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Abstract

We trace source variations of active margin granitoids which crystallised intermittently
over ~300 Ma in varying kinematic regimes, by combining zircon Lu-Hf isotopic data from Early
Palaeozoic to Early Jurassic igneous and metaigneous rocks in the Mérida Andes, Venezuela and
the Santander Massif, Colombia, with new whole rock Rb/Sr and Sm-Nd isotopic data, and quartz
O isotopic data. These new data are unique in South America because they were obtained from
discrete magmatic and metamorphic zircon populations, providing a high temporal resolution
dataset, and compare several isotopic systems on the same samples. Collectively, these data provide
valuable insight into the evolution of the isotopic structure of the continental crust in long-lived

active margins.



Phanerozoic active margin-related granitoids in the Mérida Andes and the Santander
Massif yield zircon Lu-Hf model ages ranging between 0.77 Ga and 1.57 Ga which clearly define
temporal trends that can be correlated with changes in tectonic regimes. The oldest Lu-Hf model
ages of >1.3 Ga are restricted to granitoids which formed during Barrovian metamorphism and
crustal thickening between ~499 Ma and ~473 Ma. These granitoids yield high initial 8’Sr/%Sr
ratios, suggesting that evolved, Rb-rich middle to upper crust was the major source of melt.
Granitoids and rhyolites which crystallised during subsequent extension between ~472 Ma and
~452 Ma vyield younger Lu-Hf model ages of 0.80 Ga — 1.3 Ga and low initial 8’Sr/%Sr ratios,
suggesting that they were derived from much more juvenile, Rb-poor sources such as mafic lower
crust and mantle-derived melts. The rapid change in magmatic sources at ~472 Ma can be attributed
either to reduced crustal assimilation during extension, or a short pulse of crustal growth by addition
of juvenile material to the continental crust. Between ~472 Ma and ~196 Ma Lu-Hf model ages
remain mostly constant between ~1.0 and ~1.2 Ga. The large scatter and the absence of definite
trends in initial 8’Sr/®Sr ratios suggest that both mafic, Rb-poor, and evolved Rb-rich sources were
important precursors of active margin magmas in Colombia and Venezuela throughout the

Palaeozoic to the Early Jurassic.

Previous studies have shown that the genesis of arc magmas may be stimulated by heat
advection to the crust during the underplating of mantle derived melt, but the absence of permanent
younging trends in Lu-Hf model ages from ~472 Ma to ~196 Ma suggests that very little new crust
was generated during this period in the studied region. An overwhelming majority of the analysed
igneous rocks yield zircon Lu-Hf model ages of > 1 Ga which may be accounted for by documented
local crustal end members of 1 Ga - 1.6 Ga, and do not require contributions from the depleted
mantle. Therefore, recycling of ~1 Ga and older crust was a dominant process in the north-western

corner of Gondwana between ~472 Ma and ~196 Ma.



This study shows that whole rock Sm-Nd and zircon Lu-Hf data can be interpreted
similarly regarding the age of the source regions, whereas Rb-Sr and O isotope data from the same

rocks yield valuable information regarding the geochemical nature of the source.

1. Introduction

There is no consensus on the timing or the mechanisms which lead to the formation and
growth of the Earth’s continental crust. Some models argue that the present day volume of
continental crust formed in the Archaean, and that it has subsequently remained stable or
diminished (e.g. Fyfe, 1978; Armstrong, 1991; Stern and Scholl, 2010). Other models argue for
ongoing episodic crustal growth in extensional active margins during slab retreat (e.g. Hawkesworth
and Kemp, 2006; Kemp et al., 2009; Collins et al., 2011), during which heat advection in the
continental crust may be driven by the addition of mantle derived melt to the overriding plate,
resulting in the observed variety of arc magma compositions (e.g. Huppert and Sparks, 1988;
Petford et al., 2000; Annen et al., 2006). However, episodic growth at active continental margins
may be compensated by subduction erosion, resulting in overall net loss since at least the beginning
of the Jurassic (e.g. Clift and Vannucchi, 2004; Stern and Scholl, 2010). This study investigates
crustal growth along the active margin of north-western Gondwana, during ~300 million years of
intermittent active margin magmatism (Van der Lelij et al., 2016b) between the Early Palaeozoic

and Early Jurassic.

Ocean-continent interaction along western Gondwana formed the Andean mountain
belt, which spans an along-strike distance of >7500 km (e.g. Gutscher, 2002). Active margin
magmatism in the Andes is documented throughout the Phanerozoic, with several temporal gaps
(e.g. the Devonian; Bahlburg et al., 2009). Most studies of Palaeozoic and Mesozoic zircons from
western South America reveal a paucity of Lu-Hf model ages that are <1 Ga (Augustsson et al.,
2006; Willner et al., 2008; Bahlburg et al., 2009; Miskovi¢ and Schaltegger, 2009; Reimann et al.,

2010; Hauser et al., 2011), indicating that Paleozoic to Mesozoic rocks which formed on the



western margin of Gondwana mainly recycled ~1 Ga and older continental lithosphere. Significant
exceptions are late Palaeozoic to Mesozoic arc rocks in Peru (Boekhout et al., 2015), and Early
Cretaceous arc rocks in western Colombia and Ecuador (Cochrane et al., 2014b), where crustal
growth is documented by net contributions of 30-45% and ~60% of juvenile, mantle derived
material, respectively, during periods of arc extension. Therefore, crustal growth in an active
continental margin is partly dependant on regional kinematics, which can vary drastically over

along-strike distances of 100 km (Gutscher, 2002; Ramos, 2009).

The Santander Massif of Colombia and the adjacent Mérida Andes of Venezuela (Fig.
1) host numerous active margin granitoids with concordant zircon U-Pb ages that span between 499
and ~196 Ma (Table 1). These granitoids bracket documented periods of crustal thickening and
extension driven by varying subduction zone kinematics (Van der Lelij et al., 2016b). Investigating
how these kinematics evolve in time and space, and how they are linked with magmatic processes

are relevant to understanding crustal growth and recycling at active margins.

Zircon Lu-Hf and whole rock Sm-Nd data can provide insights into the time of melt
extraction from the mantle (e.g. Hawkesworth and Kemp, 2006). Rb-Sr data are more sensitive to
source rock type because Rb is an incompatible element and thus Rb rich source rocks tend to be K-
feldspar and mica rich rocks which may have formed in the upper crust (e.g. Rollinson, 1993).
Similarly, oxygen tends to be enriched in heavier isotopes in rocks which were exposed to meteoric
water, and therefore granitoids hosting quartz with 580 > 12 %, may be derived from partial
melting of sedimentary protoliths (e.g. Harris et al., 1997). We present Lu-Hf isotopic data from
zircons extracted from 52 igneous and metamorphic rocks collected from the Santander Massif of
Colombia and the Mérida Andes of Venezuela, which we combine with new whole rock Sm-Nd and
Rb-Sr isotopic data and quartz O isotopic data. We use these data to evaluate the age and nature of
melt sources, their relationship to geodynamic settings and the implications for crustal growth and

recycling along the western margin of Gondwana.



2. Regional setting

The Maracaibo Block (Fig.1) forms part of the South Caribbean Plate Boundary Zone,
and is separated from the Bonaire Block to the north via a regional dextral strike slip fault zone that
exposes isolated basement fragments (e.g. Toas Island; Fig. 1). East-west oriented compression
during the Cainozoic (e.g. Hoorn et al., 1995; Bermudez et al., 2011; Villagémez et al., 2011)
formed the high elevation of the Colombian Santander Massif (~4400 m) and the Venezuelan
Mérida Andes (4978 m) (Fig. 1), which host numerous exposures of Precambrian and Palaeozoic
metamorphic and igneous basement in the south-eastern and western boundaries of the Maracaibo

Block.

Precambrian basement is documented in inliers in the Sierra Nevada de Santa Marta, the
Garzén Massif and in boreholes of the Llanos basin (Fig. 1), which yield zircon U-Pb ages between
~1.8 Ga and ~1 Ga (Cordani et al., 2005; Ibafiez-Mejia et al., 2011). These Precambrian rocks may
have formed within island arcs and accreted to the Amazonian Craton between 1.8 Ga and 1.55 Ga,
reworked by arc magmatism at 1.3-1.01 Ga and metamorphosed during the assembly of Rodinia at

~0.99 Ga (e.g. Ibafiez-Mejia et al., 2011 and references therein).

