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ABSTRACT

U-Pb laser ablation inductively coupled plasma mass spectrometry ages and Hf isotopes in zircons were used to
constrain the nature of two geological units representative of the basement of the Central Cordillera of Colombia.
Graphite-quartz-muscovite schists from the Cajamarca Complex show inherited detrital zircons supplied mostly
from Late Jurassic (ca. 167 Ma), Ediacaran (ca. 638 Ma), and Tonian (Grenvillian; ca. 1000 Ma) sources. These marine
volcanosedimentary deposits form an N-trending metamorphic belt in fault contact to the east with orthogneisses
and amphibolites of the Tierradentro unit. Zircon U-Pb determinations of the Tierradentro rocks—previously in-
terpreted as Grenvillian basement slices—vyielded crystallization ages between 271 and 234 Ma. Initial Hf data reveal
that the Tierradentro unit shares isotopic characteristics similar to other Permo-Triassic rocks of the Central Cor-
dillera. In contrast, inherited detrital zircons from the Jurassic metasedimentary rocks suggest that their sources are
distinct from the plutonic rocks that crop out in the Central Cordillera with Jurassic crystallization ages. Large
xenoliths of the Tierradentro unit within the Ibagué batholith indicate that the granodioritic magma mostly intruded
a Permo-Triassic basement possibly by exploiting the Otu-Pericos fault. The Jurassic metasedimentary belt is cor-
related further south with a similar sequence in the Ecuadorian Andes named Salado terrane.

Online enhancements: supplemental tables.

Introduction

Continental margins are modified by the accretionof ~ and transferred by along-strike translation (i.e., parau-
oceanic and continental terranes during subduction.  tochthonous) may be more complicated (Howell
While the allochthonous origin of oceanic terranes  1995).

can be recognized by their particular tectonostrati- The Northern Andean Belt evolved by accretion of
graphic record, identifying continental terranes as  continental and oceanic crustal fragments to the
transferred from another continental margin (alloch-  margin of South America by strike-slip faults and

thonous) or formed at the same continental margin ~ subduction zones, with some of the major periods of
accretion occurring in the Permo-Triassic, Jurassic,
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Figure 1. Geology of the Central Cordillera (CC) in
Colombia and Cordillera Real in Ecuador, showing the
distribution of Cretaceous metamorphic and volcanosedi-
mentary rocks and Jurassic continental arc intrusions:
Abitagua (AB), Ibagué (IB), Mocoa (MB), and Segdvia (SB)
batholiths and Permo-Triassic rocks. Inset indicates main
geological domains of Colombia highlighting the location
of the Western (WC) and Eastern (EC) Cordilleras. Map
shows the two tectonostratigraphic terranes studied: Chib-
cha to the east of the Otu-Pericos fault (OPF) and Tahami to
the west. Numbers represent Permo-Triassic and Jurassic
age distribution along the Central Cordillera of Colombia.
Ages were compiled from Vinasco et al. (2006), Restrepo
et al. (2011), Blanco-Quintero et al. (2014), Cuadros et al.
(2014), Martens et al. (2014), Spikings et al. (2015), Bu-
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with the formation and breakup of Western Pangea
(Vinasco et al. 2006; Villagomez et al. 2011; Cochrane
et al. 2014a). During the Jurassic, the margin was
intruded by continental arc batholiths characterized
in their earlier phases by a significant extensional
signature (Sarmiento-Rojas et al. 2006; Cochrane
et al. 2014b). Subsequently, the interactions of the
Caribbean, Pacific, and South American plates in the
Cretaceous lead to bulk compression of the conti-
nental margin, accretion of oceanic terranes, and
lateral migration of crustal blocks along strike-slip
faults (Bayona et al. 2006; Pindell and Kennan 2009;
Spikings et al. 2015).

Restrepo and Toussaint (1988) and Restrepo et al.
(2011) adopted the tectonostratigraphic terrane model
of Coney et al. (1980) to divide the accretionary se-
quences of the Colombian Andes into four major
terranes. They comprise an allochthonous Chibcha
terrane adjacent to the Precambrian Guiana and Am-
azonian shields that outcrops in the Eastern Cordillera
and the Magdalena river valley, separated by other al-
lochthonous units exposed in the Central and Western
Cordilleras (fig. 1). In the Central Cordillera, they rec-
ognized a Late Paleozoic to Triassic Tahami terrane
bounded to the east by the Otu-Pericos fault and to the
west from Cretaceous oceanic-related terranes by the
Romeral Fault System.

