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ABSTRACT

New field observations and petrological data from Early Cretaceous metamorphic rocks in the Central Cordillera
of the Colombian Andes allowed the recognition of thermally overprinted high-pressure rocks derived from oce-
anic crust protoliths. The obtained metamorphic path suggests that the rocks evolved from blueschist to eclogite
facies towards upper amphibolite to high-pressure granulite facies transitional conditions. Eclogite facies condi-
tions, better recorded in mafic protoliths, are revealed by relic lawsonite and phengite, bleb- to worm-like
diopside-albite symplectites, as well as garnet core composition. Upper amphibolite to high pressure granulite
facies overprinting is supported by coarse-grained brown-colored Ti-rich amphibole, augite, and oligoclase re-
crystallization, as well as the record of partial melting leucosomes.
Phase equilibria and pressure-temperature (P-T) path modeling suggest initial high-pressure metamorphic con-
ditions M1 yielding 18.2-24.5 kbar and 465-580 °C, followed by upper amphibolite to high pressure granulite fa-
cies overprinting stage M2 yielding 6.5-14.2 kbar and 580-720 °C. Retrograde conditions M3 obtained through
chlorite thermometry yield temperatures ranging around 286-400 °C at pressures below 6.5-11 kbar. The ob-
tained clockwise P-T path, the garnet zonation pattern revealing a decrease in Xgs/Xprp related to Mg# increment
from core to rim, the presence of partial melting veins, as well as regional constraints, document the modification
of the thermal structure of the active subduction zone in Northern Andes during the Early Cretaceous. Such incre-
ment of the metamorphic gradient within the subduction interface is associated with slab roll-back geodynamics
where hot mantle inflow was triggered. This scenario is also argued by the reported trench-ward magmatic arc
migration and multiple extensional basin formation during this period. The presented example constitutes the
first report of Cretaceous roll-back-related metamorphism in the Caribbean and Andean realms, representing
an additional piece of evidence for a margin-scale extensional event that modified the northwestern border of
South America during the Early Cretaceous.
©2021 China University of Geosciences (Beijing) and Peking University. Production and hosting by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Several petrological studies have been carried out for more than a
decade in different Cretaceous metamorphic complexes from the

The metamorphic record found in subduction-related complexes
provides major insights into the long-term tectonic evolution of conver-
gent margins from subduction initiation to the collision of different oce-
anic and/or continental terranes (Wakabayashi, 2004; Garcia-Casco
et al., 20083, 2008Db; Krebs et al., 2008; Escuder-Viruete et al., 2013).
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Universidad Nacional de Colombia, Medellin, Colombia.
E-mail address: dsavellanedaj@unal.edu.co (D.S. Avellaneda-Jiménez).

https://doi.org/10.1016/.gsf.2020.09.019

circum-Caribbean region and the Northern Andes (Garcia-Casco et al.,
2008a, 2008b; John et al., 2009, among others; Maresch et al., 2009;
Blanco-Quintero et al., 2010; Bustamante et al., 2011, 2012; Krebs
et al., 2011; Escuder-Viruete et al., 2013; Lazaro et al., 2013, 2016;
Escuder-Viruete and Castillo-Carrién, 2016). These studies have been
useful for tracking different features along subduction zones, including
changes in the thermal regime from hot to cold settings as a conse-
quence of subduction maturity (Krebs et al., 2008, 2011; Blanco-
Quintero et al., 2011a), subduction erosion (Escuder-Viruete et al.,
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2013; Escuder-Viruete and Castillo-Carrién, 2016), and closure of for-
mer back-arc basins (Ruiz-Jiménez et al., 2012).