2.1. Mérida Andes

The basement of the Mérida Andes consists of metasedimentary gneisses, schists and
phyllites, and orthogneisses of the Iglesias Complex (Figs. 2, 4; Gonzales de Juana et al., 1980),
whose protoliths include ~1 Ga old granitoids and late Cambrian metasedimentary rocks (Van der
Lelij et al., 2016b), and was intruded by numerous granitoids that crystallised during ~499 — ~211
Ma. Early Palaeozoic magmatism in the Mérida Andes spans ca. 499 — 415 Ma (Fig. 4; zircon U-Pb
ages; Van der Lelij et al., 2016b), and is interpreted to relate to a continental active margin along
the north-western corner of Gondwana. The Iglesias Complex records Barrovian, amphibolite facies
metamorphism (Grauch, 1972) during crustal thickening at ca. 473 Ma (Van der Lelij et al., 2016b).
Post-orogenic extension is recorded by volcanogenic massive sulphides hosted in low grade

metasedimentary rocks, which are inter-fingered with volcanic tuffs that yield a zircon U-Pb age of



452.6+£2.7 Ma, (Van der Lelij et al., 2016b), and are likely to have formed in a marine basin
overlying the Iglesias Complex. Late Palaeozoic to Triassic granitoids and rhyolites in the
Paraguana Peninsula, the Serrania del Perija, Toas Island and the Mérida Andes (Fig. 1, Fig. 4)
spanning ~272 — 202 Ma (zircon U-Pb ages, Van der Lelij et al., 2016b), may also be associated
with active margin magmatism. Apatite U-Pb and “°Ar/*®Ar data (van der Lelij et al., 2016a)
suggest that rapid cooling of rocks of the Merida Andes at ~250 Ma was driven by exhumation due
to increased coupling at the slab-trench interface (Weber et al., 2007; van der Lelij et al., 2016a),
although this period of cooling is not recognised in the Santander Massif, possibly due to thermal

overprinting during Jurassic magmatism.

There are no published Sm-Nd or Lu-Hf isotopic data from the Mérida Andes. Pb
isotopic data suggest that Phanerozoic gneisses and granitoids of the Mérida Andes are
autochthonous to the north-western margin of Gondwana (Van der Lelij et al., 2016b), and do not
support earlier tectonic models which propose that the north-western corner of Gondwana was
amalgamated from numerous allochthonous terranes (Bellizzia and Pimentel, 1994; Aleman and
Ramos, 2000). Granitic gneisses from the Iglesias Complex yield a 6 point Rb/Sr isochron age of
440+40 Ma, with an enriched initial 8 Sr/%Sr; ratio of 0.708+0.0115 (Kovach et al., 1977), relative
to 8Sr/®Sr bulk earth values of ca. 0.705 (Allégre et al., 1983). These compositions indicate that
these gneisses were partially derived from older components, although they are insufficient to

determine the age and nature of the source.

2.2. Santander Massif

The basement of the Santander Massif is mainly composed of gneisses and schists with
minor marble, which are intruded by numerous granitoids (Fig. 3; Ward et al., 1974). One published
K-Ar date of 945+40 Ma (Goldsmith et al., 1971), and discordant U-Pb data (Restrepo-Pace and
Cediel, 2010) tentatively suggest that parts of the basement of the Santander Massif may have
formed at ~1 Ga, although all published “°Ar/*Ar data from presumed Precambrian units indicate

partial to total thermal resetting of the K-Ar system in the Palaeozoic and Jurassic (Restrepo-Pace,



1995; Cordani et al., 2005; van der Lelij et al., 2016a). The metamorphic basement experienced
upper amphibolite facies conditions at medium pressures following clockwise pressure-temperature
paths, suggesting that barrovian metamorphism was a consequence of crustal thickening (e.g. Rios
et al., 2003; Garcia et al., 2005; Castellanos et al., 2008; Uruefia-Suarez and Zuluaga, 2011).
Synkinematic magmatic rocks and migmatites record peak metamorphism at ca. 477 Ma (zircon U-
Pb; Restrepo-Pace and Cediel, 2010; van der Lelij et al., 2016b). Rocks which record Ordovician
barrovian metamorphism were locally overprinted by a second, lower grade metamorphic episode
during the Silurian (Castellanos and Rios, 2015; Mantilla-Figueroa et al., 2016). Early Palaeozoic
granitoids intruding the metamorphic basement of the Santander Massif yield zircon U-Pb ages
between ~483 and ~439 Ma, and may have formed in a continental active margin (Van der Lelij et
al., 2016b). Late Palaeozoic magmatic rocks have not been identified in the Santander Massif, and
Early Triassic magmatism is recorded by a rhyolitic dike which intruded sedimentary rocks to the
west of the Santa Marta — Bucaramanga Fault at 250.7+4.3 Ma (10VDL58; Fig. 3). Late Triassic
magmatism in the Santander Massif is recorded by migmatites and pegmatites which intruded at
~209 Ma (10VvDL39, 10vDL43; Fig. 3), and numerous shallow granitoids with ages spanning ca.
206 - 195 Ma (Fig. 3, Fig. 4), which may have also formed along an active continental margin
(Spikings et al., 2015; Van der Lelij et al., 2016b). No Precambrian rocks were sampled during this
study, although a ~200 Ma diorite, which hosts numerous mafic enclaves, yields a coeval group of

concordant zircon U-Pb analyses with a weighted mean age of 1018.3+8.9 Ma (10VDL61; Fig. 3).

Previous isotopic data from the Santander Massif were dominated by Sm-Nd
analyses.neisses from the Bucaramanga Gneiss yield eéNdess ma Values of -4 and -0.5, corresponding
to depleted mantle model ages of 1.71 and 1.76 Ga (Orddfiez-Carmona et al., 2006), and two other
gneisses from this unit yield eéNd1140 ma Values of -2.6 and -1.1, corresponding to depleted mantle
model ages of 1.89 and 1.78 Ga (Cordani et al., 2005). Four samples from the Ocafia Batholith yield
eNds13 ma Values of -3.17 to -2.23, which correspond to model ages of 1.21-1.28 Ga (Ordofiez-
Carmona et al., 2006). The Sm-Nd isotopic data from the Ocafia Batholith were calculated on the

basis of a hornblende K/Ar age of 413 Ma (Goldsmith et al., 1971), obtained from gneisses in the



area of the intrusion. Recalculated, two stage Sm-Nd model ages (Liew and Hofmann, 1988) for a
crystallisation age of ~196 Ma of the Ocafia Batholith (10VDL54; Fig. 3; Van der Lelij et al.,

2016b) lie between 1.27 and 1.35 Ga.

Lu-Hf isotopic data have previously been obtained from zircons from one metagabbro
in the Santander Massif, which yields a zircon U-Pb age of 477+2 Ma and a weighted mean gHf;

value of 2£1 (Mantilla-Figueroa et al., 2012).

