7003-9 0.283160 ±0.000049 0.001044 ±0.000085 0.041202 70 13.27 ±1.72 14.77 ±1.72
7003-8 0.283127 ±0.000085 0.001921 ±0.000175 0.072839 70 12.08 ±2.99 13.55 ±2.99
7003-7 0.283133 ±0.000040 0.000644 ±0.000019 0.023656 70 12.32 ±1.40 13.85 ±1.40
7003-6 0.283145 ±0.000052 0.000723 ±0.000052 0.027255 70 12.72 ±1.83 14.24 ±1.83
7003-5 0.283123 ±0.000064 0.000890 ±0.000017 0.036496 70 11.94 ±2.26 13.46 ±2.26
7003-4 0.283119 ±0.000082 0.000804 ±0.000037 0.030269 70 11.83 ±2.90 13.35 ±2.90
7003-3 0.283148 ±0.000080 0.001024 ±0.000042 0.038144 70 12.83 ±2.82 14.34 ±2.82
7003-2 0.283114 ±0.000062 0.000889 ±0.000063 0.036076 70 11.62 ±2.21 13.14 ±2.21
7003-1 0.283099 ±0.000050 0.000787 ±0.000029 0.029269 70 11.12 ±1.77 12.64 ±1.77

7005 (C5)
7005-10 0.283151 ±0.000059 0.001048 ±0.000072 0.044271 70 12.93 ±2.08 14.44 ±2.08
7005-9 0.283181 ±0.000065 0.001266 ±0.000072 0.052509 70 13.99 ±2.29 15.49 ±2.29
7005-8 0.283181 ±0.000066 0.001256 ±0.000067 0.051686 70 14.02 ±2.33 15.52 ±2.33
7005-7 0.283178 ±0.000051 0.001379 ±0.000081 0.058921 70 13.90 ±1.82 15.40 ±1.82
7005-6 0.283180 ±0.000054 0.000962 ±0.000063 0.039829 70 13.98 ±1.91 15.49 ±1.91
7005-5 0.283123 ±0.000064 0.000890 ±0.000017 0.036496 70 11.94 ±2.26 13.46 ±2.26
7005-4 0.283184 ±0.000037 0.001236 ±0.000050 0.050978 70 14.11 ±1.30 15.61 ±1.30
7005-3 0.283138 ±0.000054 0.000768 ±0.000090 0.034783 70 12.49 ±1.91 14.01 ±1.91
7005-2 0.283219 ±0.000054 0.001093 ±0.000071 0.044697 70 15.33 ±1.92 16.84 ±1.92
7005-1 0.283098 ±0.000040 0.000984 ±0.000037 0.040747 70 11.05 ±1.41 12.56 ±1.41

7006 (C5)
7006-12 0.283100 ±0.000037 0.000637 ±0.000017 0.021210 70 11.14 ±1.29 12.67 ±1.29
7006-11 0.283111 ±0.000032 0.000835 ±0.000033 0.027891 70 11.53 ±1.13 13.04 ±1.13
7006-10 0.283113 ±0.000034 0.000739 ±0.000055 0.024503 70 11.59 ±1.19 13.11 ±1.19
7006-9 0.283121 ±0.000041 0.000756 ±0.000018 0.025958 70 11.88 ±1.44 13.40 ±1.44
7006-8 0.283143 ±0.000035 0.000857 ±0.000029 0.029173 70 12.65 ±1.25 14.16 ±1.25
7006-7 0.283137 ±0.000042 0.000573 ±0.000024 0.018810 70 12.46 ±1.49 13.99 ±1.49
7006-6 0.283106 ±0.000034 0.000695 ±0.000018 0.022430 70 11.35 ±1.20 12.88 ±1.20
7006-5 0.283130 ±0.000035 0.000829 ±0.000072 0.026996 70 12.20 ±1.23 13.72 ±1.23
7006-4 0.283117 ±0.000039 0.000606 ±0.000020 0.020011 70 11.75 ±1.38 13.28 ±1.38
7006-3 0.283126 ±0.000030 0.000984 ±0.000120 0.032608 70 12.07 ±1.07 13.58 ±1.07
7006-2 0.283123 ±0.000041 0.000537 ±0.000004 0.017854 70 11.95 ±1.46 13.49 ±1.46
7006-1 0.283129 ±0.000029 0.001210 ±0.000140 0.041005 70 12.18 ±1.04 13.68 ±1.04
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6c). In the Dickinson (1985) diagram, they plot in the quartzose
recycled to cratonic fields.

Heavy minerals from the upper Paleocene to lower Eocene strata
include both ultrastable (tourmaline, zircon and apatite) and diverse
middle to lower stability heavy minerals of igneous and metamorphic
origin (Fig. 7). In contrast, upper Eocene sandstone is made of only
ultrastable minerals such as zircon, apatite and tourmaline (Fig. 7).

3.4. Sandstones U–Pb detrital zircon geochronology

We have analyzed five sandstones samples associated to the upper
Paleocene to late Eocene conglomerates (Fig. 2). Analytical results are
presented on Table 1.

One hundred ninety‐eight zircon crystals from two upper Paleocene–
lower Eocene sandstones (Figs. 7b and 8a) yield major age-peak popu-
lations of Late Cretaceous (80–72 Ma) and Permo-Triassic (230 Ma
and 245 Ma). Older ages are less representative and include single zir-
cons of Carboniferous, and Neoproterozoic to Paleoproterozoic ages
(Fig. 8a). The youngest detrital zircon ages are of 71.3±1.3 Ma (sample
6998) and 68.7±1.4 Ma (sample 7001).

The middle Eocene sample (6999) includes prominent 88.2–
72.9 Ma age peaks and a single Permian (270 Ma) age (Fig. 8c). The
youngest detrital zircon age for this sample is of ca. 66.6±0.79 Ma.

One hundred ninety‐eight zircons from the two upper Eocene
samples include similar Late Cretaceous age peaks of 93 Ma and
76.1 Ma (Fig. 8d), and Permian to Carboniferous age peaks, with
more limited early Paleozoic and Precambrian zircons. The youngest
detrital zircons ages are of 68.6±4.4 Ma (sample 7557) and 70.4±
1.5 Ma (sample 7000).

3.5. U–Pb zircon geochronology of plutonic clasts

Three granitoid clasts were selected for U–Pb geochronology (Two
from locality C4 and one from C5). Zircons are prismatic with length/
width ratio of 3 to 1. Cathodoluminiscence patters are characterized
by oscillatory zoning and rims characterized by embayed shapes.
Some crystals are characterized by textural discontinuities in the
oscillatory zoning pattern, which resemble resorbed zircons (Corfu
et al., 2003). U–Pb weight average ages of the zircons range between
76 and 73 Ma and are considered as the crystallization ages from the
magmatic rocks (Fig. 9a–c).

3.6. Geochemistry of volcanic clasts

We analyzed 21 volcanic clasts from three upper Paleocene-
Eocene localities and three samples from a single locality of a middle
Eocene conglomerate. Analytical results are presented in Table 3. SiO2

values vary between 50.49% and 64.96%, with Al2O3 between 13.5%
and 18.1% and MgO between 0.8% and 6%. TiO2 have a narrow range
with weight percent between 0.5 and 0.9% (Table 2). Immobile
trace elements relations such as the Zr/Ti versus Nb/Y (Pearce,
1996; Winchester and Floyd, 1977) and the Th–Co plot of Hastie et
al. (2007) samples are classified as calc-alkaline basalts and basaltic
andesites. Two samples are classified as dacites (Fig. 10a and b).

All the samples have enriched light rare earth (LREE) chondrite
normalized patterns (Fig. 10c), with (La/Yb)N values between 1.87
and 7.53. Heavy rare earth (HREE) values display a narrow and low
(Gd/Yb)N ratios that varies between 1.0 and 1.67 that shows a rela-
tively flat pattern. The other two samples have a weak depletion of
LREE patterns with (La/Yb)N ratios of 0.94 and 0.61.

Within mantle normalized multielemental diagrams all samples
show a well defined LILE enrichment when compared with HFSE
(Fig. 10d), the later also characterized by a weak depletion when
compared with MORB values (not shown). Well defined Nb-Ta and
Ti anomalies are also characteristic of the entire suite of rocks.
3.6.1. Petrotectonic setting
Th enrichment and Nb, Ta and Hf depletion are considered as

markers of subduction-related settings (Pearce and Peate, 1995;
Wood, 1980). In the same tectonic discrimination diagrams the con-
glomerate clasts plot within the field of calc-alkaline arc‐related
rocks (Fig. 10e and f).

Contents of Ti and V in mafic magmas are also related to oxygen
activity during magmatic evolution, and therefore can be used to
identify water induced melting which is commonly in subduction set-
tings Rollinson, 1993; Shervais, 1982). Within this discrimination
diagram the samples plot within the arc field (Fig. 10f).

The weak MREE and HREE depletion on the normalized plots
(Fig. 10b) are inconsistent with the presence of residual garnet in
the source. These samples are therefore the result of standard arc
melt generation in the spinel peridotite stability field (Pearce,
1996). The Nb/Y vs. Zr/Y ratios have been used to discriminate
between mafic rocks derived from depleted MORB mantle and man-
tle plumes. In the Caribbean realm these ratios are useful tracers of
arc rocks derived from depleted mantle wedge formed after plume-
enriched sources (Fitton et al., 1997; Hastie et al., 2010; Kerr et al.,
2009; Neill et al., 2011). Volcanic clasts from the San Jacinto de-
formed belt plot within the conventional arc field (Fig. 10g).

3.7. Geochemistry of plutonic clasts

Whole-rock geochemical data fromfiveplutonic clasts recovered from
an upper Paleocene–lower Eocene and an upper Eocene conglomerate
exposure (Fig. 2) indicate that SiO2 values vary between 57.42% and
63.97%, with Al2O3 between 15.67% and 16.94% and MgO between
1.74% and 4.89%. In the TAS classification scheme after Cox et al. (1979),
the rocks are classified as diorites and quartzdiorites (Fig. 11a). In the
A/CNK vs. ANK diagram all the rocks are subalkaline, with A/CNK values
below one, which is typical of meta-aluminous and I type granitoids
(Fig. 11b, Chappell and White, 1992). One single sample is characterized
by higher A/CNK values which may be related to lower K20 and
CaO values. REE chondrite normalized patterns are enriched in LREE
(Fig. 11c), with (La/Yb)N=3–8.3 and flat to weakly enriched relations
between MREE and HREE ((Gd/Yb)N values between 1.17 and 1.59. Eu
anomaly varies from weakly positive to negative with Eu/Eu* values
0.6–1.1.

Trace elements normalized to the primitive mantle are character-
ized 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)
and well defined Nb, Ta and Ti anomalies (Fig. 11d).

3.7.1. Petrotectonic setting
The well defined Nb, Ta and Ti anomalies together with the enrich-

ment of alkali elements (K, Rb, Ba), Tha and LREE support an origin of
the clasts from granitoids formed as subduction-related magmas. In
the Rb–Nb–Y diagram of Pearce et al. (1984) they also show a volcanic
arc field affinity (Fig. 11e).