The origin of these terranes—and particularly
the age of tectonomagmatic events of the Tahami
and Chibcha terranes as well as their limits—and
their allochthonous or autochthonous nature has
been intensely debated (Cardona-Molina et al. 2006;
Vinasco et al. 2006; Restrepo et al. 2011; Blanco-
Quintero et al. 2014; Martens et al. 2014; Spikings
et al. 2015). According to Restrepo and Toussaint
(1988) and Toussaint and Restrepo (1989), one of the
major distinctions between Tahami and Chibcha ter-
ranes are Late Paleozoic tectonometamorphic events
just recorded in the former and the Jurassic magma-
tism and sedimentation that is found only in the
Chibcha terrane (Restrepo et al. 2011). Jurassic meta-
sedimentary rocks, however, have been identified in
the Cordillera Real of Ecuador (Salado terrane) next
to the Peltetec fault (Litherland et al. 1994; Spikings
et al. 2015). Furthermore, Permo-Triassic gneisses
and migmatites have been recently identified to the
east of the Otu-Pericos fault (Villagémez et al. 2011;
Cochrane et al. 2014a; Rodriguez et al. 2017), and
Jurassic metamorphism of rocks formerly attributed
to the Permian to Triassic Cajamarca Complex has

stamante et al. (2016), Rodriguez et al. (2017), and Zapata-
Garcia et al. (2017). CAF = Cauca-Almaguer fault. A color
version of this figure is available online.
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been identified to the west of the Ibagué batholith
(Blanco-Quintero et al. 2014). These recent results
therefore challenge the identification of the Otu-
Pericos fault as the terrane boundary separating Gren-
villian and Permo-Triassic basement in Colombia.
Consequently, the definition of Tahami and Chibcha
as allochthonous terranes on the basis of the criteria
outlined by Restrepo and Toussaint (1988) needs to
be reconsidered.

Our study examines the geological evolution of
units on both sides of the Otu-Pericos fault near the
northern termination of the Ibagué batholith (fig. 1).
We present new zircon U-Pb laser ablation induc-
tively coupled plasma mass spectrometry (LA-ICP-MS)
and HIf isotope data for orthogneisses and amphib-
olites from a geological unit known as the Tierra-
dentro sequence and detrital zircons from pelitic
schist within the Tahami terrane. The Tierradentro
sequence has been mapped as slices of Grenvillian
rocks (ca. 1 Ga)that bound the Chibcha Terrane (fig. 2).
Our data show that the Tierradentro gneisses and
amphibolites are not Grenvillian rocks, while the
metapelites included in the Cajamarca Complex re-
cord a peak detrital zircon population at ca. 166 Ma.
These results suggest that the Ott-Pericos fault may
represent a more complicated structure, which seems
to limit distinct tectonostratigraphic sequences of the
same age with contrasting histories. The new results
also confirm the existence of metasediments with Ju-
rassic protoliths in the Central Cordillera, which has
just recently been documented (Blanco-Quintero et al.
2014), and suggest a more complicated Jurassic tec-
tonic record.

Geological Setting

The Andes in Colombia are composed of three moun-
tain ranges: the Western, Central, and Eastern Cor-
dilleras (fig. 1, inset). The Western Cordillera com-
prises allochthonous oceanic rocks that accreted to
the continental margin since the Late Cretaceous
(Kerr et al. 1997; Villagémez et al. 2011). The Eastern
Cordillera comprises a basement composed of Pre-
cambrian gneisses, granulites, and amphibolites and
Ordovician to Silurian granitoids that are covered
by Paleozoic transitional siliciclastic and carbonate
deposits (Kroonenberg 1982; Restrepo-Pace et al. 1997;
Cordani et al. 2005; Cardona-Molina et al. 2006;
Ordénez-Carmona et al. 2006; van der Lelij et al.
2016). A major Late Carboniferous tectonic event has
been discriminated on the basis of a major Pennsyl-
vanian hiatus and the existence of some angular dis-
cordance with the Permian (Toussaint 1995). The
latter form the Chibcha terrane, which is limited to
the east by the Guaicidramo fault. Isolated Protero-
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zoic inliers to the southeast of the Guaicaramo fault
are considered as a prolongation of the South Amer-
ican continental margin (Putumayo orogen; Ibafez-
Mejia et al. 2011). In turn, the Central Cordillera
consists of Permian to Triassic I-type magmatic
rocks, migmatites, and amphibolites (Vinasco et al.
2006; Cochrane et al. 20144; Spikings et al. 2015)
grouped in the Cajamarca Complex (Maya and Gon-
zalez 1995). The Permo-Triassic units of the Central
Cordillera have been correlated in Central America
with the Mexican terranes, which were formed in
a continental arc (Torres et al. 1999; Dickinson and
Lawton 2001). Further south in Ecuador, they were
correlated with Triassic S-type granitoids and meta-
morphic rocks of the Loja Terrane in the Cordillera
Real (Noble et al. 1997; Riel et al. 2013; Spikings et al.
2015).