Published whole rock Pb isotopic data from Phanerozoic granitoids exposed in the
Santander Massif (°’Pb/?**Pb=15.68-15.79; 2°°Pb/?**Pb=19.01-20.17; Van der Lelij et al., 2016b)
are very similar to Pb-isotopic data acquired from rocks exposed in the Mérida Andes and the north-
western Amazonian Craton. These data suggest that these rocks formed in a similar setting, on the

north-western margin of Gondwana (Van der Lelij et al., 2016b)

3. Analytical methods

3.1. Zircon Lu-Hf isotopic analyses

Lu-Hf isotopic analyses were performed at the Goethe University of Frankfurt on
zircons extracted from 52 igneous and metamorphic rocks from the Mérida Andes and the
Santander Massif. Only zircons which previously yielded U-Pb dates corresponding to a magmatic
or metamorphic event were selected for analysis, and zircon grains interpreted to record
sedimentary protolith ages were ignored. The same zircon domains which were previously analysed
for U-Pb geochronology (Van der Lelij et al., 2016b) were ablated using an ASI RESOlution M50
193nm ArF excimer laser. Laser ablation was performed with a spot size of 40 um for 39 s, using a
repetition rate of 5.5 Hz and an on-sample laser energy density of 6 J/cm?. The ablated material was
analysed using a Thermo Scientific Neptune Multicollector Inductively Coupled Plasma Mass
Spectrometer (MC-ICP-MS). Time resolved signals were monitored for accidental analysis of
multiple zircon domains, and those data were discarded. Isobaric interferences of *®Yb and "®Lu

were corrected by monitoring the beam intensities of 2Yb, 1¥Yb and !°Lu, using the ratios



176yh/AYDb=0.796218 (Chu et al., 2002) and °Lu/*"°Lu=0.02658 (Gerdes and Zeh, 2006).
Corrections for instrumental mass bias and mass fractionation were made following the method of
Gerdes and Zeh (2006) using custom data reduction software written by Dr. A. Gerdes. The
accuracy and external reproducibility of the measurements were monitored by regular analyses of
standard zircons Plesovice and GJ-1, which yielded mean ®Hf/*'’Hf ratios of 0.282473+0.000019
(20; n=26) and 0.282012+0.000024 (2c; n=32), respectively. These analytical ratios are in
agreement with the long-term isotopic analyses of Plesovice zircon (Y °HfA""Hf =
0.282478+0.000025; 2c; n>450) and GJ-1 zircon (*"®Hf/*""Hf=0.282010+0.000025; 25; n>800) at
the MC-ICP-MS laboratory in Frankfurt. The ages used for the determination of initial "®Lu/*""Hf
ratios and eHf; values were the weighted mean zircon U-Pb ages of a statistically coeval zircon age
population (Van der Lelij et al., 2016b), and used CHUR values of "®Lu/*""Hf and *"°Hf/*""Hf of
0.0336 and 0.282785, respectively (Bouvier et al., 2008). Two stage hafnium model ages were
calculated using age-corrected "®Lu/"’Hf ratios of the analysed zircons, a YSLu/*"Hf ratio of
0.0113 for average continental crust, and juvenile crustal Lu/*""Hf and "®Hf/*’’Hf ratios of

0.0384 and 0.28314 (Gerdes and Zeh, 2006 and references therein).

3.2. Whole rock Sr and Nd isotopic analyses

Sr and Nd isotopic compositions were determined from whole rock powders of 35 fresh
igneous and metamorphic rocks, which did not exhibit any alteration in thin section. Approximately
100 mg of whole rock powder was dissolved in 4 ml of concentrated HF and 1 ml of 15M HNOs in
closed Teflon vials at 140 °C, for seven days. The samples were subsequently dried by evaporation
and re-dissolved in 3 ml of 15M HNOs3 before being dried again. Nd and Sr were separated from the
matrix using column chemistry following the methods outlined in Pin et al. (1997) and Chiaradia et
al. (2011). Nd and Sr isotopic ratios were determined using either a Thermo Scientific Triton
Thermal lonization Mass Spectrometer or a Thermo Scientific Neptune MC-ICP-MS at the
University of Geneva, Switzerland. The average analytical uncertainty of measured 8’Sr/%Sr ratios
was 1.2 ppm (2c), and the accuracy of the interpretation of the reported Sr isotopic compositions is

limited mainly by the high potential for fluid-assisted Rb and Sr mobilisation, which can not be



quantified with the available data. Analytical uncertainties of the *Nd/**Nd ratios were
propagated into the calculated eNd values. Age corrected isotopic compositions were calculated
using Rb/Sr and Sm/Nd ratios determined by trace element analyses and U-Pb ages previously
reported by Van der Lelij et al. (2015). Nd model ages (TDMngq) were calculated using a two stage
model with a crustal **’Sm/**Nd of 0.12, and depleted mantle **’Sm/**3Nd and *3Nd/***Nd of

0.219 and 0.513151, respectively (Liew and Hofmann, 1988).

3.3. Quartz oxygen isotopic analyses

Two mg of pure quartz was hand picked from 11 granitoids from the Mérida Andes.
The purity of the quartz fractions was checked by Raman microprobe at the Geneva Museum of
Natural History, Switzerland. Oxygen was extracted from quartz using CO> laser fluorination and O
isotope compositions were analysed using a Finnigan MAT 253 mass spectrometer at the Institute
of Mineralogy and Geochemistry, University of Lausanne, Switzerland. 50 values were computed
relative to Vienna Standard Mean Ocean Water (VSMOW). Analytical uncertainty for all &80

values was better than 0.03 %o.

4. Results

4.1. Zircon Lu-Hf isotopic analyses

Zircons extracted from 52 granitoids and gneisses exposed in the Merida Andes and the
Santander Massif yield 55 discrete zircon U-Pb age populations, each consisting of at least 3 coeval,
concordant analyses, with ages spanning between 1018.3+8.9 and 195.8+1.5 Ma (Van der Lelij et
al., 2016b). Three of these populations were inherited from igneous or metamorphic protoliths (Van
der Lelij et al., 2016b). The dated zircons yield 510 interference corrected *"®Lu/*""Hf ratios ranging
between 0.00019 and 0.00474 (average 1"®Lu/*""Hf = 0.00143; Appendix Table 1), resulting in very
low post-crystallisation radiogenic ingrowth of ’®Hf. Nevertheless, all *"®Hf/*’’Hf ratios were
recalculated to the zircon U-Pb crystallisation ages, and the "®Hf/*""Hf; ratios range between
0.282195+0.000017 and 0.282698+0.000026 (Appendix Table 1). The calculated eHf: values of

individual spot analyses (Appendix Table 1) range between -10.0+£0.6 (t=488 Ma) and +6.0£0.7



(t=439 Ma), and follow similar trends for the Santander Massif and the Mérida Andes (Figs. 5 and

6).

Calculated weighted mean eHf; values from 55 zircon populations range between -
8.61+0.53 and 5.26+0.44, which correspond to Lu-Hf model ages of 1.57 Ga to 0.77 Ga (Table 1).
Individual spot analyses on zircons from several U-Pb age populations (08VDL11B, 08VDL23,
08VvDL46 and 10VDL58) vyield statistically distinguishable ¢Hfi values, resulting in large
uncertainties for the weighted mean eHf; values (26>1.5 Hft units). The zircons from these samples
have numerous inherited cores (Van der Lelij et al., 2016b), and we hypothesize that the scatter in
these data may derive from the accidental sampling of mixed domains during laser ablation for Lu-
Hf analyses, although this was not apparent during the analytical routine itself. The mean gHf;
values in these rocks are not considered to be meaningful and they are not interpreted. Two
inherited zircon populations with weighted mean U-Pb ages of ~1018 Ma (10VDL61A) and ~1009
Ma (08VDL11A) yield mean eHf: values of 2.85 and 3.20, respectively, corresponding to model
ages of 1.38 and 1.37 Ga (Table 1). Granitoids, migmatites and gneisses with U-Pb zircon age
populations between ~499 Ma and ~472 Ma generally yield the most evolved mean zircon gHf;
values (eHfi<-5.0; TDMns >1.4 Ga; Fig. 5; Table 1), although three samples in this age group yield
more juvenile eHf; values (Fig. 5). Zircon age populations that are younger than ~472 Ma typically
yield more juvenile mean gHf values of -3.79 to +5.26, which correspond to Lu-Hf model ages of
1.28 to 0.77 Ga and appear to define a general trend to more evolved mean eHf; values between
~461 Ma and ~443 Ma (Fig. 5). The main outliers in this trend are data from rhyolite 08VDL15
(~453 Ma; eHfi=+4.5; TDMn=0.82; Table 1; Fig. 5) and granite 10VDL46 (~439 Ma; eHf; =5.26;

TDMHus=0.77; Table 1; Fig. 5) which yield the most juvenile eHf; values measured in this study.

Granitoids and a rhyolite with U-Pb zircon ages of ~272 Ma to ~196 Ma yield a more
restricted range of zircon gHf; values of -6.55 to -2.46 and Lu-Hf model ages of 1.24 to 1 Ga (Table
1; Fig. 6). More juvenile gHf; values of ca. +1.3 were obtained from two single zircons from

rhyolite 10VDL58 (Table 1; Fig. 6), although the only other two zircons from this sample yielded



much more crustal eHf; values of -1.0 and -1.8, and the weighted mean gHf; value of 0.0+2.5 for all

four zircons from this sample is not statistically meaningful.