Brown et al. (1984) have suggested that Rb/Zr versus Nb versus
elemental ratios followed a positive correlation in which their values
increase with arc maturity. When plotted in this diagram the clasts
plot within the field of more primitive island arc and continental
arcs (Fig. 11f).

3.8. Hf isotopes

Ten to 12 zircon crystals were analyzed in each of the three select-
ed granitoid clasts. Samples yield Hf (73) of 13.7±0.6, 14.8±0.9 and
13.4±0.4. These isotopical signatures resembles the depleted mantle
evolution curve which is characterize by εHf values of +14 to +18
(Vervoort and Blichert-Toft, 1999; Fig. 12) and markedly contrast
with contemporaneous granitoids in the Central Cordillera of the
Colombian Andes (Restrepo-Moreno et al., 2009; Fig. 12).



Fig. 4. Representative conglomerates and sandstones from the San Jacinto belt. A. Upper Paleocene conglomerate (C4) and sandstone (C2). B. Middle Eocene conglomerate (C8) and
sandstone (C8). C. Upper Eocene conglomerate (C6) and sandstone (C5). Qm=Monocrystalline quartz, Qpf=Diffuse polycrystalline quartz, Mica=Mica, Fk=K-Feldspar, Pl=Pla-
gioclase, Mtx=Matrix, Cem=Cement and LS=Sedimentary lithic.
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4. Provenance

The wide distribution of contemporaneous conglomeratic units
along strike of the San Jacinto belt may the existence of several trans-
versal fan delta depositional systems as has been also suggested from
stratigraphic analysis (Guzmán, 2007).

The angular to sub-angular shape of the upper Paleocene to lower
Eocene conglomerate clasts and sandstones together with the preser-
vation of extremely unstable material (volcanic clasts, fresh feldspars,
amphibole, pyroxene and biotite) suggest that the source area was
proximal, the material was rapidly buried, and have experienced lim-
ited residence time within an active sedimentary system.

The higher proportion of igneous (mafic to intermediate) and
metamorphic lithics together with the high feldspar contents, and
the presence of heavy minerals such as hornblende, pyroxene and
titanite together with garnet, kyanite and muscovite suggest that
they main source areas included a volcano-plutonic terrane of inter-
mediate to mafic character, and a schist and gneissic metamorphic
domain. The presence of chert, sandstones and mudstone with minor
serpentinite lithics also suggests sedimentary and serpentinized perido-
tite sources.

Geochemical constraints on the analyzed magmatic clasts suggest
that some of the volcano-plutonic rocks are related to an intra-
oceanic calc-alkaline magmatic arc. This arc was still active until at
least ca. 75–73 Ma as suggested by magmatic crystallization ages of
the analyzed clasts and Late Cretaceous detrital zircons populations
(70–90 Ma) in the associated sandstones. The positive, and near
depleted mantle, Hf values from the magmatic clasts also confirm
that some of these Late Cretaceous magmatic sources were formed
in an intra-oceanic arc setting. Late Cretaceous juvenile magmatic
rocks exposed in the northwestern Andes and the Caribbean margin
of Colombia have been identified in allochthonous 92–75 Ma intra-
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Fig. 5. Conglomerate clast counting from the selected localities of the San Jacinto deformed belt. A. San Cayetano and Arroyo Seco formations. B. Maco Formation. C. San Jacinto and
Tolu Viejo formations.

70 A. Cardona et al. / Tectonophysics 580 (2012) 58–87
oceanic volcano-plutonic suites found in the Western Cordillera, the
Sierra Nevada de Santa Marta and Guajira massifs (Cardona et al.,
2009, 2010, 2011; Kerr et al., 1997; Villagómez et al., 2011; Weber
et al., 2009, 2011).

Late Cretaceousmagmatism is also exposed in the Central Cordillera as
part of the Antioqueño Batholith which consists of a composite batholith
with ages between 94 and 72 Ma that intrude Late Permian to Triassic de-
formed granitoids and associated schists (Ibañez-Mejia et al., 2007;
Leal-Mejía, 2011; Restepo-Moreno et al., 2007; Villagómez, 2010).

However the geochemical data from plutonic and volcanic clasts
together with the highly positive εHf values on the analyzed zircons
contrast with the more radiogenic values found on the Late Creta-
ceous Central Cordillera granitoids (Restepo-Moreno et al., 2007).
Although an additional contribution from the Late Cretaceous conti-
nental source area of the Central Cordillera is not excluded we sug-
gest that intra-oceanic arc sources potentially correlative with those
found in the Western Cordillera and those from northern Colombia
Santa Marta and Guajira regions accreted Caribbean domains are
probably one of the major source areas for the Late Paleocene to
Eocene conglomerates.

Moreover, recent paleogeographic reconstructions have suggest
that during the Eocene the segment that include the Late Cretaceous
Antioqueño Batolith in the Central Cordillera was located in a southern
position, limiting their input to the San Jacinto belt (Bayona et al., 2012;
Lamus-Ochoa et al., 2012).

The Permo-Triassic U–Pb detrital zircon population is comparable
to the main basement units of Northern Colombia Central Cordillera,
the Sierra Nevada de Santa Marta and the basement of the Lower
Magdalena Basin (Cardona et al., 2010; Ibañez-Mejía et al., 2010;
Montes et al., 2010; Ordóñez-Carmona and Pimentel, 2002; Vinasco
et al., 2006). These areas include low- to middle-grade micaceous
schists and an extensive belt of deformed two-mica granitoids of
Permo-Triassic age (Ibañez-Mejía et al., 2010; Martens et al., 2011;
Villagómez et al., 2011; Vinasco et al., 2006). The micaceous character
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Fig. 6. A. Sandstone classification after Folk (1980). B. Sandstone provenance and tectonic setting (Dickinson, 1985).
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of this granitoids (Vinasco et al., 20006) also indicates that that the
intermediate and mafic volcanics and the amphibole, pyroxene and
titanite sources are unrelated to this suite. Instead, we suggest that
they are related to Late Cretaceous magmatic sources. Sedimentary
sources may be related to Cretaceous continental or arc sediments
such as those found in the Cansona Formation (Geotec, 1997;
Guzmán, 2007).

A major provenance shift is recorded by the upper Eocene con-
glomerates of the San Jacinto and Tolu Viejo Formations. These forma-
tions are characterized by conglomerates with high proportion of
sedimentary lithics, including some intraclasts that can be related to
basin instability whereas extrabasinal clasts may reflect the reworked
nature of some of the older sequence also related to tectonic instabil-
ity. Sandstones are characterized by a major increase in quartz and
feldspar. The more limited occurrence of magmatic sources in the con-
glomerates together with their more limited expression in the associat-
ed sandstone suggest a depletion of themore proximal volcanic sources.

4.1. Caribbean tectonics and paleogeography

The Late Cretaceous to Paleocene tectonic evolution of the north-
ern Andes and the Caribbean margin of northern South America
have been linked to oceanic-continent collision, followed by oblique
convergence (Bayona et al., 2011; Cardona et al., 2010, 2011;
Escalona and Mann, 2010; Jaillard et al., 2008; 2009; Pindell and
Fig. 7. Heavy minerals proportions from the analyze
Kennan, 2009; Luzieux et al., 2006; Marresh et al., 2009; Pindell
et al., 1998, 2005; Spikings et al., 2001, 2005; Vallejo et al., 2006,
2009; Weber et al., 2009, 2010). This model suggests that the north-
eastern migration of the Caribbean oceanic plateau formed in a south-
western Pacific position is responsible for the formation different
arc-continent or plateau-continent collisional orogens along the
South American margin.

The provenance results of upper Paleocene to upper Eocene strata
from the San Jacinto deformed belt provide new details on the nature
and timing and different tectonic stages recorded by the north-
western margin of the South American continent. The presence of Late
Cretaceous intra-oceanic, arc-related sources mixed with the Permo-
Triassic continental basement, suggests that the intra-oceanic arc and
the South American margin were already sutured in late Paleocene
times. This intra-oceanic arc was still active at least until 73 Ma as
suggested by the youngest plutonic clast age (Fig. 13a), and must
have collided before the accumulation of the San Cayetano–Arroyo
Seco Formation (late Paleocene) which can be considered as an over-
step sequence that mix both the allocthonous arc and the continental
margin material (Fig. 13b).

Although intra-oceanic Albian–Aptian arc remnants are exposed
in western Colombia as part of the Quebradagrande Complex (Nivia
et al., 2006; Villagómez et al., 2011). In the current study we have
not found detrital zircons of this age, limiting their contribution as a
sedimentary source.
d sandstones of the San Jacinto deformed belt.
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Fig. 8. U–Pb geochronological results from the analyzed samples of the San Jacinto deformed belt. A. Upper Paleocene–lower Eocene. B. Middle Eocene. C. Upper Eocene.
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Published biostratigraphic constraints suggest the existence of a depo-
sitional gap after de accumulation of the Maastrichtian Cansona Forma-
tion and before deposition of the San Cayetano Formation (Duque-Caro
et al., 1996; Geotec, 1997; Guzmán, 2007). This early Palocene gap sug-
gests that the intra-oceanic and associated orogenic substrate of the San
Jacinto deformed belt was emerged during the collisional event.
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Fig. 9. U–Pb geochronological results of the analyzed plutonic clasts.
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Remnants of the accreted arc and the substrate of the San Jacinto
Belt include the scarcely studied and highly weathered volcanic
rocks associated to the Cretaceous sediments of the Cansona Forma-
tion, and some limited serpentinitized remnants exposed in the
southeastern segment of the belt.

The presence peridotized serpentinites remnants and as unstable
lithic component of the upper Paleocene sediments of San
Cayetano–Arroyo Seco formations (Zimmerle, 1968) together with
abundant schists and milky quartz clasts as well as heavy minerals
such as kyanite and garnet in the conglomerates and sandstones
may be a record of the middle pressure collisional metamorphic
belt, and ocean closure that accreted the intra-oceanic arc (Chew et
al., 2010; Cutts et al., 2011; Dewey and Mange, 1999; Hutchison and
Oliver, 1998; Mange et al., 2010; Miyashiro, 1972; Oliver, 2001;
Spear, 1995).

Although Albian–Aptian middle pressure rocks have been also
found in western Colombia (Villagómez et al., 2011), as already men-
tioned the mentined absence of Albian–Aptian magmatic zircons
which may be link to the evolution of this older metamorphic belt,
makes the proposed Late Cretaceous origin of this belt a feasible
option.

Volcano-plutonic remnants of Late Cretaceous arc have been
found in the Ecuadorian Andes, the western Cordillera of Colombia,
Sierra Nevada de Santa Marta, Cabo de la Vela in northeastern Colom-
bia, the Leeward Antilles and Venezuela (Cardona et al., 2010, 2011;
Ostos and Sisson, 2005; Thompson et al., 2004; Vallejo et al., 2009;
Van del Lelij et al., 2010; Villagómez et al., 2011; Weber et al., 2009,
2011; Wright and Wyld, 2011).