The high- to medium-grade rocks of the Cajamarca
Complex are intruded by Triassic S-type granitoids
that form the basement sequence of the Central Cor-
dillera, with the age of its metamorphism varying
from Mid- to Late Triassic (ca. 240-230 Ma; Vinasco
et al. 2006; Restrepo et al. 2011; Cochrane et al.
2014a).

In the Ibagué area to the south of the Central
Cordillera (fig. 2), Jurassic to Cretaceous plutons (i.e.,
Ibagué batholith and Mariquita stock) and Eocene
magmatic rocks intrude the metasedimentary rocks
included in the Cajamarca Complex. According to
Blanco-Quintero et al. (2014), the peak metamorphic
conditions determined in garnet-biotite schists
reached 550°-580°C and 8 kbar, while *°Ar/*Ar de-
terminations in amphibole and phengite between
146 and 158 Ma defined the age of the peak meta-
morphic conditions. These Late Jurassic ages con-
trast with previous Triassic metamorphism of the
Cajamarca Complex, which led Blanco-Quintero et al.
(2014) to propose a distinct Late Jurassic collision-
accretion event in the Central Cordillera. Similarly,
in southernmost Colombia, Zapata-Garcia et al. (2017)
have suggested the existence of a metamorphic event
between 163 and 169 Ma that affected metasedimen-
tary rocks on the basis of U-Pb zircon geochronology.

The Tierradentro gneisses and amphibolites are
located to the east of the Otd-Pericos fault (Restrepo
et al. 2011; fig. 2). These poorly studied rocks have
been correlated with the Proterozoic basement of the
eastern flank of the Central Cordillera (Kroonenberg
1982; Restrepo-Pace et al. 1997) on the basis of lith-
ological similarities (Marquinez and Nunez 1998;
Nuez 2001) and a K-Ar age of 1360 + 270 Ma (Vesga
and Barrero 1978) and therefore have been included
as part of the Chibcha Terrane. The Tierradentro unit
is composed of discontinuous lenses of ortho- and
paragneisses, amphibolites, minor granulites, and
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Figure 2. Detailed geological map of the study area, showing sample distribution (squares) and relations between the
studied units. The Otd-Pericos fault (OPF) divides the Chibcha terrane (east) from the Tahami (west). Note that we are
considering Permo-Triassic and Jurassic components on both sides of the fault, contrary to the original definitions of
those terranes. A color version of this figure is available online.
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marbles that form both the host rocks and enclaves
of the northern part of the Ibagué batholith (fig. 2).
The batholith shows zircon U-Pb ages ranging from
142 to 170 Ma (Leal-Mejia 2011; Villagémez et al.
2011; Bustamante et al. 2016). The wall rocks to the
east of the batholith include Triassic limestones in-
truded by the Payandé stock (ca. 165 Ma; Bustamante
et al. 2016). Anatexites close to the Payandé stock
provided zircon U-Pb ages of ca. 230 Ma, which is the
first Triassic ages reported to the east of the Otu-
Pericos fault (Cochrane et al. 2014a).

Analytical Methods

LA-ICP-MS U-Pb Geochronology in Zircon. Heavy
mineral concentrates of the <350-pum fraction were
separated using traditional techniques. Zircons from
the nonmagnetic fraction were handpicked under the
microscope and mounted in a 1-inch-diameter epoxy
puck and slightly ground and polished to expose the
surface and keep as much material as possible for
laser ablation analyses. After cathodoluminescence
(CL) imaging, the LA-ICP-MS U-Pb analyses were
conducted using a New Wave Nd:YAG ultraviolet
213-nm laser coupled to a ThermoFinnigan Element
2. single-collector, double-focusing magnetic sector
ICP-MS at Washington State University. Operating

A
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procedures and parameters are described in detail by
Chang et al. (2006) and Gaschnig et al. (2010) and are
only summarized here. Laser spot size and repetition
rate were 30 um and 10 Hz, respectively. He and Ar
carrier gases delivered the sample aerosol to the
plasma. Each analysis consists of a short blank anal-
ysis followed by 250 sweeps through masses 202, 204,
206, 207, 208, 232, 235, and 238, taking approxi-
mately 30 s. Fractionation was corrected by normal-
izing U/Pb and Pb/PDb ratios of the unknowns to the
zircon standards (Chang et al. 2006). U and Th con-
centration were monitored by comparing with Na-
tional Institute of Standards and Technology 610
trace element glass. Zircon standard PleSovice was
used, with an age of 337.13 = 0.37 Ma (Slama et al.
2008). Uranium-lead ages were calculated using Iso-
plot 4.15 (Ludwig 2003) and are presented in table S1
(tables S1, S2 are available online).