4.2. Whole rock Sm/Nd isotopic analyses

Twenty five whole rock samples with zircon U-Pb ages of ~499 Ma to 415 Ma from the
Mérida Andes and the Santander Massif yield age corrected eNd; values ranging between -7.15 and
+1.58 (Fig. 5; Table 1). Granitoids with U-Pb crystallisation ages between ~499 and ~472 Ma yield
eNd; values between -3.22 and -7.15, and include the lowest eNd; values acquired during this study.
Granitoids with U-Pb ages of ~472-~452 Ma and ~442-~415 Ma show generally more juvenile
compositions (Fig. 5), with the exception of granite 08VDLA41 (¢Nd:=-5.39). Granitoids with ages of
~452-~442 Ma show a narrow spread of crustal &Nd: values between -1.83 and -4.06. The
isotopically most juvenile sample is rhyolite tuff 08VDL15 (¢Nd: = 1.58; Table 1; Fig. 5), which is
interfingered with sedimentary rocks. Three whole rock samples with U-Pb ages of ~272 Ma to
~225 Ma (Paraguana Peninsula, Toas Island and the Perija Andes; Fig. 1) yield eNd: values between
-3.31+0.38 and -2.20+0.10; whereas younger rocks with crystallisation ages of ~213 Ma to ~198
Ma from the Mérida Andes and the Santander Massif yield more scattered €Nd;, values that range

from -7.20 to -2.16 (Fig. 6).

Whole rock eNd; values obtained during this study correlate well with zircon gHf; (Fig.
7), and granitoids from both Venezuela and Colombia plot between the trends defined by global
recycled orogenic sands and the global mantle array (Vervoort and Patchett, 1996; Vervoort et al.,

1999).

4.3. Whole rock Rb/Sr isotopic analyses

Thirty two granitoids yield age corrected whole rock 8/Sr/2®Sr; ratios that range between
0.7050 and 0.7216 (Table 1; Figs. 5, 6). Two additional granitoids (08VDL38; 10VDL44) yield
87Sr/8°Sr; ratios of 0.7010-0.7015, which are less radiogenic than depleted mantle (8'Sr/2°Sr=~0.702;

Zindler and Hart, 1986), and have high 8’Rb/®Sr ratios of 9-11.4 (Table 1), which suggests that Sr



in these rocks may have been mobilized during radiogenic ingrowth. We consider these data points
to be unreliable and do not include them in our interpretations. Granitoids with zircon U-Pb
crystallisation ages of ~499 Ma to ~472 Ma generally yield more radiogenic 8Sr/2®Sr; ratios than
rocks with crystallisation ages of ~472 Ma - ~450 Ma (Table 1, Fig. 5). Granitoids which formed
between ~450 Ma and ~440 Ma show increasingly radiogenic &Sr/®Sr; ratios with time. Granitoids
from north-western Venezuela (the Paraguané Peninsula, Toas Island and the Périja Andes; Fig.1),
which formed between ~272 Ma and ~225 Ma, yield juvenile 87Sr/Sr; ratios of ~0.705 (Fig. 6),
whereas Triassic to Jurassic rocks with crystallisation ages of ~213 Ma to ~198 Ma from the Mérida

Andes and the Santander Massif yield more radiogenic 8 Sr/8Sr; ratios.

4.4. Quartz O isotopic analysis

Quartz extracted from 11 granitoids yields 5*20 values ranging between 9.03 and 14.27
%o (Table 1; Figs. 5, 6). The highest values of 13.51 %o and 14.27 %0 were obtained from rocks
yielding zircon U-Pb ages of ~467 Ma and ~455 Ma (Fig. 5), whereas rocks which formed at 473

Ma and 434 Ma yield the lowest §'80 values of 9.03 %o and 9.56 %o, respectively.

5.0. Discussion

5.1 The significance of the Lu-Hf model ages

New crust formed by partial melting of depleted mantle has lower "®Lu/*""Hf ratios
than the depleted mantle and the Chondritic Uniform Reservoir (CHUR; e.g. Gerdes and Zeh, 2006
and references therein). As a result, the ¢Hf: value of any given portion of crust will evolve over
time along the crustal evolution trend (Fig. 5), whose slope depends on the Y6Lu/Y""Hf ratio of that
crust. Consequently, the eHf: values of crustal rocks which crystallised at different times are not
directly comparable. This difficulty is somewhat overcome by interpreting Lu-Hf model ages. The
interpretation of crustal evolution trends and model ages relies on the assumption that the
continental crust has a known "®Lu/*""Hf ratio, and remains unchanged by crustal and supracrustal
processes (e.g. Hawkesworth and Kemp, 2006). This assumption is invalidated if garnet is

fractionated in the melt, because garnet has very different partition coefficients for Lu and Hf and



will decouple the Lu-Hf system from the Sm-Nd system (Dr./Dnt =~30; Vervoort and Patchett,
1996). Rocks sampled during this study show strong correlations between the Lu-Hf and Sm-Nd
systems (Fig. 7), suggesting that garnet fractionation was not an important process in the melt
source. Melts which form in continental active margins may derive from igneous, sedimentary or
mixed sources (e.g. Dalziel, 1986; Collins and Richards, 2008), and Lu-Hf model ages may
approximate the average age of extraction from depleted mantle of the various components in the
melt source, unless a homogeneous source can be determined by other means (Hawkesworth and

Kemp, 2006).

Lu-Hf model ages calculated from our data range between 0.77 Ga and 1.57 Ga, and are
0.04 Ga to 0.36 Ga (average 0.2 Ga) younger than the Sm-Nd model ages from the same rocks
(Table 1). This discrepancy may arise because either the crustal ®Lu/""Hf ratio of 0.0113 (Gerdes
and Zeh, 2006) or the crustal #’Sm/***Nd ratio of 0.12 (Liew and Hofmann, 1988) may not be
representative of the average crustal end members for granitoids in this study. Existing whole rock
data from Precambrian gneisses in Colombia indicate varying #’Sm/**Nd ratios that range from
0.0686 to 0.1904 (Cordani et al., 2005; Ordéfiez-Carmona et al., 2006; Ibafiez-Mejia et al., 2015),
and therefore the 4/Sm/**4Nd ratio of ~0.12 used for our calculations appears to be a reasonable
assumption. Alternatively, in mixed source magmas the Lu-Hf system may be more sensitive to
melt additions from depleted mantle derived sources than the Sm-Nd system, because of their
respective concentrations (Hfwiore/Hfcrust = ~0.54, Ndmore/Ndcrust = ~0.35; Rollinson, 1993).
Therefore, we prefer to consider the Lu-Hf model ages as a minimum estimate of the average time

when the various source components were extracted from the depleted mantle.

5.2. Isotopic correlations

Although Strontium isotopic compositions are susceptible to modification by fluid flow
or alteration, initial 8Sr/%°Sr; ratios correlate with Lu-Hf model ages, 520 values and the alumina
saturation index (A/CNK or Shand’s Index, e.g. Maniar and Piccoli, 1989) for most granitoids in

the study area (Fig. 8) suggesting that, as a whole, the analysed Sr isotopic compositions reflect the



compositions of the granitoids during crystallisation. The correlation between &Sr/%Sr; ratios and
Lu-Hf model ages suggests that melt components from granitoids in the study area were derived
from a combination of older felsic, and younger mafic sources. The two Mesozoic samples from the
Santander Massif are outliers in this trend (Fig. 8): one is a migmatite (10VDL43B) and the other is
from a rock with numerous enclaves (10VDL61B), both of which may have mixed &Sr/®Sr
compositions which cannot be adequately time corrected. The correlation of 8 Sr/®Sr; with 580
values and A/CNK (Fig. 8) suggests that felsic, Rb rich endmembers included pelites and likely
were metasedimentary rocks (e.g. Chappell and White, 1974; Harris et al., 1997). Rocks with the
lowest &Sr/88Sr; ratios of <0.706 exhibit a range of Lu-Hf model ages (Fig. 8). Hence, if we assume
that Sr was not remobilized for these samples, mafic endmembers may be heterogeneous in age, and
may include partially rejuvenated, mafic lower crust which originally formed at ~1.6 Ga (e.g.
Ibafiez-Mejia et al., 2011, 2015). These data also suggest that these granitoids are not amenable to a
clear-cut classification by melt source with geochemical discriminators (with S-Type granite having
A/CNK > 1.1, e.g. Chappell and White, 1974; Maniar and Piccoli, 1989) or isotopic discriminators
(with S-Type granite yielding quartz 5180 > 12%., e.g. Harris et al., 1997) because many of the
sampled lithologies appear to be the product of mixes of melt derived from several source types.