Age estimates for the collision of this Caribbean intra-oceanic arc
with the continental margin vary between 80 and 65 Ma (Cardona et
al., 2011; Vallejo et al., 2009; Villagómez et al., 2011). Regional paleo-
geographic models suggest that the oblique advance of the Caribbean
plate in relation to the SouthAmerican results in diachronous collisional
events with a single arc formed since ca. 130 Ma (Burke, 1988; Pindell,
1993; Pindell and Kennan, 2009; Pindell et al., 1998, 2005). The new U–
Pb detrital record of the San Jacinto deformed belt reveals instead that
the magmatic sources were intra-oceanic 90–70 Ma old, precluding
the connection with the aforementioned single arc.
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Fig. 11. Geochemical diagrams from the analyzed plutonic clasts. A. TAS classification after Cox et al. (1979). B. A/CNK versus ANK diagram. C. REE Chondrite normalized patterns. D.
Trace element normalized to the primitive mantle. E. Rb–Nb–Y tectonic setting discrimination diagram (Pearce et al., 1984). F. Rb/Zr versus Nb granitoid arc maturity diagram.
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Recent detailed characterization of the chronology of the orogenic
events fromdifferent segments of themargins, including the San Jacinto
deformed belt, reveals the existence of a contemporaneous collisional
event along a relatively longmargin segment from Ecuador to northern
Fig. 10. Geochemical diagrams from the analyzed volcanic clasts. A. Zr/Ti vs. Nb/Y volcanic
clasts. B. Th/Co classification diagram of volcanic rocks (Hastie et al., 2007) from the anal
D. Mantle normalized diagram of the analyzed volcanic clasts (Sun and McDonough, 198
F. Th/Yb vs. Nb/Yb discrimination diagram (Pearce and Peate, 1995). G. Nb/Y vs. Zr/Y di
after plume-enriched sources (Fitton et al., 1997; Hastie et al., 2010; Kerr et al., 2009; Neill
Colombia (Bustamante et al., 2011; Cardona et al., 2009; Spikings et al.,
2001, 2005; Vallejo et al., 2009;Weber et al., 2009, 2010). This, together
with the recognition of different type of intra-oceanic units (Cardona
et al., 2010; Neill et al., 2011; Weber et al., 2011; Wright and Wyld,
classification plot after Winchester and Floyd (1977, Pearce, 1996) from the analyzed
yzed clasts. C. Rare earth elements chondrite normalized plots of the volcanic clasts.
9). E. Tectonic setting discrimination diagram of volcanic rocks (Wood et al., 1980).
scrimination of arc rocks derived from depleted mantle wedges from those formed
et al., 2011).
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Fig. 12. Hf isotope data including depleted mantle evolution (Vervoort and Blichert-Toft, 1999) and Hf values from the Upper Cretaceous granitoid clasts and results published from
Upper Cretaceous granitoids of the Central Cordillera of Colombia.
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2011), and the absence of Cretaceous detrital ages older than ca. 90 Ma
which will be expected from a single Caribbean built since the Late
Jurassic-Early Cretaceous (Burke, 1988; Pindell et al., 2005) favors the
existence of various intra-oceanic arc systems formed along
the eastern margins of the Caribbean plate that were accreted to the
northwestern margin of South America (Bustamante et al., 2011;
Cardona et al., 2009; Neill et al., 2011; Wright and Wyld, 2011).

As already discussed the upper Paleocene to Eocene siliciclastic
strata of the San Jacinto deformed belt were deposited over remnants
of the accreted Late Cretaceous intra-oceanic arc, which are tectoni-
cally intermixed with continental rocks (Mantilla-Pimiento et al.,
2009), including the slices of serpentinized peridotites. We interpret
the late Paleocene basin formation and fill, to the decreasing compres-
sional support of the collisional orogen and its lateral spread and
collapse (Fig. 13c, Charlton, 1991; Clift et al., 2008; Dewey, 2005;
Teng, 1996). This stage is also related to subduction initiation with the
opposite vergence and plate convergence re-initiation causing fore-arc
uplift, followed by major subsidence and associated extension (Gurnis
et al., 2004; Macpherson, 2008; Whattam and Stern, 2011).

Additional evidences for late Paleocene to early Eocene subduc-
tion initiation and renewed convergence in the continental margin
of Colombia include the magmatic record in the Central and Eastern
Cordillera, the Sierra Nevada de Santa Marta and Guajira region
(Aspden et al., 1987; Ayala-Calvo et al., 2010; Bayona et al., 2008,
2011, 2012; Cardona et al., 2011; Leal-Mejía, 2011). Since the time
of Late Cretaceous arc-continent collision, oblique to very oblique
convergence has taken place between the Caribbean and South Amer-
ican plate and favors the northeastern along strike translation of the
San Jacinto belt (Fig. 13d) as a fore-arc type or transcurrente terrane
(Gibbons, 1994; Jarrard, 1986) before its re-accretion and deforma-
tion near its current position in the Oligocene (Duque-Caro, 1984).
5. Conclusions

The integration of provenance techniques and regional tectono-
stratigraphic considerations from the upper Paleocene to upper Eocene
conglomerates and associated sandstones of the San Jacinto deformed
belt in northern Colombia allows to reconstruct the history of this
basin the different tectonic events experienced by the continental
margin of South America during its interaction with the Caribbean
plate: (1) growth of an intra-oceanic arc that was active at least until
73 Ma and may have started activity by 88 Ma; (2) accretion of this
arc to the continental margin between 73 and 60 Ma with associated
ophiolite obduction and the formation of a middle pressure metamor-
phic belt, and associated emergence of this belt; (3) formation of a
post-collisional basin and submergence of the former orogen due to
the decreasing orogen support and the formation of an oblique con-
vergent margin; and (4) isolation of the basin from relief areas either
by submergence or by northeast tectonic transport. Although not
discussed in this paper this blockwas deformed in the continental mar-
gin during the Oligocene (Duque-Caro, 1984).

The extensive ~90–70 Ma record of the San Jacinto deformed belt
together with the limited occurrence of Aptian to Cenomanian mag-
matic sources, and the margin-scale Late Campanian to Paleocene
arc-continent collision in the Northern Andes suggest that not a
single, but contemporaneous arc systems were formed along the
western and northern segments of the Caribbean plate (Cardona
et al., 2009; Hastie et al., 2010; Wright and Wyld, 2011).
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Fig. 13. Tectonic stages recorded by the San Jacinto deformed belt. A. 76–73 intra‐oceanic arc growth and approach to the continental margin. B. 70–65 arc-continent collision. C.
Basin formation due to orogen collapse. D. Basin filling and northeastern along strike transport.
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Appendix Table 1. U–Pb LA-ICP-MS analytical and age results from the analyzed sandstones.

Sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma Best age 1 sigma

name 206Pb % error 206Pb % error age err (Ma) age err (Ma) err (Ma)