The processes mentioned pre-date the final accretion of oceanic al-
lochthonous terranes and/or continental fragments to the North- and
South-American margins during the Late Cretaceous and the Cenozoic
(Pindell et al., 2005; Garcia-Casco et al., 2008b; Pindell and Kennan,
2009; Villagémez et al., 2011; Villagémez and Spikings, 2013; Spikings
et al., 2015). However, the metamorphic record associated with roll-
back or flat-slab geodynamics (e.g. Phillips et al., 2015; Zhang et al.,
2017) has not been documented so far in studies conducted along the
Caribbean or the Northern Andes, despite its connection with back-arc
formation and marginal basin closure, which are common and funda-
mental elements in the Cretaceous tectonic evolution of these regions
(Pindell et al., 2005; Pindell and Kennan, 2009; Escuder-Viruete et al.,,
2008; Braz et al., 2018; Avellaneda-Jiménez et al., 2019; Zapata et al.,
2019).

In the western flank of the Central Cordillera of Colombia, a discon-
tinuous series of Early Cretaceous metamorphic units of medium- (MP)
to high-pressure (HP) character crop out (Restrepo and Toussaint,
1976; Orrego et al., 1980; McCourt et al., 1984; Gonzalez, 1997;
Bustamante et al., 2011, 2012; Villagémez and Spikings, 2013; Garcia-
Ramirez et al., 2017). These rocks have been associated with either
(i) the obduction of oceanic crust (Restrepo and Toussaint, 1976;
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Toussaint, 1996), (ii) a subduction-accretionary complex system
(Villagémez et al., 2011; Bustamante et al., 2012; Spikings et al., 2015;
Garcia-Ramirez et al., 2017) or (iii) a continental marginal back-arc
basin closure (Ruiz-Jiménez et al., 2012).

The existence of such different tectonic models reflects the limited
understanding of the diverse metamorphic record found in these
medium- to high-pressure units (McCourt et al., 1984; Bustamante
etal,, 2012; Ruiz-Jiménez et al., 2012). The lack of precise determination
of pressure-temperature-time (P-T-t) paths within these rocks by
means of detailed textural-mineralogical and modern thermodynamic
methods preclude a proper connection between metamorphism and
tectonics, as well as testing the relation between the evolution of the
subduction thermal structure and the Early Cretaceous tectonic setting
of northwestern South America.

In this contribution, we present field, petrographic and mineral
chemistry constraints, together with phase equilibria and P-T path
modeling from a HP-MP belt which is part of the Early Cretaceous
Arquia Complex (ECAC). This belt crops out in the western flank of the
Central Cordillera of Colombia (Fig. 1). The integration of these results
with published constraints from other Early Cretaceous metamorphic
segments of the ECAC (e.g. Bustamante et al., 2012; Ruiz-Jiménez
et al., 2012; Garcia-Ramirez et al., 2017), together with data from the
magmatic and sedimentary record of the western Central Cordillera
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Fig. 1. (A) Northern Andes and Circum-Caribbean region showing Cretaceous high-pressure complexes and Early Cretaceous continental magmatism in the Northern Andes (modified
from Avellaneda-Jiménez et al., 2019). (B) Colombian Andes regional map showing the metamorphic Early Cretaceous Arquia Complex cropping out between the Late Cretaceous oceanic
Western Cordillera (west) and the back-arc related volcano-sedimentary complex (east). Pre-Cretaceous Central Cordillera continental basement intruded by Jurassic to Early Cretaceous
magmatism (modified from Gomez et al., 2014). (C) Geological map from the studied area showing the eastern and western belts in the Pijao Metamorphic Complex discussed in this
paper (modified from McCourt et al., 1985). Geochronology and geochemistry after Restrepo and Toussaint (1976), Toussaint and Restrepo (1978), McCourt et al. (1984), Bustamante
etal. (2011, 2012), Rodriguez and Arango (2013), Spikings et al. (2015), and Bustamante et al. (2016).



D.S. Avellaneda-Jiménez, A. Cardona, V. Valencia et al.