Hf Isotopes in Zircon. Hf isotope geochemistry
analysis was performed on three samples (table S2) at
the Geoanalytical Lab at Washington State Univer-
sity, using a ThermoFinnigan Neptune multicollec-
tor ICP-MS equipped with nine faraday collectors
interfaced with a New Wave 213-nm UP Nd:YAG
laser. Laser spot size was 40 um, and the data were
acquired in static mode with 60-s integrations. De-
tails of analytical procedures and data treatment

O267 0246 267

e

{

Figure 3. Cathodoluminescence (CL) images from selected zircons of the studied samples showing the analyzed
spots and U-Pb ages obtained. A, Sample CI12 (orthogneiss). B, Sample CAT1A (amphibolite). Scale bars = 100 pm.
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follow those of Vervoort et al. (2004) and DuFrane
et al. (2007). For the Hf depleted mantle model ages
(Hfrpm), we used YeHf/V7Hf and 7°Lu/'’Hf for the
individual zircon samples to determine their initial
176Hf/177Hf ratios at their crystallization ages. Projec-
tion back from zircon crystallization was calculated
using a present value of 0.0150 for the estimated
76Lu/V"Hf of continental crust (Vervoort and Pat-
chett 1996; Goodge and Vervoort 2006). The depleted
mantle Hf evolution curve was calculated from
present-day depleted mantle values of °Hf/'"Hf
DM, = 0.283240 and "*Lu/""Hf DM, = 0.03979
(Vervoort et al. 2015).

Results

Tierradentro Unit. The samples (see location in
fig. 1) of the Tierradentro unit comprise an ortho-
gneiss (GCC8) and an amphibolite (CAT1A) exposed
in faulted contact with micaschists and an ortho-
gneiss (CI12) that crops out as a roof pendant within
the Ibagué batholith. The orthogneiss (CI12) that
forms a roof pendant within the Ibagué batholith is
composed of plagioclase An,, (34%), orthoclase (28 %),
quartz (22%), hornblende (11%), and biotite (5%).
The secondary phases are included as products of
saussuritization and sericitization processes at the

core and rims, respectively, in plagioclase grains. Pren-
hite occurs in veins cutting the sample and chlorite as
a pseudomorphic phase after biotite. Accessory phases
include zircon, apatite, titanite, and opaque minerals.
The gneiss shows a foliation defined by recrystallized
quartz ribbons surrounded by homblende and plagio-
clase. Quartz has sutured boundaries and undulatory
extinction. The amphibole also appears as porphy-
roblasts with minor portions replaced by chlorite and
calcite, mainly along the cleavage planes. Mineral
assemblages suggest that the sample reached the am-
phibolite facies and the protolith corresponds to an
intermediate igneous rock.

Zircons of the quartz-feldspathic gneiss range from
70 to 300 pym in length. They are mainly subhedral,
mostly with subrounded to rounded terminations.
CL images record a faint oscillatory zoning close to
the border as well as in the center of some zircons
(fig. 3A). Th/U ratios of the grains vary from 0.47 to
1.04 (table S1), suggesting that they are magmatic
zircons (Rubatto 2002).

U-Pb analyses were performed on 48 zircons. Af-
ter removing from the calculations zircons with
>10% discordance, the analysis provided a 2°°Pb/>**U
mean age of 271.3 + 1.3 Ma (fig. 4). There is no sig-
nificant age difference between the U-Pb ages in
cores and their respective rims in the zircons of the
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Figure 4.

206Ph /23U mean age from zircon rims representing igneous crystallization age of sample CI12 (orthogneiss).
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quartz-feldspathic gneiss. These results indicate that
the zircons record the age of the igneous crystalliza-
tion of the protolith and that they were not affected
by late metamorphic events, as suggested by the ab-
sence of overgrowths observed in CL images.

The amphibolite (CAT1A) is made up of horn-
blende (61%), plagioclase Anss (27%), and quartz
(12%). Secondary minerals include mainly musco-
vite as a product of retrograde metamorphism of
plagioclase and chlorite replacing hornblende. Nor-
mal zoning of plagioclase is detected by the saus-
suritization at the core and sericitization in the rims.
The sample exhibits a nematoblastic texture defined
by the hornblende crystals orientation, and several
mylonitic textures are observed, such as recrystal-
lized and mortar quartz and deformed plagioclase
twin systems. On the basis of the mineralogical anal-
yses, this sample experienced amphibolite facies with
an igneous rock with intermediate composition as the
protolith.