Locality C6
b10% discordant
7557_99 80.74462 1.90% 0.04906 2.08% 79.3 1.5 150.8 48.1 79.3 1.5
7557_98 83.88927 1.79% 0.04861 2.32% 76.4 1.4 128.9 53.7 76.4 1.4
7557_97 75.65518 2.45% 0.04580 2.97% 84.6 2.1 0.0 57.1 84.6 2.1
7557_96 84.61775 2.10% 0.04537 2.61% 75.7 1.6 0.0 26.5 75.7 1.6
7557_95 87.60741 1.86% 0.04918 2.98% 73.2 1.4 156.2 68.3 73.2 1.4
7557_94 11.32381 1.40% 0.05831 1.09% 545.5 7.3 541.6 23.7 545.5 7.3
7557_93 83.96236 2.16% 0.04741 2.98% 76.3 1.6 70.1 69.4 76.3 1.6
7557_92 80.71439 2.36% 0.04892 2.82% 79.4 1.9 144.2 64.8 79.4 1.9
7557_91 85.52371 2.25% 0.04903 2.91% 74.9 1.7 149.4 66.8 74.9 1.7
7557_90 77.58750 1.67% 0.03295 2.59% 82.6 1.4 0.0 0.0 82.6 1.4
7557_89 81.42861 2.10% 0.04877 2.70% 78.7 1.6 136.8 62.1 78.7 1.6
7557_88 86.70375 2.13% 0.04819 2.52% 73.9 1.6 108.7 58.5 73.9 1.6
7557_87 85.77266 2.56% 0.05997 2.71% 74.7 1.9 602.5 57.6 74.7 1.9
7557_86 84.10001 2.50% 0.04675 3.13% 76.2 1.9 36.5 73.3 76.2 1.9
7557_85 83.96708 3.16% 0.04875 3.89% 76.3 2.4 135.6 88.9 76.3 2.4
7557_84 83.31564 2.56% 0.04706 2.60% 76.9 2.0 52.3 60.9 76.9 2.0
7557_83 84.20674 2.42% 0.04783 2.70% 76.1 1.8 90.8 62.8 76.1 1.8
7557_82 74.86730 2.31% 0.04754 1.83% 85.5 2.0 76.7 42.8 85.5 2.0
7557_81 78.14716 2.35% 0.04715 1.86% 82.0 1.9 56.6 43.9 82.0 1.9
7557_80 84.50162 2.70% 0.04783 2.79% 75.8 2.0 90.8 64.8 75.8 2.0
7557_79 86.85361 2.53% 0.04668 2.84% 73.8 1.9 32.9 66.8 73.8 1.9
7557_78 83.93675 2.50% 0.04699 2.31% 76.3 1.9 48.9 54.2 76.3 1.9
7557_77 81.33012 3.88% 0.05504 3.86% 78.8 3.0 414.0 84.1 78.8 3.0
7557_76 81.74789 2.60% 0.04536 3.06% 78.4 2.0 0.0 36.2 78.4 2.0
7557_74 77.10687 2.38% 0.04825 1.96% 83.1 2.0 111.7 45.6 83.1 2.0
7557_73 80.20230 2.43% 0.04599 1.75% 79.9 1.9 0.0 38.9 79.9 1.9
7557_72 85.54831 2.25% 0.04648 1.69% 74.9 1.7 22.4 40.0 74.9 1.7
7557_71 82.01608 2.68% 0.04425 3.47% 78.1 2.1 0.0 0.0 78.1 2.1
7557_70 88.55168 3.70% 0.04624 2.62% 72.4 2.7 0.0 71.9 72.4 2.7
7557_69 86.57076 3.49% 0.04608 1.35% 74.0 2.6 0.0 34.3 74.0 2.6
7557_68 86.59937 3.62% 0.04540 2.41% 74.0 2.7 0.0 23.2 74.0 2.7
7557_67 85.36853 3.80% 0.04937 2.50% 75.1 2.8 165.3 57.3 75.1 2.8
7557_66 87.84881 3.86% 0.04973 2.74% 73.0 2.8 182.4 62.7 73.0 2.8
7557_65 88.03124 3.44% 0.04826 1.98% 72.8 2.5 112.0 46.0 72.8 2.5
7557_64 80.52848 3.57% 0.05300 1.89% 79.6 2.8 328.8 42.3 79.6 2.8
7557_63 84.88410 3.60% 0.04575 2.41% 75.5 2.7 0.0 41.9 75.5 2.7
7557_62 85.33167 3.78% 0.05007 2.41% 75.1 2.8 198.0 55.0 75.1 2.8
7557_61 78.64199 3.77% 0.04478 2.91% 81.5 3.1 0.0 0.0 81.5 3.1
7557_60 85.78963 3.78% 0.06704 3.42% 74.7 2.8 839.0 69.7 74.7 2.8
7557_59 86.10863 3.50% 0.04788 2.23% 74.4 2.6 93.4 51.9 74.4 2.6
7557_58 86.87047 3.66% 0.04835 2.24% 73.8 2.7 116.6 52.0 73.8 2.7
7557_57 83.48083 3.72% 0.04493 2.38% 76.8 2.8 0.0 0.0 76.8 2.8
7557_56 86.55267 3.83% 0.04779 3.81% 74.1 2.8 89.1 87.8 74.1 2.8
7557_55 80.63803 3.12% 0.04810 2.24% 79.5 2.5 104.2 52.2 79.5 2.5
7557_54 68.11049 2.98% 0.04849 1.97% 94.0 2.8 123.3 45.7 94.0 2.8
7557_53 24.05947 2.78% 0.05295 1.02% 262.5 7.1 326.5 23.0 262.5 7.1
7557_52 81.32564 3.16% 0.04580 2.32% 78.8 2.5 0.0 42.5 78.8 2.5
7557_51 84.02425 3.29% 0.04692 2.95% 76.3 2.5 44.9 69.0 76.3 2.5
7557_50 81.52972 3.02% 0.04946 2.00% 78.6 2.4 169.7 45.9 78.6 2.4
7557_49 71.21147 3.11% 0.04374 1.96% 89.9 2.8 0.0 0.0 89.9 2.8
7557_48 86.09000 3.32% 0.04968 2.56% 74.4 2.5 180.0 58.7 74.4 2.5
7557_47 77.79973 3.05% 0.04829 1.81% 82.3 2.5 113.5 42.1 82.3 2.5
7557_46 88.45329 3.09% 0.04565 2.02% 72.5 2.2 0.0 27.4 72.5 2.2
7557_45 85.74248 3.46% 0.04492 2.23% 74.7 2.6 0.0 0.0 74.7 2.6
7557_44 83.78282 3.63% 0.05743 2.47% 76.5 2.8 508.1 53.5 76.5 2.8
7557_43 23.18936 3.20% 0.05268 1.43% 272.2 8.5 315.0 32.2 272.2 8.5
7557_42 26.31168 3.36% 0.05162 1.59% 240.5 7.9 268.7 36.1 240.5 7.9
7557_41 28.09394 3.33% 0.05117 1.52% 225.5 7.4 248.7 34.5 225.5 7.4
7557_39 85.19936 3.29% 0.04782 1.79% 75.2 2.5 90.1 41.9 75.2 2.5
7557_38 81.87664 3.47% 0.05699 2.51% 78.3 2.7 491.3 54.4 78.3 2.7
7557_37 85.41022 3.53% 0.04740 2.70% 75.0 2.6 69.2 63.1 75.0 2.6
7557_35 82.77093 4.14% 0.04989 2.41% 77.4 3.2 189.6 55.0 77.4 3.2
7557_34 86.10568 4.26% 0.04997 3.05% 74.4 3.2 193.4 69.4 74.4 3.2
7557_33 82.19553 4.37% 0.04665 2.65% 78.0 3.4 31.2 62.2 78.0 3.4
7557_32 84.86390 4.33% 0.04753 2.81% 75.5 3.3 75.8 65.5 75.5 3.3
7557_31 84.55766 4.05% 0.04969 2.23% 75.8 3.0 180.6 51.1 75.8 3.0
7557_30 81.96324 4.17% 0.04678 3.09% 78.2 3.2 38.0 72.4 78.2 3.2
7557_29 83.50565 4.29% 0.04944 2.79% 76.7 3.3 168.9 64.0 76.7 3.3
7557_28 85.92791 4.16% 0.04767 2.41% 74.6 3.1 83.0 56.2 74.6 3.1
7557_27 86.03725 4.27% 0.05676 2.70% 74.5 3.2 482.1 58.6 74.5 3.2
7557_26 84.25929 4.30% 0.05389 2.80% 76.1 3.2 366.3 61.8 76.1 3.2
7557_25 83.77590 3.69% 0.04943 2.59% 76.5 2.8 168.4 59.5 76.5 2.8
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(continued)

Sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma Best age 1 sigma

name 206Pb % error 206Pb % error age err (Ma) age err (Ma) err (Ma)

7557_24 75.51075 3.43% 0.05056 2.04% 84.8 2.9 220.7 46.4 84.8 2.9
7557_23 89.43104 3.82% 0.04705 2.57% 71.7 2.7 51.8 60.3 71.7 2.7
7557_22 82.88127 3.42% 0.04770 1.96% 77.3 2.6 84.5 45.9 77.3 2.6
7557_21 89.11810 3.60% 0.04768 1.98% 71.9 2.6 83.3 46.2 71.9 2.6
7557_20 89.37943 3.67% 0.04718 2.99% 71.7 2.6 58.4 69.8 71.7 2.6
7557_19 84.40490 3.66% 0.04819 2.55% 75.9 2.8 108.4 59.2 75.9 2.8
7557_18 23.02297 3.21% 0.05322 1.32% 274.1 8.6 338.0 29.6 274.1 8.6
7557_15 86.45583 4.35% 0.04665 2.78% 74.1 3.2 31.5 65.3 74.1 3.2
7557_14 72.24662 4.47% 0.04897 1.85% 88.6 3.9 146.6 42.9 88.6 3.9
7557_13 24.01023 4.01% 0.05286 0.94% 263.0 10.3 322.7 21.1 263.0 10.3
7557_12 28.38557 4.28% 0.05232 1.35% 223.2 9.4 299.6 30.6 223.2 9.4
7557_11 91.58607 4.49% 0.04870 2.14% 70.0 3.1 133.3 49.6 70.0 3.1
7557_10 89.39390 4.45% 0.04775 1.29% 71.7 3.2 86.7 30.4 71.7 3.2
7557_9 87.40358 4.85% 0.05099 3.47% 73.3 3.5 240.3 78.0 73.3 3.5
7557_6 87.00731 4.38% 0.05154 1.81% 73.7 3.2 265.1 41.1 73.7 3.2
7557_5 97.06172 6.63% 0.04768 2.88% 66.1 4.4 83.2 67.0 66.1 4.4
7557_4 79.05285 6.38% 0.04758 1.99% 81.0 5.1 78.7 46.5 81.0 5.1
7557_3 93.45284 6.42% 0.04722 2.18% 68.6 4.4 60.3 51.2 68.6 4.4
7557_2 91.79408 6.23% 0.04800 1.08% 69.8 4.3 99.4 25.4 69.8 4.3
7557_1 83.61540 6.27% 0.04955 1.70% 76.6 4.8 174.0 39.2 76.6 4.8

Locality C4
7000_104a 22.97312 1.92% 0.05763 1.36% 274.7 5.2 515.9 29.6 274.7 5.2
7000_102a 5.02732 2.07% 0.10084 0.92% 1169.5 22.1 1639.7 17.0 1639.7 17.0
7000_100a 70.57863 2.10% 0.04976 3.13% 90.7 1.9 183.9 71.4 90.7 1.9
7000_99a 68.50068 1.56% 0.04957 1.30% 93.4 1.4 175.1 30.0 93.4 1.4
7000_96a 25.32585 1.61% 0.05140 1.05% 249.6 3.9 259.0 24.0 249.6 3.9
7000_95a 72.12809 2.16% 0.05559 3.06% 88.8 1.9 435.8 66.7 88.8 1.9
7000_94a 28.86336 2.58% 0.05420 1.07% 219.6 5.6 379.5 23.9 219.6 5.6
7000_93a 82.61472 1.95% 0.05638 2.41% 77.6 1.5 467.2 52.6 77.6 1.5
7000_91a 82.87126 1.55% 0.04836 1.21% 77.3 1.2 117.0 28.3 77.3 1.2
7000_90a 24.82002 1.53% 0.05142 1.09% 254.6 3.8 259.8 24.9 254.6 3.8
7000_89a 90.54053 1.76% 0.05286 1.73% 70.8 1.2 322.8 38.8 70.8 1.2
7000_88a 26.19330 1.48% 0.05243 1.09% 241.5 3.5 304.3 24.7 241.5 3.5
7000_87a 20.18896 1.92% 0.05369 1.10% 311.6 5.8 358.1 24.7 311.6 5.8
7000_86_1a 6.78280 2.25% 0.07278 0.94% 886.6 18.6 1007.8 18.9 886.6 18.6
7000_85a 11.78202 2.05% 0.05841 0.92% 525.2 10.3 545.0 20.1 525.2 10.3
7000_84a 9.60129 2.12% 0.07049 0.99% 638.7 12.9 942.8 20.1 638.7 12.9
7000_83a 87.06302 2.18% 0.04854 1.71% 73.6 1.6 125.5 39.7 73.6 1.6
7000_81a 22.09652 2.08% 0.05229 0.99% 285.3 5.8 298.2 22.3 285.3 5.8
7000_80a 18.30172 3.23% 0.05912 3.16% 342.9 10.8 571.6 67.3 342.9 10.8
7000_79a 6.56656 2.17% 0.07675 0.90% 913.8 18.5 1114.7 17.9 1114.7 17.9
7000_78a 7.75170 2.12% 0.06489 1.03% 782.2 15.6 770.8 21.5 782.2 15.6
7000_77a 25.65048 2.15% 0.05083 1.09% 246.5 5.2 233.2 24.9 246.5 5.2
7000_76a 79.28581 2.44% 0.04950 2.66% 80.8 2.0 171.8 61.0 80.8 2.0
7000_75a 23.90340 2.05% 0.05291 1.02% 264.2 5.3 325.0 23.0 264.2 5.3
7000_74a 21.43720 4.00% 0.06472 4.01% 293.9 11.5 765.2 82.2 293.9 11.5
7000_73a 12.91233 2.06% 0.05849 1.01% 480.9 9.5 548.1 22.0 480.9 9.5
7000_71a 66.82801 1.89% 0.04664 1.29% 95.7 1.8 30.6 30.7 95.7 1.8
7000_70a 21.80223 1.82% 0.05245 0.89% 289.1 5.2 305.0 20.1 289.1 5.2
7000_69a 85.46730 1.95% 0.04954 1.46% 75.0 1.5 173.4 33.8 75.0 1.5
7000_68a 92.81807 2.39% 0.04559 3.38% 69.1 1.6 0.0 55.6 69.1 1.6
7000_67a 2.98842 1.82% 0.11329 0.63% 1860.8 29.4 1852.9 11.3 1852.9 11.3
7000_66a 74.37647 2.57% 0.05228 2.29% 86.1 2.2 297.5 51.4 86.1 2.2
7000_65a 115.14534 3.56% 0.04643 4.67% 55.7 2.0 19.8 108.7 55.7 2.0
7000_64a 10.04121 1.95% 0.06109 0.72% 612.0 11.4 642.4 15.3 612.0 11.4
7000_62a 17.90321 1.89% 0.05393 0.90% 350.4 6.4 368.2 20.1 350.4 6.4
7000_61a 14.26966 1.84% 0.05642 0.66% 436.6 7.8 468.8 14.5 436.6 7.8
7000_60a 85.73285 1.96% 0.04658 1.69% 74.8 1.5 27.5 39.9 74.8 1.5
7000_59a 84.34232 2.43% 0.05019 2.39% 76.0 1.8 203.8 54.5 76.0 1.8
7000_58a 9.55136 4.25% 0.07273 3.59% 641.9 25.9 1006.5 71.2 641.9 25.9
7000_57a 10.83579 2.10% 0.05915 0.81% 569.0 11.4 572.6 17.4 569.0 11.4
7000_56a 90.27224 2.00% 0.04540 3.29% 71.0 1.4 0.0 43.8 71.0 1.4
7000_54a 19.49282 1.20% 0.05494 1.26% 322.5 3.8 409.8 27.8 322.5 3.8
7000_53a 13.14488 1.12% 0.05682 1.15% 472.7 5.1 484.7 25.2 472.7 5.1
7000_52a 20.50705 2.16% 0.05560 1.16% 306.9 6.5 436.6 25.5 306.9 6.5
7000_51a 29.60911 2.70% 0.05341 1.08% 214.1 5.7 346.1 24.3 214.1 5.7
7000_50a 126.07141 2.81% 0.03490 7.93% 50.9 1.4 0.0 0.0 50.9 1.4
7000_49a 22.24679 1.45% 0.05607 1.11% 283.4 4.0 455.3 24.5 283.4 4.0
7000_48a 23.37263 4.67% 0.03955 6.77% 270.1 12.3 0.0 0.0 270.1 12.3
7000_47a 73.75186 1.57% 0.04390 2.59% 86.8 1.4 0.0 0.0 86.8 1.4
7000_45a 22.80442 1.08% 0.05309 1.18% 276.7 2.9 332.7 26.4 276.7 2.9
7000_44a 21.45714 2.75% 0.06210 2.93% 293.6 7.9 677.5 61.4 293.6 7.9
7000_43a 22.02633 1.08% 0.05174 1.21% 286.2 3.0 273.8 27.6 286.2 3.0
7000_41a 10.35045 1.01% 0.06398 1.07% 594.5 5.7 741.0 22.5 594.5 5.7
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Sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma Best age 1 sigma