(Villagémez et al.,, 2011; Rodriguez and Arango, 2013; Villagémez and
Spikings, 2013; Avellaneda-Jiménez et al., 2019; Cardona et al., 2019;
Ledn et al. 2019; Zapata et al., 2019), allows proposing a better
constrained model for the Early Cretaceous tectonic-metamorphic evo-
lution of this unit. Moreover, this can also be used to test regional-scale
reconstructions of plate kinematics along the Pacific-South American
margin (Spikings et al., 2015; Braz et al., 2018; Zapata et al., 2019).

2. Geological background

The Cretaceous geological record of the Colombian Andes comprises
three main tectono-stratigraphic domains with a north to northeast
trending. An eastern domain includes the current Eastern Cordillera
and the Middle-Upper Magdalena Valley, which are characterized by
Berriasian to Aptian clastic and calcareous sediments accumulated in a
passive margin suffering extensional episodes (Sarmiento-Rojas et al.,
2006).

The western domain, exposed along the current Western Cordillera,
includes an oceanic crust basement composed of intercalated oceanic
plateau-related basalts with Early- to Middle-Cretaceous marine sedi-
ments, which are intruded by ca. 90-80 Ma I-type plutonic rocks with
magmatic arc affinity (Kerr et al., 1997; Villagémez et al., 2011; Zapata
et al., 2017). This block formed in southern Pacific latitudes as paleo-
magnetic data suggests (e.g. Hincapié-Gomez et al., 2017) and was ac-
creted to the continental margin between the Late Cretaceous and the
Paleocene (Kerr et al., 1997; Villagémez et al., 2011; Villagémez and
Spikings, 2013; Spikings et al., 2015; Pardo-Trujillo et al., 2020).

Finally, the central domain represented by the current Central Cor-
dillera and the Cauca Valley, presents a more complex geological record
including different metamorphic, volcano-sedimentary and plutonic
units. Several Early Cretaceous MP-HP metamorphic rocks, commonly
associated with highly serpentinized peridotites, crop out in the west-
ernmost part of this domain and are grouped as part of the ECAC. This
belt comprises greenschist- to amphibolite-facies rocks, as well as
three major occurrences of high-pressure rocks including blueschists
and amphibolized eclogites (Gonzalez, 1997; Bustamante et al., 2011,
2012; Garcia-Ramirez et al., 2017; Bustamante and Bustamante, 2019;
among others).

The volcano-sedimentary units within the central domain include
Early Cretaceous siliciclastic sequences accumulated in deltaic to
shallow-marine platform environments commonly associated with in-
termediate to mafic volcanic rocks (Avellaneda-Jiménez et al., 2019;
Cardona et al., 2019; Ledn et al.,, 2019a,b; Zapata et al., 2019). These
units are intruded by ca. 98-70 Ma arc-related plutonic rocks and locally
covered by Late Cretaceous volcano-sedimentary units, relating their
origin to an arc-back-arc setting that was already formed by the
Aptian-Albian (Nivia et al., 2006; Villagomez et al., 2011; Cochrane
et al., 2014; Spikings et al., 2015; Jaramillo et al., 2017; Avellaneda-
Jiménez et al,, 2019; Le6n et al. 2019; Zapata et al., 2019; among others).

2.1. Early Cretaceous Arquia Complex (ECAC)

The MP-HP metamorphic rocks associated with ultramafic units ex-
posed in the western flank of the Central Cordillera and the Cauca Valley
were originally grouped under the name of Arquia Complex (AC; Maya
and Gonzalez, 1995).

Geochronological data, including amphibole K—Ar, amphibole and
white mica Ar—Ar, and garnet-whole-rock Lu—Hf ages, together with
whole-rock geochemistry and petrological constraints from some
units within this complex (Restrepo and Toussaint, 1976; Toussaint
and Restrepo, 1978; McCourt et al., 1984; Bustamante et al., 2011,
2012; Villagémez and Spikings, 2013; Garcia-Ramirez et al., 2017),
allows discrimination of at least two different Cretaceous metamorphic
events (Bustamante and Bustamante, 2019).