Zircons from this amphibolite sample are anhedral
to subhedral, mostly with rounded terminations but
a few prismatic grains. Their sizes range from 60 to
250 pm in length (fig. 3B). CL images show zircons
usually with dark, U-rich cores rimmed by lighter

TERRANE CONFIGURATIONS IN THE NORTHERN ANDES 000

rims (fig. 3B). A few grains, however, display light
U-poor cores surrounded by darker rims. However,
no significant differences were found in Th/U ratios
and ages after analyzing cores and rims of the zircons.

Thirteen zircons of the amphibolite (CAT1A) pro-
vided a 2°Pb/***U mean age of 234.1 + 5.3 Ma (fig. 5).
The age calculation was obtained after discarding
>10% discordant zircons. One individual zircon with
a younger age (ca. 200 Ma) was attributed to Pb loss.
Th/U ratios are relatively low, ranging from 0.12 to
0.25, with a few grains with even lower values. The
mean age is interpreted as the magmatic crystalliza-
tion of the zircon, which shows Th/U ratios that are
systematically higher than 0.1 (Rubatto 2002). Simi-
lar ratios were found by Cochrane et al. (2014a) in
Permo-Triassic amphibolites from the Central Cor-
dillera of Colombia, where fractionation of U with
respect to Th was described as the main cause for
lowering Th/U ratios.

A mylonitized augen granodiorite (GCC8) was de-
scribed in the hand sample. It is composed of pla-
gioclase (50%), quartz (20%), K-feldspar (15%), bio-
tite (10%), and muscovite (5%). The latter was
associated with the main deformational fabric, whereas
the K-feldspar is found as augen porphyroclasts.

data-point error symbols are 2¢
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Figure 5. 2°°Pb/**U mean age from zircon rims representing igneous crystallization age of sample CAT1A (am-
phibolite).

This content downloaded from 137.073.144.138 on August 08, 2017 05:44:36 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journal s.uchicago.edu/t-and-c).



000 C. BUSTAMANTE ET AL.

Thirteen zircons of the orthogneiss (GCC8)
yielded a 2°°Pb/***U crystallization age of 244.3 +
4.8 Ma (fig. 6). Ages were obtained after removing
>10% of discordant zircons.

Inherited Detrital Zircons of the Tahami Terrane.
Two schist samples were obtained from the Tahami
Terrane (see locations on fig. 2). The schist is in-
truded by Late Jurassic to Early Cretaceous Mari-
quita Stock (U-Pb crystallization age of ~130 Ma)
that intrudes sampling locality CM22C and the
Eocene Hatillo Stock (U-Pb crystallization age of
~54 Ma) that intrudes the locality in which sample
CH21C was collected. However, zircons were ob-
tained from only sample CH21C. Sample CM22C is
described for reference.

Sample CH21C is graphite-quartz-muscovite
schists. It is composed of muscovite (44 %), quartz
(34%), graphite (15%), biotite (3%), plagioclase
(2%), and andalusite (2%). Accessories include ap-
atite, zircon, and opaque minerals. Tourmaline is
found as a trace mineral. Schistosity is defined by
oriented micas with recrystallized quartz, which
form a granolepidoblastic texture. Andalusite is
also oriented along with micas. Decussate texture
defined by postkinematic biotite indicates a possi-

ble superimposed contact metamorphic event. Ep-
idote and muscovite appears locally as an alteration
product. With the mineral association of this sam-
ple, it is possible to propose a greenschist facies of
metamorphism and pelite sediment as the protolith
for the analyzed sample.

Eighty-four zircons were extracted from the
micaschist (table S1). The grains exhibit oscillatory
zoning and have mainly subrounded to rounded
terminations. Sizes range from 40 to 100 um, al-
though a few crystals can reach ~170 ym in length.
The analyses comes from the zircon margin; some
analyses, however, were obtained in the cores to
check the possible multistage evolution of the zir-
cons. Probability density plots are presented from
a 100-800 Ma age interval, and >30% discordant
zircons were not considered in the analysis.