name 206Pb % error 206Pb % error age err (Ma) age err (Ma) err (Ma)

7000_40a 68.84954 1.15% 0.05197 1.72% 93.0 1.1 284.1 38.8 93.0 1.1
7000_39a 72.93707 1.54% 0.04906 2.95% 87.8 1.3 150.6 67.8 87.8 1.3
7000_37a 68.97346 0.87% 0.05548 1.16% 92.8 0.8 431.8 25.5 92.8 0.8
7000_36a 64.61153 1.44% 0.05362 2.42% 99.0 1.4 355.2 53.7 99.0 1.4
7000_35a 4.91153 0.65% 0.07876 0.33% 1194.6 7.1 1166.0 6.5 1166.0 6.5
7000_34a 4.18848 1.02% 0.08778 0.45% 1380.2 12.6 1377.6 8.6 1377.6 8.6
7000_33a 22.53115 0.71% 0.05135 0.62% 279.9 1.9 256.6 14.1 279.9 1.9
7000_32a 22.42793 0.63% 0.05117 0.71% 281.2 1.7 248.5 16.2 281.2 1.7
7000_31a 5.77679 1.42% 0.07359 0.51% 1029.2 13.5 1030.2 10.4 1030.2 10.4
7000_30a 17.83708 0.69% 0.05348 0.63% 351.6 2.4 349.3 14.2 351.6 2.4
7000_29a 70.31102 0.79% 0.05146 1.36% 91.0 0.7 261.3 30.9 91.0 0.7
7000_28a 8.94510 0.62% 0.06788 0.31% 683.2 4.0 865.0 6.4 683.2 4.0
7000_24a 84.21036 2.51% 0.04694 3.24% 76.1 1.9 46.4 75.8 76.1 1.9
7000_25a 4.52683 2.01% 0.09877 1.23% 1286.7 23.4 1601.1 22.7 1601.1 22.7
7000_23a 27.72189 1.82% 0.05100 1.33% 228.4 4.1 240.8 30.3 228.4 4.1
7000_22a 24.28886 1.81% 0.05178 1.30% 260.1 4.6 275.7 29.5 260.1 4.6
7000_21a 22.03367 2.24% 0.05556 1.23% 286.1 6.3 434.8 27.1 286.1 6.3
7000_19a 10.82886 1.83% 0.06739 1.11% 569.4 10.0 849.9 22.9 569.4 10.0
7000_20a 14.13824 1.71% 0.05617 1.18% 440.6 7.3 459.2 25.9 440.6 7.3
7000_18a 29.17452 1.77% 0.05937 1.52% 217.3 3.8 580.5 32.6 217.3 3.8
7000_17a 16.76013 1.74% 0.05489 1.25% 373.6 6.3 407.7 27.8 373.6 6.3
7000_16a 91.08820 2.12% 0.04694 2.83% 70.4 1.5 46.1 66.4 70.4 1.5
7000_15a 5.47097 1.80% 0.07567 1.24% 1082.2 17.9 1086.4 24.7 1086.4 24.7
7000_14a 21.03584 1.84% 0.05470 1.59% 299.4 5.4 400.1 35.2 299.4 5.4
7000_13a 6.48329 1.79% 0.07363 1.16% 924.7 15.4 1031.3 23.2 924.7 15.4
7000_12a 24.79279 2.08% 0.05228 1.57% 254.9 5.2 297.8 35.4 254.9 5.2
7000_11a 69.40119 1.77% 0.04890 1.74% 92.2 1.6 143.0 40.2 92.2 1.6
7000_10a 83.09886 1.05% 0.04783 1.13% 77.1 0.8 90.8 26.6 77.1 0.8
7000_9a 27.32161 0.80% 0.05183 0.74% 231.7 1.8 277.9 16.8 231.7 1.8
7000_7a 3.47270 0.82% 0.09936 0.50% 1631.3 11.8 1612.1 9.2 1612.1 9.2
7000_8a 30.48973 1.43% 0.05328 0.64% 208.0 2.9 340.6 14.4 208.0 2.9
7000_6a 17.74782 1.99% 0.05791 0.78% 353.4 6.8 526.3 16.9 353.4 6.8
7000_4a 90.21246 1.12% 0.04744 1.68% 71.1 0.8 71.3 39.4 71.1 0.8
7000_5a 6.87565 0.80% 0.07298 0.38% 875.4 6.6 1013.4 7.6 875.4 6.6
7000_3a 87.36860 0.88% 0.04808 0.76% 73.4 0.6 103.4 17.9 73.4 0.6
7000_2a 68.12696 1.29% 0.04827 1.67% 93.9 1.2 112.4 39.0 93.9 1.2
7000_1a 22.46832 0.94% 0.05157 1.03% 280.7 2.6 266.4 23.5 280.7 2.6

Locality C7
6999_100a 75.34954 2.09% 0.04836 2.57% 85.0 1.8 116.7 59.5 85.0 1.8
6999_98a 86.87282 2.01% 0.04476 2.68% 73.8 1.5 0.0 0.2 73.8 1.5
6999_97a 87.24067 2.16% 0.04608 2.60% 73.5 1.6 2.6 60.5 73.5 1.6
6999_96a 85.79066 2.12% 0.04707 2.74% 74.7 1.6 52.8 64.1 74.7 1.6
6999_95a 89.71132 1.85% 0.04723 1.55% 71.5 1.3 61.1 36.5 71.5 1.3
6999_94a 89.17906 2.30% 0.04777 2.61% 71.9 1.6 88.0 60.7 71.9 1.6
6999_92a 78.38771 2.03% 0.04951 2.52% 81.7 1.6 172.2 57.8 81.7 1.6
6999_91a 84.85072 1.85% 0.04748 2.01% 75.5 1.4 73.7 47.1 75.5 1.4
6999_90 89.54803 1.70% 0.04714 1.88% 71.6 1.2 56.2 44.3 71.6 1.2
6999_89 75.45471 1.87% 0.04856 2.24% 84.9 1.6 126.5 52.0 84.9 1.6
6999_88 87.28795 1.48% 0.04677 1.15% 73.4 1.1 37.5 27.4 73.4 1.1
6999_87 83.43099 2.08% 0.04710 2.93% 76.8 1.6 54.3 68.4 76.8 1.6
6999_86 91.84408 2.43% 0.04918 3.41% 69.8 1.7 156.2 77.9 69.8 1.7
6999_85 86.13612 1.58% 0.04999 1.40% 74.4 1.2 194.7 32.2 74.4 1.2
6999_84 89.50991 1.73% 0.04753 1.24% 71.6 1.2 76.1 29.2 71.6 1.2
6999_82 85.42864 1.84% 0.04899 2.13% 75.0 1.4 147.4 49.2 75.0 1.4
6999_83 90.15056 1.97% 0.04709 2.53% 71.1 1.4 53.8 59.4 71.1 1.4
6999_81 91.42694 1.53% 0.04663 1.55% 70.1 1.1 30.2 36.8 70.1 1.1
6999_80 87.03544 1.71% 0.04944 1.83% 73.6 1.3 168.7 42.1 73.6 1.3
6999_79 91.01562 2.15% 0.05859 3.18% 70.4 1.5 551.9 68.0 70.4 1.5
6999_78 71.90421 1.60% 0.05528 1.48% 89.0 1.4 423.6 32.7 89.0 1.4
6999_77 86.24869 1.56% 0.04673 1.27% 74.3 1.1 35.6 30.2 74.3 1.1
6999_76 88.13924 1.58% 0.05235 2.25% 72.7 1.1 300.9 50.4 72.7 1.1
6999_75 96.27677 1.20% 0.04775 1.87% 66.6 0.8 86.7 43.9 66.6 0.8
6999_74 85.08296 2.21% 0.04641 3.23% 75.3 1.7 18.8 75.9 75.3 1.7
6999_73 91.44144 1.44% 0.05042 2.34% 70.1 1.0 214.4 53.2 70.1 1.0
6999_72 89.17466 1.66% 0.04440 2.62% 71.9 1.2 0.0 0.0 71.9 1.2
6999_71 93.76809 0.87% 0.04785 1.10% 68.4 0.6 91.8 25.9 68.4 0.6
6999_70 80.72602 1.41% 0.04601 2.03% 79.4 1.1 0.0 46.3 79.4 1.1
6999_69 90.70023 1.58% 0.04974 2.72% 70.7 1.1 182.9 62.2 70.7 1.1
6999_68 73.09477 1.40% 0.04635 2.30% 87.6 1.2 16.1 54.4 87.6 1.2
6999_67 86.79713 1.66% 0.05046 2.82% 73.8 1.2 216.2 63.9 73.8 1.2
6999_66 82.51077 1.06% 0.04901 1.44% 77.7 0.8 148.2 33.5 77.7 0.8
6999_65 90.35633 1.23% 0.04879 2.05% 71.0 0.9 138.0 47.5 71.0 0.9
6999_63 87.42154 1.30% 0.04744 2.01% 73.3 1.0 71.4 47.2 73.3 1.0
6999_62 97.57163 0.95% 0.04706 1.03% 65.7 0.6 52.4 24.5 65.7 0.6
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Sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma Best age 1 sigma

name 206Pb % error 206Pb % error age err (Ma) age err (Ma) err (Ma)