The first event is Early Cretaceous in age and is recorded by
blueschists, amphibolized eclogites, and MP amphibolite-facies rocks
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that have been related to different tectonic settings as mentioned
above. A younger Late Cretaceous event has been recognized by wide-
spread greenschist facies meta-volcanic and meta-gabbroic rocks, with
63-71 Ma white mica Ar—Ar cooling ages obtained from retrograded
blueschist-facies rocks (Bustamante et al., 2011; Bustamante and
Bustamante, 2019 and reference therein). The Late Cretaceous event
has been related to the subduction and subsequent collision between
Cretaceous intra-oceanic units currently forming part of the Western
Cordillera, and the South America continental margin (Bustamante
et al, 2011; Bustamante and Bustamante, 2019).

These rocks are bounded to the east by the dextral Silvia-Pijao re-
gional fault (Fig. 1; Maya and Gonzalez, 1995), which defines the tec-
tonic limit with respect Early Cretaceous volcano-sedimentary rocks
formed within a back-arc setting (Zapata et al., 2019; Avellaneda-
Jiménez et al., 2019 and reference therein). This and other strike-slip
faults associated with the Romeral fault system seems to have displaced
the blocks tens to hundreds of kilometers northward (e.g., Pindell and
Kennan, 2009; Bayona et al., 2010; Montes et al., 2019).

2.2. Pijao metamorphic complex (PMC)

A metamorphic complex included within the ECAC crops out in the
western flank of the Central Cordillera between 4°N and 4.5°N latitude
near Pijao town (Fig. 1C). In this area, the available map of this complex
includes the Rosario Amphibolites and the Bugalagrande Group
(McCourt et al., 1984). The Rosario Amphibolites was mapped and de-
scribed as a prominent mafic amphibolite- to eclogite-facies metamor-
phic unit composed of + garnet amphibolites, meta-gabbros, and
serpentinized peridotites enclosing amphibolized eclogite fragments
(McCourt et al., 1984, 1985).

The Bugalagrande Group represents a greenschist to epidote-
amphibolite facies intercalation of meta-sedimentary and meta-
volcanic rocks (Fig. 1C; McCourt et al., 1984). Fieldwork and petrogra-
phy of the latter suggest a not genetically related metamorphic history
with respect the Rosario Amphibolites, supported by different composi-
tion, especially in sedimentary protoliths showing high quartz content,
lower metamorphic grade with no progressive transition towards the
Rosario unit, and a prominent mylonitic texture which could be the re-
sult of regional shearing during younger events.

In this contribution, we focus in rocks formerly associated with the
Rosario Amphibolites. However, we informally refer to this unit as the
Pijao Metamorphic Complex (PMC) considering the lithologically het-
erogeneous nature of the unit, including HP metapelites, thermally
overprinted eclogites, and associated leucosomes suggesting partial
melting of some rocks which were not described before.

To avoid misinterpretation and generalization of the metamorphic
history presented in this paper to the entire AC, we divided the PMC
into two belts. A western belt includes garnet amphibolites, meta-
gabbros, and amphibolitic schists from which the main feature is show-
ing prograde MP metamorphism with no evidence of an earlier HP
stage. On the other hand, the eastern belt, aim of this work, is composed
of thermally overprinted HP rocks (interlayered meta-sedimentary and
meta-mafic rocks) as will be presented below (Figs. 1C and 2).

Retrograde eclogites within the eastern belt have been previously
reported as centimeter- to meter-size bodies with lenticular geometries
enclosed within garnet-amphibolites (Garcia-Ramirez et al., 2017). In
this work, we show not only the existence of retrograde eclogites, but
also upper amphibolite to high pressure granulite transitional facies
overprinted eclogites.