Th/U ratios of the grain population range from 0.13
to 2.07, which are typical of magmatic zircons (Ru-
batto 2002). Three zircons with Proterozoic ages have
Th/U ratios of ~0.04, which suggests a metamorphic
origin. The major zircon population, however, shows
Middle Jurassic (~167 Ma) and Ediacaran (~638 Ma)
ages, with the youngest detrital zircon set at 162.5 +
1.8 Ma (fig. 7). A few zircons display Paleozoic (Or-
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Figure 7. Probability density plot from inherited detrital zircons from the quartz-muscovite schist (CH21C). Plot
shows grains with less than 30% of discordance and an age interval of 100-800 Ma. Note the important Middle Ju-
rassic population. Maximum depositional age is 162.5 + 1.8 Ma, given by the youngest zircon.

dovician and Carboniferous), Mesoproterozoic (Gren-
villian), and Paleoproterozoic (Siderian and Statherian)
ages. Permo-Triassic zircons are represented by one
grain showing Triassic (~245 Ma) and one grain with
Permian (~281 Ma) concordant ages.

Sample CM22C is a plagioclase-hornblende schist
composed of hornblende (63%), plagioclase Ans,
(25%), and quartz (10%). Clinozoisite veins crosscut
the foliation, which is defined by alternating bands of
recrystallized plagioclase-quartz and oriented horn-
blende. Several clinozoisite grains are also accompa-
nying the foliation of the rock. Opaque minerals (2%)
as ilmenite and magnetite are observed as dissemi-
nated phases in the sample. Fine-grained muscovite
is also observed as a replacement product of plagio-
clase. These alternating bands, in turn, define a gra-
nonematoblastic texture in the rock. The mineral-
ogical composition suggests that the sample reached
amphibolite facies and the protolith was an igneous
rock with intermediate composition.

Hf Isotope Geochemistry. Tierradentro Unit. Hf
isotopes were measured in the rims of eight zircons
from samples CI12 (quartz-feldspathic gneiss) and
CATIA (amphibolite). Contrasting values were ob-
tained on these samples. Initial gy values range from
—0.1 to —2.5 for the orthogneiss, which suggests a
crustal source for the protolith (fig. 8A4). The am-

phibolite yielded initial &y values ranging from +9.2
to +10.9, indicating a mantle source for the proto-
lith with values close to the depleted mantle curve
(fig. 8A). Cochrane et al. (20144) in other Permo-
Triassic localities of the Central Cordillera obtained
similar values.

Inherited Detrital Zircons of the Tahami Ter-
rane. We analyzed 28 zircons covering the U-Pb age
range of the micaschist but with an emphasis on the
Jurassic zircons. Hf isotopes from the older zircons
usually show strong involvement of an old crustal
component (fig. 8B). euy for the oldest zircons is —8.2
and —0.7 (Siderian and Statherian, respectively). For
the Grenvillian zircons, ey is —0.3 and —4.3, with
crystals showing a juvenile value of +2.5. Two Edia-
caran zircons have &y, of —7.4 and —8.0, and two
yielded slightly juvenile values of +0.7 and +1.8. Pa-
leozoic (Ordovician and Carboniferous) zircons show
values from —19.9 to —1.2. g, values of nine Jurassic
zircons (fig. 8A) provided three zircons with positive
values ranging from +0.5 to +2.8, and six zircon
yielded values between —0.3 and —3.0 (table S1; fig. 8).

Discussion

U-Pb zircon ages indicate that the protoliths of the
Tierradentro orthogneiss and amphibolite crystallized
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Figure 8. A, Initial gy versus 2°Pb/***U age diagram. Squares represent zircons from sample CAT1A (amphibolite)
with a strong juvenile signature, as opposed to zircons from sample CI12 (quartz-feldspathic gneiss; triangles), which
reflects the involvement of crustal sources for this rock. Circles are from detrital zircons of the Tahami terrane. See
comparison with published data from other Middle Jurassic plutons of the Central and Northern Andes (Ilo batholith:
Boekhout et al. 2012; Payandé and Ibagué plutons: Cochrane et al. 2014b; Bustamante et al. 2016). B, Distribution of
the eug obtained for the Cajamarca Complex in this study. A color version of this figure is available online.
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in the Permo-Triassic (ca. 271-234 Ma). The ortho-
gneiss exposed as a roof pendant within the Ibagué
batholith yielded initial &y from —0.1 to —2.5 and
show a component that is more characteristic of a
mix with older radiogenic continental crust input. The
amphibolite, in contrast, provided initial &y from
+9.2 to +10.9 to indicate a juvenile mantle derived
source. These data are similar to those obtained in
different regions of the basement rocks of the Central
Cordillera and Ecuador that are attributed to a geo-
dynamic setting that includes Permo-Triassic rifting
with associated bimodal magmatism related to con-
tinental breakup succeeded by subduction of the
proto-Pacific (Cardona et al. 2010; Villagémez et al.
2011; Cochrane et al. 2014a). Our results therefore
show that not all the Tierradentro rocks are Gren-
villian in age, as previously considered, and that ac-
cordingly the walls of the Jurassic Ibagué batholith
were formed in the Permo-Triassic. The volume of
Precambrian rocks in the Chibcha terrane (eastern
flank of the Central Cordillera) therefore also appears
to be overstated (Kroonenberg 1982; Restrepo-Pace
et al. 1997). The only reliable Precambrian rocks of
the Central Cordillera are the Mesoproterozoic se-
quences documented in the San Lucas Range, located
close to the northern border of the Jurassic Segovia
batholith (Cuadros et al. 2014).