6999_61 73.44284 1.26% 0.04719 2.02% 87.2 1.1 58.8 47.5 87.2 1.1
6999_60 82.81775 1.41% 0.04767 2.22% 77.4 1.1 82.8 51.9 77.4 1.1
6999_59 74.36814 1.40% 0.05062 2.61% 86.1 1.2 223.6 59.2 86.1 1.2
6999_57 73.79980 1.48% 0.04994 2.62% 86.8 1.3 192.4 59.7 86.8 1.3
6999_56 87.86904 1.30% 0.05105 2.14% 72.9 0.9 242.9 48.5 72.9 0.9
6999_58 94.84058 1.39% 0.04987 2.00% 67.6 0.9 189.0 45.8 67.6 0.9
6999_55 89.26235 1.57% 0.04758 2.58% 71.8 1.1 78.4 60.0 71.8 1.1
6999_54 92.49628 1.39% 0.04767 1.64% 69.3 1.0 83.0 38.4 69.3 1.0
6999_53 87.91228 1.54% 0.04918 2.67% 72.9 1.1 156.5 61.3 72.9 1.1
6999_52 78.47297 0.97% 0.04805 1.37% 81.6 0.8 101.7 32.2 81.6 0.8
6999_51 70.58963 1.46% 0.05614 2.52% 90.7 1.3 458.0 54.8 90.7 1.3
6999_50 94.14180 1.09% 0.04751 1.82% 68.1 0.7 75.1 42.8 68.1 0.7
6999_49 91.61162 1.98% 0.04922 3.07% 70.0 1.4 158.3 70.3 70.0 1.4
6999_48 88.30425 1.97% 0.04847 3.21% 72.6 1.4 122.1 73.9 72.6 1.4
6999_47 87.39263 1.37% 0.04700 2.00% 73.3 1.0 49.1 47.0 73.3 1.0
6999_46 88.67315 1.35% 0.04685 2.23% 72.3 1.0 41.8 52.6 72.3 1.0
6999_45 87.08426 1.47% 0.05374 2.27% 73.6 1.1 360.1 50.5 73.6 1.1
6999_44 87.29385 2.47% 0.05177 3.13% 73.4 1.8 275.3 70.2 73.4 1.8
6999_43 87.17086 1.96% 0.04601 2.98% 73.5 1.4 0.0 68.6 73.5 1.4
6999_42 85.37229 1.47% 0.04733 1.31% 75.1 1.1 65.8 30.9 75.1 1.1
6999_41 75.23913 1.96% 0.04692 2.40% 85.1 1.7 45.0 56.4 85.1 1.7
6999_40 90.85794 1.67% 0.04822 1.47% 70.6 1.2 110.3 34.3 70.6 1.2
6999_39 71.79230 1.84% 0.04709 1.70% 89.2 1.6 53.8 40.0 89.2 1.6
6999_38 84.51546 1.95% 0.04979 2.24% 75.8 1.5 185.2 51.4 75.8 1.5
6999_37 86.77718 2.05% 0.04841 2.56% 73.9 1.5 119.3 59.2 73.9 1.5
6999_35 87.55836 1.60% 0.04612 1.20% 73.2 1.2 3.7 28.8 73.2 1.2
6999_34 85.22740 1.71% 0.04744 2.02% 75.2 1.3 71.3 47.3 75.2 1.3
6999_32 87.18610 1.75% 0.04838 2.15% 73.5 1.3 118.0 50.0 73.5 1.3
6999_33 84.32716 1.77% 0.04907 1.48% 76.0 1.3 151.2 34.2 76.0 1.3
6999_31 96.09569 1.77% 0.04862 1.96% 66.7 1.2 129.3 45.4 66.7 1.2
6999_30a 76.11949 1.49% 0.04724 2.48% 84.1 1.2 61.3 58.1 84.1 1.2
6999_29a 79.97032 1.35% 0.05001 2.57% 80.1 1.1 195.7 58.6 80.1 1.1
6999_28a 93.28956 1.06% 0.04846 1.35% 68.7 0.7 121.8 31.6 68.7 0.7
6999_27a 94.03140 1.16% 0.04952 1.54% 68.2 0.8 172.6 35.6 68.2 0.8
6999_26a 89.59112 1.73% 0.04626 2.99% 71.6 1.2 0.0 81.7 71.6 1.2
6999_25a 90.39486 1.38% 0.04640 1.94% 70.9 1.0 18.5 46.1 70.9 1.0
6999_24a 22.79268 0.87% 0.05290 0.91% 276.8 2.3 324.5 20.5 276.8 2.3
6999_23a 90.67939 1.07% 0.04728 1.52% 70.7 0.8 63.1 35.8 70.7 0.8
6999_22a 90.31903 1.17% 0.04633 1.81% 71.0 0.8 0.0 57.7 71.0 0.8
6999_21a 83.38173 1.09% 0.04796 1.93% 76.9 0.8 97.3 45.0 76.9 0.8
6999_20a 97.36494 1.96% 0.04827 1.76% 65.9 1.3 112.6 41.0 65.9 1.3
6999_19a_4b 87.62636 0.90% 0.04760 1.70% 73.2 0.7 79.7 39.8 73.2 0.7
6999_18a_4b 64.03069 1.16% 0.04718 1.61% 99.9 1.1 58.2 38.0 99.9 1.1
6999_17a_4b 91.76113 0.93% 0.04787 1.19% 69.9 0.6 92.8 27.9 69.9 0.6
6999_16a_4b 90.12918 1.13% 0.05005 1.74% 71.1 0.8 197.4 39.8 71.1 0.8
6999_15a 92.13010 1.04% 0.04802 1.61% 69.6 0.7 100.2 37.7 69.6 0.7
6999_14a 81.26575 1.83% 0.04783 2.08% 78.8 1.4 90.7 48.6 78.8 1.4
6999_13a 90.85554 1.16% 0.04981 1.84% 70.6 0.8 185.9 42.4 70.6 0.8
6999_12a 72.44324 1.10% 0.04913 1.63% 88.4 1.0 154.2 37.8 88.4 1.0
6999_11a 72.60420 1.73% 0.04905 2.66% 88.2 1.5 150.4 61.3 88.2 1.5
6999_10a 72.81314 1.13% 0.05972 1.84% 87.9 1.0 593.3 39.4 87.9 1.0
6999_9a 75.56183 0.97% 0.05946 1.81% 84.8 0.8 584.0 38.8 84.8 0.8
6999_8a 88.56137 1.44% 0.04918 2.23% 72.4 1.0 156.6 51.3 72.4 1.0
6999_7a 83.78244 1.33% 0.04646 2.33% 76.5 1.0 21.7 54.9 76.5 1.0
6999_5a 87.48771 0.91% 0.04762 1.27% 73.3 0.7 80.6 29.8 73.3 0.7
6999_4a 89.88171 1.34% 0.04683 1.94% 71.3 0.9 40.8 45.7 71.3 0.9
6999_3a 64.80660 1.55% 0.05528 2.07% 98.7 1.5 423.7 45.5 98.7 1.5
6999_2a 87.06236 1.11% 0.04879 1.99% 73.6 0.8 0.0 183.9 73.6 0.8
6999_1a 87.61770 1.50% 0.04916 1.96% 73.2 1.1 155.4 45.3 73.2 1.1

Locality C4
7001_100a 88.40730 1.95% 0.04681 2.62% 72.5 1.4 39.7 61.6 72.5 1.4
7001_99a 93.29052 1.95% 0.04665 2.74% 68.7 1.3 31.1 64.4 68.7 1.3
7001_98a 88.66154 1.89% 0.04526 2.32% 72.3 1.4 0.0 10.6 72.3 1.4
7001_97a 85.51144 1.85% 0.05013 2.28% 74.9 1.4 201.1 52.0 74.9 1.4
7001_95a 86.36506 2.06% 0.04951 3.06% 74.2 1.5 171.8 69.9 74.2 1.5
7001_94a 88.85384 1.82% 0.04748 2.17% 72.1 1.3 73.6 50.7 72.1 1.3
7001_93a 74.71576 1.67% 0.04823 1.71% 85.7 1.4 110.4 39.9 85.7 1.4
7001_92a 66.16604 1.84% 0.06683 2.17% 96.7 1.8 832.5 44.7 96.7 1.8
7001_91a 3.51407 1.49% 0.11091 1.15% 1614.3 21.2 1814.4 20.7 1814.4 20.7
7001_90a 90.26545 1.86% 0.04910 2.52% 71.0 1.3 152.5 57.9 71.0 1.3
7001_89a 89.45134 1.54% 0.04694 1.46% 71.7 1.1 46.2 34.6 71.7 1.1
7001_88a 89.60035 1.90% 0.05196 2.73% 71.5 1.4 283.5 61.2 71.5 1.4
7001_87a 89.61042 2.10% 0.05236 2.97% 71.5 1.5 301.3 66.4 71.5 1.5
7001_86a 81.86776 1.66% 0.04773 1.78% 78.3 1.3 86.1 41.6 78.3 1.3
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Sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma Best age 1 sigma

name 206Pb % error 206Pb % error age err (Ma) age err (Ma) err (Ma)