As the Lu-Hf and Sm-Nd isotopic systems both record the timing of melt depletion
from a depleted mantle source and correlate very well (Fig. 7), our discussion focuses more around
the Lu-Hf isotopic system for mantle melt contributions because Lu-Hf data were obtained from

more samples.

5.3. Precambrian Basement

The isotopic composition of Precambrian basement was only determined indirectly by
Lu-Hf analysis of inherited zircon populations with U-Pb ages of ~1.01 Ga, obtained from an
orthogneiss from the Mérida Andes and xenoliths in the Santander Massif. These zircons
populations yield Lu-Hf model ages of ~1.37 Ga (Table 1), which are compatible with previous

suggestions that ~1.01 Ga rocks located along north-western Amazonia were formed in a juvenile



arc with variable contamination by sources that were older than 1.55 Ga (lbafiez-Mejia et al., 2011;

Weber et al., 2010).

5.4. 499 Ma - 472 Ma

The Early Palaeozoic orogenesis is recorded in the Santander Massif and the Mérida
Andes by upper amphibolite facies Barrovian metamorphism (Fig. 4; Grauch, 1972; Garcia et al.,
2005; Castellanos et al., 2008; Uruefia-Suarez and Zuluaga, 2011), which affected all rocks older
than ~472 Ma (Van der Lelij et al., 2016b). Peak metamorphism resulted in anatexis of the
continental crust at ~477.0£5.3 Ma (migmatite 10VDL50; Van der Lelij et al., 2016b) and the
intrusion of strongly foliated, synkinematic granitoids between ~489 Ma and ~472 Ma (Ward et al.,
1974; Kovach et al., 1977; Restrepo-Pace and Cediel, 2010; van der Lelij et al., 2016b). Barrovian
metamorphism is typical of orogenesis driven by crustal thickening (e.g. Spear, 1993), and previous
authors have related Early Palaeozoic orogenesis in the Northern Andes to the docking of an
allochthonous terrane which encompasses the basement of the Santander Massif (Chibcha Terrane;
e.g. Ramos, 2009). Pb isotopic data collected from granitoids and gneisses from both the Mérida
Andes and the Santander Massif are consistent with an autochthonous origin (Van der Lelij et al.,
2016b), and Nd, Sr, and Hf isotopic trends are similar for rocks from the Santander Massif and the
Mérida Andes (Fig. 5, 6), providing further support for a common history on the margin of
Gondwana. Orogenesis as a result of continental collision seems unlikely, because palaecomagnetic
and faunal data indicate that during the Ordovician, Gondwana was separated from Baltica and
Laurentia by the lapetus and Tornquist Oceans, respectively (e.g. Cocks and Torsvik, 2002).
Instead, we propose that Ordovician orogenesis in the Mérida Andes and the Santander Massif was
driven by increased plate coupling between subducting oceanic lithosphere of the lapetus Ocean
and the overriding margin of Gondwana (Fig. 9A; Dalziel, 1986; Gutscher, 2002), in a similar
setting to Early Palaeozoic orogenic belts elsewhere along the margin of Gondwana (e.g. Collins,
2002; Lucassen and Franz, 2005; Kemp et al., 2009).

Most of the rocks which crystallised between ~499 and ~472 Ma yield (Fig. 5) i) zircon

eHf; values which include the most negative values obtained during this study of ~-7, corresponding



to the oldest model ages of ~1.4 - ~1.6 Ga, ii) the most negative whole rock €Nd; values of ~-4 to ~-
7, iii) strongly radiogenic whole rock 7Sr/%Sr; ratios of 0.710-0.713 suggesting evolved, Rb rich
sources, and iv) quartz §*80 values <12 %o, which suggests derivation from igneous sources (Table
1; Fig. 5; Harris et al., 1997). These data suggest that the magmatic sources were evolved and may
include middle to upper continental crust, rather than lower crustal or mantle derived rocks.
Migmatite 10VDL50 is hosted in a paragneiss (Van der Lelij et al., 2016b), suggesting that its ~1.2
Ga Lu-Hf model age represents the average model age of the sedimentary components in the

protolith, which was derived from a mix of ~1 Ga and older continental crust.

5.5.472 Ma - 452 Ma

Numerous active margin granitoids with zircon U-Pb ages younger than ~472 Ma
crosscut the foliation of the metamorphic basement in the Mérida Andes and the Santander Massif,
and are interpreted to post-date peak metamorphic conditions (Fig. 4; Restrepo-Pace and Cediel,
2010; van der Lelij et al., 2016b). In the Mérida Andes, interfingered marine sedimentary rocks
(Mucuchachi Fm.; Fig. 2) and volcanic tuffs (Las Tapias rhyolite 08VDL15; 452.6+2.7 Ma; Fig. 4;
Table 1) unconformably overlie the upper amphibolite facies metamorphic basement (Fig. 4), and
host volcanogenic massive sulphides (Staargaard and Carlson, 2000). Non metamorphosed, Late
Ordovician graptolite bearing sandy siltstones and sandstones of the Caparo Fm. also overlie
basement rocks in the southern flank of the Mérida Andes (Fig. 4; Odreman and Useche, 1997).
These relationships suggest that upper amphibolite facies gneisses which metamorphosed during
orogenesis and crustal thickening between ~499 and ~472 Ma, were unconformably overlain at
~453 Ma by marine basins. Therefore, in this time frame, the orogeny must have subsided either by
post-orogenic collapse or intra-arc or back-arc extension. Even though the variations of crustal
thickness of north-western Gondwana during the Palaeozoic cannot be quantitatively assessed using
any published data, i) continuous magmatism in the Mérida Andes and the Santander Massif
between ~499 and ~415 Ma, ii) the formation of marine basins at ~453 Ma over ~499-~472 Ma
amphibolite facies metamorphic basement requiring exhumation from at least ~8km during

extension, and iii) the VMS mineralisation of the marine sediments of the Muchuchachi Fm. (e.g.



Staargaard and Carlson, 2000) are consistent with an intra-arc or back arc basin setting at ~453 Ma

(Fig. 8; e.g. Schandl and Gorton, 2002).

Granitoids which formed between ~472 and ~453 Ma in the Mérida Andes and the
Santander Massif generally yield (Fig. 5; Table 1) i) Lu-Hf model ages of ~1.0 to ~1.2 Ga; ii) eNd;
values of ~-4 to ~+2; iii) 8’Sr/Sr; ratios of 0.705 to 0.708 suggesting mafic sources with low Rb
concentration. Biotite granite 08VDL41 (454.5+£3.1 Ma; Table 1) is an outlier in terms of isotopic
composition in this age range, yielding an 87Sr/%Sr; ratio of 0.7137 and a quartz §*80 of 14.27 %o,
suggesting that it has a sedimentary protolith (S-type granite; Harris et al., 1997). The Lu-Hf model
age of this rock is the oldest of this age group (1.21 Ga; Table 1), indicating that the sedimentary
protolith may have mixed components of ~1.0 Ga and older crust, both of which may be found in
the basement near the Northern Andes (Ibafiez-Mejia et al., 2011; Baquero et al., 2015). The quartz
O isotopic data from granodiorite 08VDL44 (5'80=13.51; 466.8+2.5 Ma; Table 1; Fig. 5) are also
typical for S-Type granite (Harris et al., 1997), although its low 8/Sr/%Sr; ratio of 0.7076 is
indicative of a low average Rb/Sr ratio source rock, which is more suggestive of the lower crust
(e.g. Rudnick and Fountain, 1995). These data suggest that this rock was derived from mixed

sources between a mafic lower crustal or mantle end-member and sedimentary sources.