Several highly serpentinized and fault-bounded peridotites crop
out in the eastern part of both belts. These ultramafic rocks are usu-
ally tens to hundreds of meters in size and do not form regional
and continuous belts. They are always observed as westward
thrusted lenticular bodies over the metamorphic rocks, commonly
cropping out at the tectonic boundaries between the PMC and the
Bugalagrande Group. The ultramafic rocks may be interpreted as
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Fig. 2. Field view and photomicrographs of different samples associated with the western (A, B) and eastern (C-L) belts of the PMC. (A, B) Field view of fresh garnet amphibolite and
photomicrograph of garnet amphibolite showing well-defined foliation and prograde amphibolite-facies metamorphism. (C, D) Field view and photomicrographs of sample DS27
(thermally overprinted eclogite) showing typical coarse-grained texture, garnet-rich bands, diopside + albite symplectites (M1- > M2) and green-colored amphibole rimming brown-
colored amphibole cores (M2- > M3). (E-I) Field view and photomicrographs of sample DS65, thermally overprinted eclogites pods enclosed within garnet amphibolite showing
leucocratic veins/pods associated with partial melting (E and F). Lawsonite and phengite relics of M1, and diopside + albite symplectites of M1- > M2 transition is also shown (H and I).
(J-L) Field view and photomicrographs of sample DS66 (metapelite) showing well-defined schistose texture, decussate texture in biotites and some white micas, and garnet rim

enclosing two different garnet cores.

fragments of the mantle wedge which was incorporated within the
subduction channel during the exhumation event. Hence, they did
not experience HP and MT metamorphism.

Available whole-rock geochemical data from the PMC suggest an
oceanic-crust protolith so far, which include N-MORB and E-MORB
affinity (Villagémez et al., 2011; Rodriguez and Arango, 2013;
Garcia-Ramirez et al., 2017). Geochronological data includes for the

eastern belt, an eclogite-facies metamorphic peak age of ca. 129 Ma
through Lu—Hf garnet-whole-rock isochron (Garcia-Ramirez et al.,
2017) and 115-110 Ma cooling K—Ar ages obtained from amphi-
boles (Toussaint and Restrepo, 1978; McCourt et al., 1985). The
western belt comprises 107-117 Ma K-Ar and Ar—Ar cooling ages
from amphiboles in prograde MP rocks (McCourt et al., 1985;
Villagémez and Spikings, 2013).
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Pre-Albian protolith formation of PMC is primarily constrained by
eclogites-facies peak and cooling ages, whereas Aptian metamorphism
and at least partial exhumation of the unit is constrained by its erosion
detected in the adjacent Aptian-Albian sedimentary rocks of the west-
ernmost Central Cordillera (Avellaneda-Jiménez et al., 2019).

3. Material and methods
3.1. Fieldwork and petrography

Fieldwork was conducted across the western flank of the Central
Cordillera near the locality of Pijao (Fig. 1C). Despite the dense vegeta-
tion and intense weathering, relatively fresh samples were collected
for petrographic, geochemical and mineral chemistry analyses.

A total of 40 thin sections from the PMC were characterized under
the polarized light petrographic microscope. Three representative sam-
ples from the eastern belt of the PMC, including two upper amphibolite
to high pressure granulite transitional facies overprinted eclogites
(samples DS27 and DS65) and a thermally overprinted HP metapelite
(sample DS66) were chosen for mineral chemistry, elemental X-ray
maps, phase equilibria, and P-T path modeling. Mineral assemblages
and textures of these samples preserve HP mineral relics and document
the subsequent thermal overprint, as well as greenschist to epidote-
amphibolite facies retrograde stage. These three metamorphic assem-
blages (facies) are referred as M1, M2, and M3, respectively.

3.2. Mineral chemistry and elemental X-ray maps

Mineral chemistry and elemental X-ray maps were acquired using a
CAMECA SX-50 electron microprobe at the Department of Lunar and
Planetary Sciences at the University of Arizona, USA. Mineral chemical
analyses were performed with a beam current of 20.0 nA and an accel-
erating voltage of 15 kV. Counting peak time was 20 s for all elements.
Elemental X-ray maps were done at 15 kV, 40 nA, 10 ms dwell time,
and 3 pm step size, with a resolution of 1024 pixels per line. The stan-
dards used for element calibrations were “albite-Cr” for Na, “ol-f092”
for Mg and Si, “anor-hk” for Al and Ca, “kspar-OR1” for K, “rutile1” for
Ti, “fayalite” for Fe, “rhod-791” for Mn and “chrom-s” for Cr (see
http://rruff.info/about/downloads/Normal_UofA_Standards.pdf for
standard abbreviation).