7001_85a 89.13610 1.84% 0.04770 2.46% 71.9 1.3 84.4 57.4 71.9 1.3
7001_84a 27.31294 1.10% 0.05115 0.77% 231.8 2.5 247.7 17.5 231.8 2.5
7001_83a 92.08334 1.83% 0.04861 2.79% 69.6 1.3 129.0 64.4 69.6 1.3
7001_82a 81.42759 1.38% 0.04727 1.53% 78.7 1.1 62.7 36.0 78.7 1.1
7001_81a 89.73387 1.80% 0.05024 2.91% 71.4 1.3 206.2 66.2 71.4 1.3
7001_80a 27.07666 1.29% 0.05032 1.13% 233.8 3.0 209.8 26.0 233.8 3.0
7001_79a 90.22365 1.50% 0.04815 1.87% 71.1 1.1 106.8 43.6 71.1 1.1
7001_78a 5.80123 1.20% 0.07508 0.58% 1025.2 11.4 1070.5 11.6 1070.5 11.6
7001_77a 87.30846 1.90% 0.04850 3.17% 73.4 1.4 123.6 73.1 73.4 1.4
7001_76a 79.96828 1.40% 0.04755 1.54% 80.1 1.1 76.9 36.3 80.1 1.1
7001_75a 88.60464 1.94% 0.04772 2.98% 72.3 1.4 85.2 69.2 72.3 1.4
7001_74a 86.19837 1.68% 0.04842 2.53% 74.4 1.2 119.7 58.6 74.4 1.2
7001_73a 101.57149 1.85% 0.04931 0.93% 63.2 1.2 162.5 21.5 63.2 1.2
7001_71a 82.03669 1.26% 0.04739 1.37% 78.1 1.0 68.9 32.3 78.1 1.0
7001_70a 13.46700 2.16% 0.05652 0.92% 461.7 9.6 472.8 20.2 461.7 9.6
7001_69a 90.14166 2.46% 0.04823 2.27% 71.1 1.7 110.8 52.8 71.1 1.7
7001_68a 27.28145 2.22% 0.05129 1.07% 232.1 5.1 253.8 24.5 232.1 5.1
7001_67a 19.31492 2.30% 0.05622 1.37% 325.4 7.3 461.2 30.1 325.4 7.3
7001_66a 86.97803 2.80% 0.05150 3.00% 73.7 2.1 263.2 67.4 73.7 2.1
7001_65a 80.91935 2.41% 0.04834 1.99% 79.2 1.9 115.9 46.3 79.2 1.9
7001_64a 71.01314 2.31% 0.04804 1.60% 90.1 2.1 101.2 37.3 90.1 2.1
7001_63a 87.56295 2.40% 0.04878 1.75% 73.2 1.7 137.3 40.7 73.2 1.7
7001_62a 89.66979 2.70% 0.05103 2.64% 71.5 1.9 242.0 59.7 71.5 1.9
7001_61a 88.62164 2.35% 0.04761 1.60% 72.3 1.7 79.8 37.6 72.3 1.7
7001_60a 23.17129 2.26% 0.05084 1.28% 272.4 6.0 233.7 29.2 272.4 6.0
7001_59a 26.78413 2.31% 0.05090 1.16% 236.3 5.4 236.2 26.6 236.3 5.4
7001_58a 88.27773 2.64% 0.04833 2.81% 72.6 1.9 115.2 65.0 72.6 1.9
7001_57a 87.28379 2.64% 0.05143 2.52% 73.4 1.9 260.0 56.9 73.4 1.9
7001_56a 87.64166 2.75% 0.04747 2.76% 73.1 2.0 73.2 64.3 73.1 2.0
7001_55a 87.99579 2.22% 0.04972 2.41% 72.8 1.6 181.9 55.3 72.8 1.6
7001_54a 89.68700 2.22% 0.04954 2.15% 71.5 1.6 173.6 49.5 71.5 1.6
7001_53a 89.69573 2.89% 0.05229 3.67% 71.5 2.1 298.0 81.6 71.5 2.1
7001_52a 91.23695 2.39% 0.05363 2.85% 70.3 1.7 355.5 63.0 70.3 1.7
7001_51a 90.01166 2.03% 0.04758 1.67% 71.2 1.4 78.2 39.1 71.2 1.4
7001_50a 89.99144 2.59% 0.04912 2.90% 71.2 1.8 153.7 66.6 71.2 1.8
7001_49a 87.44470 2.66% 0.04927 3.23% 73.3 1.9 160.8 73.9 73.3 1.9
7001_48a 89.75064 1.90% 0.04803 0.86% 71.4 1.4 100.7 20.2 71.4 1.4
7001_47a 31.48049 2.68% 0.05850 0.98% 201.6 5.3 548.6 21.3 201.6 5.3
7001_46a 27.54894 1.86% 0.05193 0.69% 229.9 4.2 282.5 15.6 229.9 4.2
7001_45a 87.02234 1.85% 0.04803 0.89% 73.7 1.4 100.5 21.0 73.7 1.4
7001_44a 32.00780 2.63% 0.05257 0.97% 198.3 5.1 310.4 21.9 198.3 5.1
7001_44a 32.00780 2.63% 0.05257 0.97% 198.3 5.1 310.4 21.9 198.3 5.1
7001_43a 88.60906 2.33% 0.04970 2.37% 72.3 1.7 180.8 54.3 72.3 1.7
7001_42a 93.37983 2.03% 0.04987 2.06% 68.7 1.4 189.0 47.2 68.7 1.4
7001_41a 87.92793 2.49% 0.05038 2.95% 72.9 1.8 212.6 67.0 72.9 1.8
7001_40a 91.62143 1.66% 0.05065 2.60% 70.0 1.2 224.9 59.1 70.0 1.2
7001_39a 87.91965 1.36% 0.04937 1.44% 72.9 1.0 165.2 33.4 72.9 1.0
7001_38a 88.93114 1.99% 0.05769 2.75% 72.1 1.4 517.8 59.2 72.1 1.4
7001_37a 88.35127 1.57% 0.04711 2.20% 72.6 1.1 54.9 51.8 72.6 1.1
7001_36a 84.40931 1.34% 0.04885 1.35% 75.9 1.0 140.5 31.3 75.9 1.0
7001_35a 14.05089 1.17% 0.05690 0.70% 443.2 5.0 487.8 15.3 443.2 5.0
7001_34a 87.86024 1.46% 0.05040 1.53% 73.0 1.1 213.4 35.2 73.0 1.1
7001_33a 88.95685 1.89% 0.05007 2.70% 72.1 1.4 198.2 61.6 72.1 1.4
7001_32a 89.74308 1.63% 0.04589 2.32% 71.4 1.2 0.0 47.0 71.4 1.2
7001_31a 70.60558 1.27% 0.04914 1.41% 90.7 1.1 154.6 32.7 90.7 1.1
7001_30a 9.05138 1.32% 0.06272 0.89% 675.5 8.5 698.8 18.8 675.5 8.5
7001_30a 9.05138 1.32% 0.06272 0.89% 675.5 8.5 698.8 18.8 675.5 8.5
7001_29a 27.33110 1.23% 0.05158 1.07% 231.7 2.8 266.9 24.4 231.7 2.8
7001_28a 82.20641 1.39% 0.04652 1.42% 77.9 1.1 24.4 33.7 77.9 1.1
7001_27a 82.61599 1.79% 0.04897 2.57% 77.6 1.4 146.5 59.1 77.6 1.4
7001_26a 88.94064 1.90% 0.04574 2.79% 72.1 1.4 0.0 50.1 72.1 1.4
7001_25a 85.29707 2.39% 0.04776 1.55% 75.1 1.8 87.4 36.4 75.1 1.8
7001_23a 89.81715 2.65% 0.04955 2.78% 71.4 1.9 173.9 63.6 71.4 1.9
7001_24a 86.77855 2.45% 0.04592 2.18% 73.9 1.8 0.0 45.3 73.9 1.8
7001_22a 90.30387 2.54% 0.05119 2.47% 71.0 1.8 249.2 55.8 71.0 1.8
7001_21a 90.16888 2.48% 0.04589 2.28% 71.1 1.8 0.0 46.2 71.1 1.8
7001_20a 90.22345 2.50% 0.04921 2.45% 71.1 1.8 157.9 56.3 71.1 1.8
7001_19a 27.82000 2.16% 0.05097 0.72% 227.7 4.8 239.4 16.6 227.7 4.8
7001_18a 28.84875 2.50% 0.05472 1.56% 219.7 5.4 400.7 34.7 219.7 5.4
7001_17a 89.04030 2.47% 0.04550 2.48% 72.0 1.8 0.0 30.4 72.0 1.8
7001_16a 84.71190 2.57% 0.05416 2.57% 75.7 1.9 377.6 56.8 75.7 1.9
7001_15a 80.10496 2.49% 0.04768 2.34% 80.0 2.0 83.6 54.7 80.0 2.0
7001_14a 11.85439 2.16% 0.05821 0.67% 522.1 10.8 537.7 14.6 522.1 10.8
7001_13a 92.17947 2.61% 0.05456 2.72% 69.6 1.8 394.3 59.9 69.6 1.8
7001_12a 86.87707 2.50% 0.05551 2.21% 73.8 1.8 432.7 48.6 73.8 1.8
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(continued)

Sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma Best age 1 sigma

name 206Pb % error 206Pb % error age err (Ma) age err (Ma) err (Ma)

7001_11a 88.55410 2.93% 0.05088 2.91% 72.4 2.1 235.3 65.7 72.4 2.1
7001_10a 87.71218 2.49% 0.04490 3.78% 73.1 1.8 0.0 28.3 73.1 1.8
7001_9a 22.81735 1.67% 0.05286 0.87% 276.5 4.5 323.0 19.6 276.5 4.5
7001_8a 4.22304 2.09% 0.09254 0.62% 1370.0 25.8 1478.6 11.7 1478.6 11.7
7001_7a 22.51818 1.63% 0.05132 1.13% 280.1 4.5 255.4 25.7 280.1 4.5
7001_6a 85.01397 1.97% 0.04538 1.95% 75.4 1.5 0.0 11.3 75.4 1.5
7001_5a 90.91333 1.85% 0.04783 1.65% 70.5 1.3 90.8 38.7 70.5 1.3
7001_4a 87.05556 2.07% 0.04632 2.75% 73.6 1.5 14.3 64.9 73.6 1.5
7001_3a 87.12305 1.86% 0.04860 1.73% 73.6 1.4 128.5 40.1 73.6 1.4
7001_2a 86.65575 2.04% 0.05332 2.28% 74.0 1.5 342.3 50.8 74.0 1.5
7001_1a 73.51093 2.10% 0.04690 2.36% 87.1 1.8 44.2 55.4 87.1 1.8