The isotopic data suggest that most of the granitoids which formed between ~472 and
~452 Ma derived from mafic sources with low Rb/Sr ratios, such as i) ~1.0-1.2 Ga lower crust (Fig.
9), ii) a mixture between depleted mantle sources and older crustal sources, or iii) enriched mantle
sources such as sub-continental lithospheric mantle. Our data cannot discriminate between these
scenarios and the only rock from this age group which is sufficiently isotopically juvenile to require
a melt contribution from depleted mantle is rhyolite 08VDL15, whose Lu-Hf model age of 0.8 Ga

(Table 1) cannot be accounted for by derivation from mixes of ~1 Ga and older crust.

The Micarache Orthogneiss (08VDL11; Figs 2, 7) has two zircon populations with U-

Pb ages of 1008.6+6.7 Ma and 454.0+10 Ma, which yield different Lu-Hf model ages of ~1.37 Ga



and ~0.95 Ga, respectively (Table 1). This unfoliated, biotite rich rock exhibits lobate grain
boundaries and myrmekite, sillimanite replaced by muscovite, biotite and myrmekite symplectites
(Van der Lelij et al., 2016b), and ~50 um grains of partially resorbed, anhedral orthopyroxene,
which suggests the protolith was a granulite facies rock (Spear et al., 1999). The microtextural and
geochronological data suggests that this rock had a ~1009 Ma protolith which underwent anatexis at
~454 Ma (Van der Lelij et al., 2016b). A simplistic interpretation of the Lu-Hf data may suggest
that juvenile material was added to the rock at ~454 Ma, although this is inconsistent with
microtextural evidence indicating that this rock may have been a closed system with regards to
melt. Granulite facies textures suggest that biotite may have been unstable or absent and garnet may
have been present in the protolith (Spear et al., 1999). The high Lu/Hf ratio of garnet may have
resulted in more ingrowth of radiogenic Hf in garnet by ~454 Ma than the bulk rock. Biotite can
form by hydration breakdown of garnet during high temperature retrograde reactions (Spear et al.,
1999), and we hypothesize that rehydration of the granulite facies protolith resulted in retrograde
reactions of garnet to biotite and partial anatexis of the rock at ~454 Ma. This process would have
resulted in the crystallisation of zircons at isotopic disequilibrium with the bulk rock Hf

composition, and is consistent with isotopic, geochronologic and microtextural evidence.

5.6. 452 Ma - 442 Ma

Geochemical arguments suggest that granitoids with zircon U-Pb crystallisation ages of
~452 Ma to ~442 Ma formed during continuing arc magmatism (van der Lelij et al., 2016b).
Sedimentary rocks from this period are sparse in the Northern Andes, and a hiatus spanning ~10 Ma
is recorded in the Mérida Andes (Fig. 4) between the Caparo Formation (Sandbian; ~461 Ma - ~456
Ma; Gonzales de Juana et al., 1980) and the El Horno Fm. (LLandovery - Early Wenlock; 444 Ma -
426 Ma; Gonzales de Juana et al., 1980). The duration of sedimentation within the basins which
host the volcano-sedimentary Mucuchachi Fm. (~453 Ma; Table 1) in the central Mérida Andes is

unknown.



Granitoids which formed between ~452 Ma and ~442 Ma yield increasing Lu-Hf model
ages, more negative eNd; values and increasing 8'Sr/®Sr; ratios with time (Fig. 5), suggesting
increasing contributions of old, middle to upper crust. The quartz §*0 values of 11.30 and 12.07
obtained from two granitoids (Table 1; Fig. 5) suggest that they received melt contributions from
sedimentary sources (Harris et al., 1997). The isotopic trends contrast sharply with trends recorded
during the preceding period of extension. Combined with the apparent hiatus in the Northern Andes
(Fig. 4) and evidence for metamorphic overprints of Silurian age in parts of the Santander Massif
(Mantilla-Figueroa et al., 2016), we propose that the increasingly crustal isotopic signal recorded
during this period reflects basin inversion and the development of positive relief (Fig. 9).
Compression during this period may have resulted in tectonic burial of metasedimentary rocks of

the middle to upper crust, which were previously too shallow to melt.

5.7. 443 Ma - 415 Ma

Only three granitoids from the Santander Massif and the Mérida Andes yield zircon U-
Pb ages ranging between ~439.2 Ma and 414.5 Ma (Table 1). The Lu-Hf model age of granite
10VDL46 (439.2+4.7 Ma; Tnc=0.77 Ga; Table 1) is the youngest recorded in Palaeozoic rocks of
the Santander Massif and the Mérida Andes, and requires a juvenile input from a depleted mantle.
Granite 10VDL46 was altered by numerous crosscutting quartz veins, and as a consequence no
attempts were made to extract additional isotopic data from this rock. Sedimentary basins which
formed coevally with granite 10VDL46 exist in the Mérida Andes (EI Horno Fm.; see above), and
although these data are consistent with an extensional regime favorable to the intrusion of melt
derived from the depleted mantle, further evidence is necessary to corroborate this interpretation.
The two other granitoids from this age group yield Lu-Hf model ages that increase with younger
crystallisation ages, decreasing eNd: values, increasing &Sr/Sr; ratios and increasing quartz &80
values, suggesting increasing crustal contributions between ~434 Ma and ~415 Ma. Sedimentation
is recorded in the Mérida Andes until the Early Wenlock (~426 Ma, Fig. 4), which was followed by
a regional sedimentary hiatus until the middle Devonian (~398 Ma; Van der Lelij et al., 2016b),

and field relationships and data are too sparse to constrain the tectonic environment.



5.8. ~272 Ma - ~196 Ma

Whole rock geochemistry is consistent with a continental arc setting for granitoids and
rhyolites that crystallised during ~272 Ma to ~196 Ma (Van der Lelij et al., 2016b). Three
granitoids were collected from isolated basement exposures in the Paraguana peninsula, the
foothills of the Perijé range and Toas Island in north-western Venezuela (Fig. 1). These rocks yield
similar Lu-Hf model ages of 1.08 Ga to 1.2 Ga, eNd;values of -2.2 to -3.31 with Sm-Nd model ages
of 1.17 Ga to 1.24 Ga, and 8/Sr/®Sr; ratios of 0.705 to 0.7053 (Table 1; Fig. 6). The isotopic data
suggest that Rb-poor, lower crustal sources were involved in the petrogenesis of these granitoids.
Basement rocks extracted from drill cores beneath Lake Maracaibo and the Falcon Basin, and from
an inlier in Guajira Peninsula (Fig. 1) yield zircon U-Pb crystallisation ages of ~1 Ga and Sm-Nd
model ages of 1.2 to 1.3 Ga (Baquero et al., 2011, 2015), and may represent a plausible melt source

for granitoids in north-western Venezuela.

Fifteen granitoids, two felsic volcanic rocks, one pegmatite and one migmatite from the
Mérida Andes and the Santander Massif with zircon U-Pb ages ranging between ~251 and ~196 Ma
yield Lu-Hf model ages of 0.91 Ga to 1.24 Ga, and no time-related trends are observed (Fig. 6;
Table 1). The most juvenile Hf isotopic composition with an average Lu-Hf model age of 0.91 Ga is
from a rhyolite dike in the Santander Massif, which intruded the Bocas Fm. at ~251 Ma (10VDL58;
Fig. 6; Table 1), and may include melt from a depleted mantle end member, although the individual
analyses from this sample are not statistically equivalent and define a large spread. The exhumation
episode recognised in the Merida Andes at ~250 Ma from thermochronological data (van der Lelij
et al., 2016a) which was presumably driven by regional compression (Weber et al., 2007) did not
have a clear effect on the isotopic signature of rhyolite 10VDL58, which is the only coeval
magmatic rock. However, exhumation at ~250 Ma is not recorded in the Santander Massif (van der
Lelij et al., 2016a). Similarly, extension between ~240 and ~215 Ma recorded in the Central
Cordillera of Colombia and Eastern Cordillera of Ecuador by field and isotopic data (Cochrane et

al., 2014a) are not recorded in the Merida Andes and Santander Massif due to a paucity of coeval



sedimentary rocks and absence of clear isotopic trends. This emphasises variability in crustal

response and magmatic processes across the same margin.