Garnet and clinopyroxene compositions were normalized to 8 cat-
ions/12 oxygens and 4 cations/6 oxygens respectively; Fe3* was esti-
mated by stoichiometry. Feldspar was normalized to 8 oxygens and
assuming Fe'°?' as Fe> . White mica and chlorite were normalized to
11 and 28 oxygens respectively and assuming Fe*! as Fe>*, Amphibole
was normalized to 24 oxygens, and its classification and Fe** calcula-
tion was following Hawthorne et al. (2012) and Locock (2014). Mg# is
Mg/(Mg + Fe*"), Fe# is Fe?*/(Mg + Fe? "), and An is Ca/(Ca + Na). An-
alytical results are presented in Appendix A.

Garnet chemistry discussed in this manuscript was initially used by
Avellaneda-Jiménez et al. (2019) for provenance analysis, but it is pre-
sented in Appendix A to include the distance information (mm) of
chemical profiles.

3.3. Whole-rock geochemistry

For phase equilibria modeling, major oxides of the selected samples
were obtained by Inductively Coupled Plasma Atomic Emission Spec-
troscopy (ICP-AES) at the ALS Mineral laboratories in Vancouver
Canada. For each sample, 0.1 g were well-mixed and fused within a lith-
ium metaborate/lithium tetraborate flux (1.8 g) in a furnace at 1000 °C.
The resulting melt was then cooled and dissolved in 100 mL of an acid
mixture containing 4% nitric and 2% hydrochloric acids. The derived so-
lution was then analyzed by ICP-AES. Sample locations and analytical
results are presented in Appendix B.
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3.4. Phase equilibria and P-T path modeling

For phase equilibria analysis, we used the software Perple_X version
6.8.8 (Connolly, 2005), considering the more recent internally consis-
tent thermodynamic datasets from Holland and Powell (1998, 2003,
and subsequent updates). A MnNCKFMASH-O system was established
for all samples, assuming a fluid phase in excess being pure H,0 only
at high pressure conditions (M1 stage). O, content was established
through mineral proportion and composition within specific stability
fields using T-O, diagrams at constant pressure, whereas H,O content
for M2 was calculated using the pseudosection at peak M1 conditions.
The conditions are presented in Appendix B.

For all samples, the used solution models for garnet, chlorite, and
white mica are based on White et al. (2014 ), whereas for feldspar and
epidote the models are after Holland and Powell (2003) and Holland
and Powell (1998) respectively. For mafic rocks, solution model for am-
phibole is after Dale et al. (2005), clinopyroxene after Green et al.
(2007), and melt solution after Green et al. (2016). For the metapelite
(DS66) the biotite solution model is after White et al. (2014) whereas
the melt solution is after White et al. (2001).

These solution models were chosen considering applied examples
from rocks with similar metamorphic histories as the one discussed by
this work (e.g. Faryad et al., 2019). Although all samples were taken
from regions of the outcrops with no adjacent leucosomes (in order to
study not fractionated materials), considering the possibility of melt mi-
grations two scenarios were modeled, not considering a melt solution
and involving the latter.

Isochemical P-T projections (pseudosections) were constructed for
each sample using whole-rock geochemistry presented in Appendix B.
The method presented by Evans (2004) and Gaidies et al. (2006) was
used for calculating the percentage of garnet core fractionation for
each sample, in order to account for the implications that fractionation
and effective bulk composition may have on phase equilibria modeling.
Garnet core fractionation was applied for calculating M2 conditions.