Locality C3
6998_102a 6.17172 1.95% 0.0856 1.57% 968.0 17.5 1329.8 30.1 1329.8 30.1
6998_101a 73.67992 2.09% 0.0535 1.85% 86.9 1.8 351.0 41.2 86.9 1.8
6998_100a 77.09133 1.97% 0.0471 1.42% 83.1 1.6 53.8 33.5 83.1 1.6
6998_98a 28.57604 2.12% 0.0523 0.70% 221.7 4.6 297.8 15.8 221.7 4.6
6998_97a 26.09326 1.94% 0.0630 0.90% 242.4 4.6 709.2 19.0 242.4 4.6
6998_96a 19.42711 2.22% 0.0555 0.90% 323.6 7.0 431.9 20.0 323.6 7.0
6998_95a 22.70383 3.48% 0.0674 0.95% 277.9 9.5 850.1 19.7 277.9 9.5
6998_94a 84.83399 2.08% 0.0462 1.58% 75.5 1.6 13.9 32.7 75.5 1.6
6998_93a 25.83324 1.93% 0.0518 0.74% 244.8 4.6 276.4 16.8 244.8 4.6
6998_92a 83.96643 2.13% 0.0476 1.86% 76.3 1.6 81.7 43.2 76.3 1.6
6998_91a 24.89431 1.87% 0.0505 0.83% 253.9 4.7 220.2 19.1 253.9 4.7
6998_90a 79.02077 2.24% 0.0491 2.16% 81.1 1.8 154.8 49.8 81.1 1.8
6998_89a 24.67903 1.88% 0.0506 0.72% 256.1 4.7 223.6 16.5 256.1 4.7
6998_88a 77.97324 2.00% 0.0480 1.30% 82.1 1.6 100.5 30.4 82.1 1.6
6998_87a 26.53430 2.05% 0.0517 1.26% 238.5 4.8 274.0 28.5 238.5 4.8
6998_86a 24.54111 2.15% 0.0596 1.80% 257.5 5.4 588.4 38.6 257.5 5.4
6998_84a 11.68013 1.87% 0.0581 0.67% 529.6 9.5 532.8 14.7 529.6 9.5
6998_83a 24.21604 1.96% 0.0502 0.83% 260.9 5.0 202.6 19.1 260.9 5.0
6998_82a 24.65971 1.90% 0.0515 0.88% 256.3 4.8 261.1 20.1 256.3 4.8
6998_81a 57.69534 1.10% 0.0482 1.38% 110.8 1.2 107.1 32.2 110.8 1.2
6998_80a 68.06890 1.53% 0.0719 2.66% 94.0 1.4 983.3 53.3 94.0 1.4
6998_79a 84.22161 1.23% 0.0465 1.83% 76.1 0.9 27.0 40.6 76.1 0.9
6998_78a 25.98082 0.97% 0.0515 0.86% 243.5 2.3 264.1 19.6 243.5 2.3
6998_77a 74.26975 1.83% 0.0510 2.92% 86.2 1.6 241.6 66.0 86.2 1.6
6998_76a 26.46325 1.12% 0.0504 1.01% 239.1 2.6 215.0 23.3 239.1 2.6
6998_75a 26.00639 1.00% 0.0507 1.00% 243.2 2.4 226.0 23.0 243.2 2.4
6998_74a 26.45730 0.95% 0.0509 1.00% 239.2 2.2 237.4 23.0 239.2 2.2
6998_73a 79.38901 1.36% 0.0494 2.30% 80.7 1.1 167.7 52.9 80.7 1.1
6998_72a 55.91500 1.38% 0.0503 1.85% 114.3 1.6 207.8 42.3 114.3 1.6
6998_71a 23.79943 1.28% 0.0502 0.98% 265.3 3.3 206.0 22.5 265.3 3.3
6998_70a 75.80370 1.44% 0.0467 2.53% 84.5 1.2 36.8 57.4 84.5 1.2
6998_69a 89.92353 1.86% 0.0576 2.70% 71.3 1.3 515.8 58.2 71.3 1.3
6998_68a 83.69603 1.45% 0.0486 1.93% 76.6 1.1 131.0 44.8 76.6 1.1
6998_67a 75.85849 1.41% 0.0482 2.19% 84.4 1.2 109.1 50.8 84.4 1.2
6998_66a 79.01655 1.80% 0.0468 2.31% 81.1 1.5 39.7 54.4 81.1 1.5
6998_65a 87.91650 1.88% 0.0462 2.67% 72.9 1.4 8.3 61.6 72.9 1.4
6998_64a 25.19386 1.33% 0.0524 0.61% 250.9 3.3 301.5 14.0 250.9 3.3
6998_63a 83.98874 1.42% 0.0454 1.46% 76.3 1.1 0.0 2.8 76.3 1.1
6998_62a 28.95272 1.50% 0.0525 0.99% 218.9 3.2 307.5 22.3 218.9 3.2
6998_61a 7.48265 1.31% 0.0706 0.58% 808.6 9.9 945.9 11.8 808.6 9.9
6998_60a 2.69851 1.52% 0.1111 0.52% 2032.1 26.5 1817.0 9.5 1817.0 9.5
6998_59a 76.82269 1.79% 0.0484 2.00% 83.4 1.5 119.2 46.4 83.4 1.5
6998_58a 71.01627 2.02% 0.0451 2.83% 90.1 1.8 0.0 15.6 90.1 1.8
6998_57a 26.63342 1.29% 0.0509 0.79% 237.6 3.0 235.3 18.1 237.6 3.0
6998_56a 16.54381 1.53% 0.0512 1.08% 378.3 5.6 250.6 24.6 378.3 5.6
6998_55a 21.26177 1.50% 0.0557 1.34% 296.3 4.3 438.6 29.5 296.3 4.3
6998_54a 24.96956 1.31% 0.0507 0.92% 253.1 3.3 228.9 21.2 253.1 3.3
6998_53a 25.09662 1.31% 0.0505 0.83% 251.9 3.2 219.8 19.1 251.9 3.2
6998_52a 80.31040 1.44% 0.0478 1.48% 79.8 1.1 89.7 34.7 79.8 1.1
6998_51a 25.43998 1.34% 0.0502 1.13% 248.5 3.3 202.1 26.1 248.5 3.3
6998_50a 22.55055 2.94% 0.0844 1.11% 279.7 8.1 1301.2 21.4 279.7 8.1
6998_49a 82.79017 1.49% 0.0471 1.89% 77.4 1.1 54.1 44.6 77.4 1.1
6998_48a 87.68662 1.16% 0.0479 0.92% 73.1 0.8 93.0 21.6 73.1 0.8
6998_47a 75.60808 1.58% 0.0453 2.59% 84.7 1.3 0.0 20.5 84.7 1.3
6998_45a 27.02447 1.30% 0.0516 0.91% 234.2 3.0 265.7 20.7 234.2 3.0
6998_44a 26.80655 1.21% 0.0506 0.74% 236.1 2.8 224.3 17.1 236.1 2.8
6998_43a 80.09571 1.65% 0.0495 2.71% 80.0 1.3 169.9 62.2 80.0 1.3
6998_42a 81.11525 1.35% 0.0463 1.77% 79.0 1.1 13.4 41.9 79.0 1.1
6998_41a 81.01084 1.53% 0.0493 2.10% 79.1 1.2 162.2 48.5 79.1 1.2
6998_40a 82.20240 1.45% 0.0491 1.91% 77.9 1.1 151.4 44.1 77.9 1.1
6998_39a 24.28174 1.22% 0.0501 0.95% 260.2 3.1 199.5 22.0 260.2 3.1
6998_38a 78.16034 1.53% 0.0485 1.54% 82.0 1.2 125.2 35.8 82.0 1.2

Appendix Table 1 (continued)

(continued on next page)

83A. Cardona et al. / Tectonophysics 580 (2012) 58–87



(continued)

Sample 238U 1 sigma 207Pb 1 sigma 206/238 1 sigma 207/206 1 sigma Best age 1 sigma

name 206Pb % error 206Pb % error age err (Ma) age err (Ma) err (Ma)

6998_37a 79.77206 1.77% 0.0459 2.54% 80.3 1.4 0.0 50.8 80.3 1.4
6998_36a 25.88857 1.16% 0.0506 0.85% 244.3 2.8 221.4 19.6 244.3 2.8
6998_35a 4.97133 1.10% 0.0799 1.97% 1181.5 11.9 1195.0 38.3 1195.0 38.3
6998_34a 83.73514 1.21% 0.0518 2.46% 76.5 0.9 274.5 55.4 76.5 0.9
6998_33a 81.28831 1.37% 0.0481 2.89% 78.8 1.1 105.1 66.9 78.8 1.1
6998_32a 32.18023 6.21% 0.0732 2.44% 197.3 12.0 1018.8 48.6 197.3 12.0
6998_30a 26.59892 1.22% 0.0507 2.08% 237.9 2.8 226.6 47.3 237.9 2.8
6998_31a 67.91819 1.19% 0.0474 2.32% 94.2 1.1 70.9 54.3 94.2 1.1
6998_29a 25.74675 1.52% 0.0575 1.95% 245.6 3.7 509.0 42.4 245.6 3.7
6998_28a 26.11466 1.14% 0.0514 2.07% 242.2 2.7 257.0 46.8 242.2 2.7
6998_27a 27.02570 1.07% 0.0511 2.05% 234.2 2.5 246.4 46.6 234.2 2.5
6998_26a 27.09480 1.04% 0.0516 2.10% 233.6 2.4 268.7 47.5 233.6 2.4
6998_25a 25.10816 1.11% 0.0528 2.00% 251.8 2.7 321.4 44.8 251.8 2.7
6998_24a 18.28146 1.04% 0.0532 2.04% 343.3 3.5 336.5 45.6 343.3 3.5
6998_23a 42.05353 5.41% 0.0640 2.50% 151.5 8.1 742.8 52.0 151.5 8.1
6998_22a 27.81577 1.99% 0.0648 2.11% 227.7 4.4 766.5 43.8 227.7 4.4
6998_21a 77.41532 1.77% 0.0527 2.83% 82.7 1.5 317.9 63.1 82.7 1.5
6998_20a 30.27692 1.78% 0.0550 1.50% 209.5 3.7 411.4 33.2 209.5 3.7
6998_19a 12.85960 0.80% 0.0617 1.32% 482.8 3.7 663.6 28.0 482.8 3.7
6998_18a 24.55594 0.73% 0.0527 1.53% 257.3 1.8 316.6 34.4 257.3 1.8
6998_17a 72.00766 0.93% 0.0513 2.02% 88.9 0.8 253.0 45.7 88.9 0.8
6998_16a 57.46290 0.88% 0.0517 1.75% 111.2 1.0 271.9 39.5 111.2 1.0
6998_15a 29.47579 0.61% 0.0522 1.34% 215.1 1.3 296.2 30.2 215.1 1.3
6998_14a 59.13702 0.81% 0.0603 1.67% 108.1 0.9 615.7 35.6 108.1 0.9
6998_13a 27.16577 0.76% 0.0536 1.43% 233.0 1.7 354.3 31.9 233.0 1.7
6998_12a 3.40410 0.66% 0.1082 1.29% 1660.3 9.6 1768.7 23.4 1768.7 23.4
6998_10a 78.11313 1.14% 0.0478 2.40% 82.0 0.9 87.6 56.0 82.0 0.9
6998_11a 20.51080 1.01% 0.0600 1.32% 306.9 3.0 601.8 28.3 306.9 3.0
6998_9a 72.69891 1.83% 0.0555 3.50% 88.1 1.6 432.3 76.1 88.1 1.6
6998_8a 28.07386 1.14% 0.0522 1.57% 225.6 2.5 292.2 35.4 225.6 2.5
6998_6a 56.49589 0.92% 0.0497 1.92% 113.1 1.0 178.7 44.1 113.1 1.0
6998_5a 85.30191 0.86% 0.0497 1.71% 75.1 0.6 183.3 39.3 75.1 0.6
6998_4a 10.28615 1.10% 0.0611 0.87% 598.1 6.3 643.0 18.5 598.1 6.3
6998_3a 57.96549 1.49% 0.0524 2.18% 110.3 1.6 302.0 49.0 110.3 1.6
6998_2a 78.81694 1.53% 0.0485 2.09% 81.3 1.2 125.9 48.5 81.3 1.2
6998_1a 77.98256 1.38% 0.0495 1.66% 82.1 1.1 170.8 38.4 82.1 1.1
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