Igneous rocks from the Mérida Andes and the Santander Massif, which formed between
~213 Ma and ~196 Ma, yield radiogenic ’Sr/%Sr; ratios of 0.708 to 0.7216 (Fig. 6; Table 1),
suggesting that some melt was derived from Rb-rich end-members, which may include middle to
upper crustal rocks and sedimentary protoliths. Extension at ~200 Ma in the Mérida Andes and the
Santander Massif resulted in deposition of graben-filling sandstones of the La Quinta and Jordan
formations (Kammer and Sanchez, 2006; van der Lelij et al., 2016b), and the eruption of pillow
basalts between the late Triassic and ~185 Ma in the eastern Cordillera (Moreno-Sanchez et al.,
2016). However, this does not seem to have resulted in more primitive isotopic compositions of late
Triassic to Early Jurassic granitoids sampled during this study, suggesting that extension until ~196
Ma may have been insufficient to facilitate intrusion of depleted mantle melts into the upper crust in
the studied area. Extension driven by slab roll-back resulted in the arc axis migrating westward into
the Central Cordillera of Colombia by ~190 Ma (Cochrane et al., 2014b; Spikings et al., 2015),
where isotopic signatures define a clear trend towards more juvenile melt sources and increasing

mantle contribution with time, until ~145 Ma (Cochrane et al., 2014b).

6. Melt sources, heat advection and crustal recycling

Although it is generally agreed that some granitoids derive from the melting of
sedimentary protoliths (S-Type granites; e.g. Chappell and White, 1974; Harris et al., 1997), there is
considerable controversy about the sources of I-Type granites. Some authors suggest that I-Type
granites form by melting of calc-alkaline crustal rocks of mafic to intermediate composition without
any direct mantle contribution (e.g. Roberts and Clemens, 1993; Clemens et al., 2011), although
others consider that mantle-derived melts may be the dominant component (e.g. Pitcher, 1997;

Annen et al., 2008; Nandedkar et al., 2012).



Phanerozoic granitoids from the Mérida Andes and Santander Massif are difficult to
classify utilising the I-Type and S-Type scheme according to their major element compositions
(Van der Lelij et al., 2016b). For example, while the mainly peraluminous geochemistry of the
granitoids suggests that they may include S-Type granites (e.g. Chappell and White, 1974), many of
these granitoids yield Na2O/K>O ratios typical of I-Type granite (e.g. Chappell and White, 1974;
van der Lelij et al., 2016b). The isotopic data presented here suggests that both I-Type and S-Type
granites may have formed coevally, and that some granitoids are hybrids. For example, granite
08VDL41 has quartz 5'80 and 8’Sr/%Sr; compositions typical of S-Type granite (Table 1), whereas
coeval rocks from the same regions which intruded at ~454 Ma yield juvenile ®Sr/®Sr;
compositions suggesting a much less evolved source, although the Lu-Hf model ages of these rocks
all fall in the same ~1.0 Ga to ~1.2 Ga range (Table 1; Fig. 5). Regardless of whether the source
included igneous or sedimentary protoliths, the isotopic data suggest that the average mixed source

age was between ~1.0 Ga to ~1.6 Ga for most rocks in the Merida Andes and the Santander Massif.

The change of Lu-Hf model ages from mainly ~1.4-~1.6 Ga to mainly ~1.0-~1.2 Ga
after ~472 Ma suggests that a change of average melt source was coeval with the cessation of
metamorphism, and may relate to post-orogenic extension or back-arc or intra-arc basin opening
(Fig. 9). Crustal end-members of both 1.4-1.6 Ga and 1.0-1.2 Ga may have been present outboard of
the Amazonian craton at ~1 Ga (lbafiez-Mejia et al., 2011; Weber et al., 2010), and the shift in
isotopic trends at ~472 Ma suggests that extension between ~472 Ma and ~452 Ma resulted in
sufficient heating and decompression of the lower, more juvenile crust to generate melt (Fig. 9).
Granitoids which intruded between ~472 Ma and ~196 Ma show only restricted variations of
average zircon Lu-Hf model ages which lie mainly between 1.0 and 1.2 Ga (Figs. 5,6), however
they exhibit large variations of 8/Sr/%Sr; suggesting that they were derived from both lower and
upper crustal sources. The structural dissection during extension between ~472 and ~452 Ma may
gave juxtaposed upper crustal lithologies with more mafic lithologies, effectively mixing them
together. Therefore, the ~472 Ma shift to more juvenile Hf compositions may reflect a

homogenisation of source reservoirs for magmatic rocks in the Mérida Andes and the Santander



Massif, and these source reservoirs subsequently evolved along normal crustal evolution trends
(Figs. 5, 6) without significant juvenile input until ~196 Ma. Only two Early Palaeozoic granitoids
(08vDL55, 10VDLA46; Table 1, Fig. 5) and two rhyolites (08VDL15; 10VDL58; Table 1, Figs. 5,
6) in the Mérida Andes and the Santander Massif yield Lu-Hf model ages of < 1.0 Ga, which cannot
be accounted for by derivation from local crustal end-members. However, these samples represent
only a minor proportion percent of our total dataset, and we consider that they represent only minor
contributions of depleted mantle derived melt to the crust. These findings are consistent with the
conclusions of other studies of the western margin of South America (e.g. Willner et al., 2008;
Bahlburg et al., 2009; Miskovi¢ and Schaltegger, 2009; Reimann et al., 2010; Dahlquist et al., 2012;
Augustsson et al., 2016), which suggest that most Palaeozoic igneous rocks which formed on the

western margin of Gondwana mainly recycled Mesoproterozoic to Neoproterozoic crust.

Partial melting of continental crust can occur without mantle melt input, during thermal
equilibration of thrust sheets which were juxtaposed by orogenesis or by crustal delamination (e.g.
Thompson and Connolly, 1995; Petford et al., 2000). In Early Palaeozoic rocks of the study area,
peak temperature conditions during Barrovian metamorphism were reached at ~477-473 Ma, and
minimum crustal thickness appears to have been reached at ~453 Ma (Fig 9). Therefore, both of
these mechanisms for heating and melting of the crust between ~499 and ~415 Ma may have
operated successively. The continental arc setting for the Palaeozoic and Early Jurassic rocks of
Venezuela and Colombia (Fig. 9) suggests that dehydration of the subducting slab may have
partially melted the mantle wedge, resulting in heat advection to the lower crust by underplating of
mafic melts, permitting crustal anatexis and the generation of felsic melts (e.g. Huppert and Sparks,
1988; Petford et al., 2000). This hypothesis predicts that the lower continental crust may have
become more juvenile as mafic underplating of mantle derived basalts continued. Trends of
increasing juvenile components with time may be observed in Phanerozoic arcs, for example in
Australia (e.g. Kemp et al., 2009; Collins et al., 2011) and in the Central Cordillera of Colombia
and eastern Cordillera of Ecuador (Cochrane et al., 2014b). In the regions sampled during this

study, relatively constant Lu-Hf model ages of ~1.0 Ga to ~1.2 Ga from rocks which formed



between ~472 Ma and ~196 Ma (Fig. 5, 6) suggest that there was no juvenile crust forming in the
Merida Andes and the Santander Massif after ~472 Ma. However, crustal growth during extension
is clearly documented in the Central Cordillera of Colombia (Fig.1) between ~240 and ~215 Ma
(Cochrane et al., 2014a; Spikings et al., 2015), where progressively more juvenile mafic material
injected in the crust yields eHf: values of +10 to +15, precluding any substantial crustal
contribution, resulting in Lu-Hf model ages close to the crystallisation age. Consequently, rocks
exposed in the Santander Massif and Merida Andes may not have been affected by early Triassic

extension, although they were part of the same convergent margin (Spikings et al., 2015).