Permo-Triassic gneisses, migmatites, amphibolites,
and metasedimentary rocks have been considered as
a major element of the Cajamarca Complex and the
Tahami Terrane (Restrepo and Toussaint 1988; Vi-
nasco et al. 2006; Restrepo et al. 2011; Martens et al.
2014). Zircon crystallization ages of S-type gran-
itoids and *°Ar/*Ar amphibole cooling ages indicate
that the high-grade metamorphism of the northern
part of the Cajamarca Complex occurred in the Mid-
to Late Triassic (Vinasco et al. 2006; Cochrane et al.
2014a).

In the central portion of the Central Cordillera
(~5°N), the Otu-Pericos fault marks the contact of
the Tierradentro gneisses and amphibolites (east)
with pelitic schists deposited in the Jurassic (west).
Further south the Tierradentro unit pinches out
and the Otu-Pericos fault defines the western con-
tact of the Ibagué batholith. We envisage that the
Ibagué batholith intruded mostly Permo-Triassic or-
thogneisses and amphibolites. The granitic magma
would have moved upward to incorporate, during
the ascent, xenoliths of variable sizes of the Tierra-
dentro unit. Smaller Jurassic-Early Cretaceous plu-
tons, such as the Payandé stock and the Mariquita
pluton, intruded, respectively, the Late Triassic cal-
careous rocks located east of the Otu-Pericos fault
and amphibole schists (sample CH21GC; fig. 2). Permo-
Triassic rocks found on both sides of the Otd-Pericos

TERRANE CONFIGURATIONS IN THE NORTHERN ANDES 000

fault agree with recent data reported in the Central
Cordillera that put into question the reliability of the
terrane discrimination analysis that used contrasting
Mesozoic basement history as the major criteria for
the terrane model (Villagomez et al. 2011; Blanco-
Quintero et al. 2014; Cochrane et al. 20144a; Spikings
et al. 2015; Rodriguez et al. 2017; Zapata-Garcia et al.
2017). However, Blanco-Quintero et al. (2014) have
identified a Jurassic (158-147 Ma) metamorphism
based on “°Ar/**Ar plateau ages in mica and amphi-
boles from schists and amphibolites, which contrasts
with the Triassic metamorphism of the Cajamarca
Complex defined in the northern part of the Central
Cordillera.

Our results confirm the presence of Mesozoic ages
in the metamorphic rocks of the Central Cordillera
formerly considered as the Cajamarca Complex. The
new data suggest the existence of a Jurassic deposi-
tional basin floored by Permo-Triassic rocks that
was fed by detrital zircons supplied in part by the
erosion of Jurassic sources, highlighting the impor-
tance of the Jurassic events in the assembly of the
Central Cordillera, with important correlations with
the Ecuadorian Cordillera Real (Vanegas et al. 2014).
The Jurassic metavolcanosedimentary belt in the
Tolima State, including the area defined by Blanco-
Quintero et al. (2014), forms an N-trending elongated
sequence in fault contact with Permo-Triassic rocks
(fig. 2) as well as the southern expression of the Ju-
rassic metamorphism (Zapata-Garcia et al. 2017).
This fault system corresponds to the Otd-Pericos and
the Chusma-Algeciras that was used to define the
eastern limit of the Tahami terrane.

A critical aspect of the detrital zircon results re-
lates to the source area of the Jurassic detrital zircons
found in the metasedimentary rocks of the Caja-
marca Complex. Although Middle to Late Jurassic
magmatic rocks are common along the Ecuadorian
and Colombian Andean margins (Cochrane et al.
2014b; Spikings et al. 2015; Bustamante et al. 2016),
initial Hf isotopic signatures in detrital zircons from
the mica schist are more radiogenic and differ from
those recognized in the Jurassic magmatic belts that
characterized the Northern Andes east of the Caja-
marca Complex (fig. 8A). Their higher radiogenic
values show some resemblance with magmatic rocks
farther south, such as the Ilo batholith in Peru (south
of ~5°S), which is emplaced in Precambrian crust
(Boekhout et al. 2012). The presence of both Triassic
and Jurassic magmatic record allows us to question
the simple separation of the Tahami and Chibcha ter-
ranes with age criteria. However, the radiogenic Hf
isotopic signature found in the schist sample from
the Cajamarca Complex suggests that the Jurassic
source areas for the studied schist differed from the
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eastern Jurassic magmatic rocks associated with the
Chibcha Terrane (fig. 8A).