Recent studies have suggested that mafic, mantle derived melts may delaminate and be
recycled in the mantle after transferring heat to the crust (e.g. Arndt and Goldstein, 1989; Jull and
Kelemen, 2001; Davidson and Arculus, 2006), resulting in isotopically enriched sub-continental
lithospheric mantle (e.g. Willbold and Stracke, 2010). Although there are presently no direct
measurements of the isotopic composition of the mantle beneath the north-western margin of
Gondwana, the overall absence of definite trends in Lu-Hf model ages between ~472 and ~196 Ma
in the Merida Andes and Santander Massif, combined with highly varying &Sr/®°Sr; ratios suggest
that any contributed mantle derived material, may have had broadly similar Lu-Hf isotopic
compositions to the crust. This is consistent with enrichment of the mantle by crustal recycling
processes beneath long-lived arc systems such as the Andes (e.g. Willbold and Stracke, 2010), and
consequently crustal growth by melt extraction from the depleted mantle may occur only during

more protracted crustal thinning than is recorded in the Mérida Andes and the Santander Massif.

7. Conclusions

A comprehensive isotopic overview of rocks from the Santander Massif and the Mérida
Andes shows that:

1. Granitoids from the Mérida Andes, Venezuela and the Santander Massif, Colombia
crystallised from melts derived from both igneous and sedimentary sources, which can be identified

by combining O, Sr and Lu-Hf isotope analyses.



2. Sources for granitic magmatism can be correlated with independently constrained
geodynamic settings. During orogenesis at ~499-~473 Ma, granitic melt was derived from ca. 1.2
Ga and 1.4-1.6 Ga crust (Fig. 9). Possible crustal end member source for this crust include
Precambrian basement units which are exposed in the Garzon Massif (Fig. 1) and adjacent regions
(Ibafiez-Mejia et al., 2011) and sedimentary rocks that host detritus derived from these units.

3. During post-orogenic extension, magmatic sources switched rapidly to more
juvenile, lower crustal compositions (Fig. 9). Although the isotopic compositions of two granitoids
and two rhyolites require input from the depleted mantle, the overall isotopic composition of post-
472 Ma granitoids suggests that their melt derived from the recycling of variable, lower to upper
crustal end members with contributions from enriched mantle sources that cannot be quantified
using our data.

4. A trend towards slightly older, more Rb rich sources may be recorded in granitoids
which formed between ~452 Ma and ~442 Ma. This period was coeval with the development of
regional unconformities, suggesting that these rocks formed during a brief period of compression.

5. The relatively minor variations of Lu-Hf model ages compared to &Sr/®Sr; ratios
after 472 Ma suggests that the lower crust may have been only slightly more juvenile than the upper
crust. This indicates that sedimentary processes in the upper crust may have reworked ca. 1 Ga
middle to lower crust, and that only minor sedimentary input was derived from older sources.

6. Quantitative determination of relative contributions of enriched mantle and crust
cannot be made because the Palaeozoic isotopic composition of the mantle below north-western
South America is unknown. Direct input from depleted mantle sources may only be recorded in less
than 10% of the samples analysed in this study, and a majority of these samples can be related in
space and time with basin formation and/or extension in the Mérida Andes.

7. The paucity of absolute trends to more juvenile Lu-Hf model ages after ~472 Ma
suggests that the advection of heat by mantle derived melt to the lower crust, which may be a
requirement for the generation of granitoids, was compensated either by i) delamination of the
juvenile portion of the lower crust subsequently to heat advection, or ii) progressive enrichment of

the sub-continental lithospheric mantle composition, or both.



8. There is only minor evidence for crustal growth between ~1 Ga and ~196 Ma in the
Mérida Andes and the Santander Massif in spite of evidence for periods of extension of the
continental crust.

9. The breakdown of garnet to biotite during partial anatexis of granulite facies rocks
can result in the formation of zircons that inherit juvenile Hf compositions in isotopic

disequilibrium with the bulk rock.
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Figure Captions

Figure 1: Digital relief map (Amante and Eakins, 2008) showing the tectonic provinces
of northern South America modified from Feo-Codecido et al. (1984) and Ostos et al. (2005). The
ranges of geological maps in Figures 2 and 3 are highlighted in dashed red boxes. BB: Bonaire
Block, CC: Central Cordillera, CM: EC: Eastern Cordillera, GM: Garzén Massif, MA: Mérida
Andes, PP: Paraguana Peninsuala, SM: Santander Massif, SNSM: Sierra Nevada de Santa Marta,

SP: Sierra del Perija, TI: Toas Island.

Figure 2: Geological map of the Mérida Andes, Venezuela, simplified and modified
from Hackley et al. (2005). Locations of all analysed samples are shown. Sample codes in
parentheses (XX) correspond to full sample codes 08VDLXX. All quoted ages are weighted mean
zircon 28U-2%°ph dates with uncertainties at the 26 confidence level (Van der Lelij et al., 2016b) are
marked in bold text. Semibold text beneath the sample age indicates eHf; £2c, regular text indicates
the sample’s whole rock eNd; without uncertainties, and numbers in italic are whole rock 8'Sr/®Sr;

ratios.

Figure 3: Geological map of the Santander Massif, Colombia, simplified and modified
from Gomez et al. (2007). Sample codes in parentheses (XX) correspond to full sample codes
10VDLXX. All quoted ages are weighted mean zircon 28U-2°Pb dates with uncertainties at the 2o
confidence level (Van der Lelij et al., 2016b) are marked in bold text. Semibold text beneath the
sample age indicates eHf; +20, regular text indicates the sample’s whole rock eNd: without

uncertainties, and numbers in italic are whole rock &’Sr/%8Sr; ratios.

Figure 4: Simplified stratigraphic summary of the Mérida Andes and the Santander
Massif based on a compilation of data from Van der Lelij et al., 2016. Igneous activity and tectonic
regimes are broadly similar and are considered together for both regions, and are labelled in pink

for periods of compression and blue for periods of extension.



Figure 5: Graphical summary of all isotopic data collected during this study from rocks
yielding zircon U-Pb crystallisation ages that range between 499 and 415 Ma. The vertical lines at
472, 452 and 442 Ma indicate interpreted times of changing tectonic regimes. Crustal evolution
lines are shown for the Lu-Hf isotopic system for an average crustal *"®Lu/*’Hf ratio of 0.0113
(Gerdes and Zeh, 2006 and references therein), and are labelled according to their corresponding
model age. Colour coding is identical for all graphs, and shown in the inset. All uncertainties are

quoted at the 2 level.

Figure 6: Graphical summary of all isotopic data collected during this study from rocks
yielding zircon U-PDb crystallisation ages between ~272 and ~196 Ma. Crustal evolution lines are
shown for the Lu-Hf isotopic system for an average crustal *®Lu/*""Hf ratio of 0.0113 (Gerdes and
Zeh, 2006 and references therein), and are labelled according to their corresponding model age.
Colour coding is identical for all graphs, and shown in the inset. All uncertainties are quoted at the

26 level.

Figure 7: Plot of gHf; (zircon) vs. eNd; (whole rock). All uncertainties are plotted at the
26 level. The labelled oblique lines are best-fit regressions across large compiled datasets from

Vervoort et al. (1999). Sample 08VDL11 is labelled. See text for discussion.

Figure 8: Geochemical and isotopic correlation plots comparing Lu-Hf model ages with
whole rock initial 8'Sr/®Sr; ratios, whole rock alumina saturation index A/CNK (Maniar and

Piccoli, 1989) and quartz 580 (%o).

Figure 9: Schematic cross-section for the Palaeozoic evolution of the northern Andes
based on this study and on results described in Van der Lelij et al., 2016. See text for discussion.
CB: Caparo Block, MA: Mérida Andes; SM: Santander Massif. Cardinal directions are in present

day coordinates.



Table 1: Summary of isotopic data obtained during this study. All uncertainties are
quoted at the 2o level. TDM-Hf: two stage Lu-Hf model age; TDM-Nd: two stage Sm-Nd model
age, 8/Sr/®°Sr; : initial calculated strontium isotopic composition, A/CNK: Alumina Saturation Index
(Maniar and Piccoli, 1989). Values in italic are considered to be unreliable and are included for

reference only.See methods section for details.
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Highlights
e Magmatic sources for granitic rocks vary with changing arc dynamics
e During orogenesis, magmas were typically sourced from older upper crust
e During extension, magmas were typically sourced from younger, lower crust
e There is little evidence for crustal growth along north-western Gondwana between ~500 Ma and
~196 Ma
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