When the Jurassic tectonostratigraphic record is
compared, a major difference also arises between the
Chibcha and Tahami terranes. Whereas the former
records the growth of an arc setting (Bustamante et al.
2016), the latter experienced a metamorphic event
apparently associated with a collisional setting (Blanco-
Quintero et al. 2014) in a geothermal gradient that
does not match with the high heat flux that charac-
terized arc and backarc settings. Such contrasting tec-
tonic scenarios separated by the Otu-Pericos fault sug-
gest that their tectonic history cannot be explained
by lateral variation of tectonic style (Howell 1995) and
suggest a contrasting tectonic evolution. On the basis
of these tectonostratigraphic constraints, we therefore
suggest a series of different tectonic scenarios for the
Triassic to Jurassic tectonic evolution of both terranes.

Triassic rocks from the Chibcha and Taham{ ter-
ranes are similar in character and age and therefore
suggest that they experienced a common tectonic ex-
tensional evolution associated with the early Pangea
breakup and the subduction of the Pacific plate (Coch-
rane et al. 2014q; this article). Several continental
blocks may have been detached from some segments
of the margin during this extensional event. During
the Jurassic, several arcs were formed along differ-
ent segments of the Northern Andean margin and the
detached fragments. As suggested by Blanco-Quintero
et al. (2014), during the Jurassic some segments of
the Northern Andes experienced a collisional event,
whereas others were experiencing continuous sub-
duction with the growth of magmatic arcs.

The southemn part of the Tahami terrane in the
Colombian Andes and the Salado terrane of the Cor-
dillera Real in Ecuador represent remnants of such
Jurassic segments that experienced collision (fig. 1).
The Salado terrane in Ecuador consists of interbed-
ded Upper Jurassic turbiditic metasedimentary rocks
and mafic lavas with associated deformed granitoids
(Litherland et al. 1994) sandwiched between the Ju-
rassic Abitagua batholith and the Permo-Triassic
Loja terrane (Spikings et al. 2015). Detrital zircons
from a metasandstone provided zircon ages similar
to the mica schists from Colombia, with peak ages in
the Mesoproterozoic, Neoproterozoic, and Jurassic
(Cochrane et al. 2014a). This terrane has been in-
terpreted as having formed in an extensional arc
setting limited to the east by the Cosanga fault that
separates them from undeformed Jurassic granitoids
and the Amazon foreland. During the Late Jurassic to
Early Cretaceous this terrane also experienced a rel-
atively higher-pressure collisional event (Massone
and Toulkeridis 2010). Such along-strike variation in

the tectonic evolution of the margin reflects both the
aforementioned Triassic extension and the oblique
convergence experienced by the South American con-
tinental margin during the Jurassic. In such a scenario,
the Otu-Pericos marks the site of oblique subduction
and collision of the Tahami terrane with the Pangea
margin. Following such events, the Otu-Pericos fault
changed to a strike-slip suture that allowed the final
juxtaposition of the Tahami and Chibcha terrane
(Bayona et al. 2006, 2010; Pindell and Kennan 2009).
This tectonic evolution suggests that the Chibcha
and Tahami are parautochthonous terranes to the
western margin of South America, as previously sug-
gested by Bayona et al. (2010) and Martens et al. 2014).

Conclusions

New U-Pb zircon ages combined with Hf isotopes
reveal that the Tierradentro gneisses and amphibo-
lites, previously considered as part of the Grenville
event of the Colombian Andes, are actually the re-
cord of Permo-Triassic subduction and extension pro-
cesses that affected western Pangea. The Tierradentro
unit is limited by the Otu-Pericos fault that forms
the eastern border of a Jurassic sequence that in-
cludes mica schists in which their younger detrital
zircons were dated at ca. 162 Ma. Such Jurassic rocks,
until now undetected in the Central Cordillera of
Colombia, can be correlated to the south with the
Salado belt in Ecuador. Initial Hf signatures of the
Jurassic detrital zircons are distinct from the nearby
magmatic rocks of the same age, which suggest
sources far from those located at the western margin
of Colombia and Ecuador.
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