Samples DS27 and DS65 (mafic rocks) gave values of 4.5 wt% and 1.1
wt% garnet core fractionation respectively, whereas sample DS66
(metapelite) yielded 0.6 wt% garnet fractionation. High pressure condi-
tions M1 were calculated using unfractionated phase equilibria model-
ing for all samples, whereas M2 stage was obtained using a second
pseudosection modeling based on effective bulk composition after gar-
net core fractionation. Garnet core and effective bulk compositions for
phase equilibria modeling are presented in Appendix B. Mineral abbre-
viations are after Siivola and Schmid (2007).

4. Results

The eastern belt is composed of interlayered biotite + garnet +
white mica schists (metapelites), coarse-grained + augite + diopside
+ garnet amphibolites, and amphibolized lawsonite bearing eclogites
(Fig. 2). Plagioclase-rich leucosomes with igneous textures occur as
centimeter-size veins and/or pods within several meta-mafic rocks sug-
gesting partial melting (Fig. 2E and F). Leucocratic segregates are
interpreted as syn-metamorphic due to the absence of crenulation, cus-
pate textures around garnet and some amphiboles, and intergranular
trapped melt textures (Appendix D). These segregates show concordant
to cross-cutting relationships with the main foliation of the host rocks
(Fig. 2F).

The belt shows a main foliation striking N25°-65°E and dipping 35°-
85°SE. A crenulation axial plane with strike varying between N20°W to
N15°E and dipping 50°-78° to the east is locally observed usually near
local inverse faults.

4.1. Textural and mineral assemblage evolution

Samples DS27 and DS65 are mafic in composition, although sample
DS65is a 1-m lenticular body enclosed within a garnet amphibolite with
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partial melting leucosomes (Fig. 2E). These rocks are mainly composed
of amphibole (42-45 vol%), garnet (20-24 vol%), diopside/augite (4-8
vol%), oligoclase/albite (8-15 vol%), quartz (4-7 vol%), clinozoisite/zois-
ite (6-8 vol%), phengite (1-4 vol%), chlorite (1-4 vol%), lawsonite (< 1
vol%), and accessory minerals are rutile, titanite and ilmenite/magnetite
(Fig. 2).

Sample DS27 is a coarse-grained rock showing a well-defined
gneissic texture with garnet-rich bands intercalated with amphibole
+ oligoclase + clinozoisite/zoisite 4+ minor garnet domains (Fig. 2C).
Sample DS65 is a medium-grained rock showing an anastomosed schis-
tose texture defined by amphibole, but locally, some amphibole and
phengite grains present decussate textures (Fig. 2G-I).

Sample DS66 is a metapelitic rock with well-defined schistosity
(Fig. 2]) interlayered with overprinted eclogites (sample DS65). The
metapelite is composed of phengite (40 vol%), garnet (20 vol%), quartz
(15 vol%), chlorite (10 vol%), biotite (8 vol%) and plagioclase (7 vol%).
Rutile is the most common Ti-phase showing always ilmenite/magne-
tite rims. Phengite and biotite locally show a decussate texture near
the garnet porphyroblasts (Fig. 2K). Chlorite is always rimming biotite.

4.1.1. Early HP stage (M1)

This stage is recorded in the mafic rocks (samples DS27 and DS65)
by relic lawsonite and diopside + albite symplectites. Lawsonite is
rare but it is preserved as small crystals (<0.5 mm) within garnet
porphyroblasts pressure-shadows and as inclusions in core and few
rims from the latter (Fig. 2G and H). Former lawsonite is also
interpreted from tabular/rhombic clinozoisite showing textural equi-
librium with phengite aggregates resembling lawsonite pseudo-
morphs (c.f,, Tsujimori and Ernst, 2014).
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Fine-grained diopside + albite symplectites showing bleb- to worm-
like textures are interpreted as breakdown products of former
omphacite (Figs. 21 and 3; Zhao et al., 2001; Song et al., 2003; Zhang
et al., 2017). Coarse-grained omphacites rimmed by these types of
symplectites have been described in eclogites within the study area by
Garcia-Ramirez et al. (2017).

HP mineral relics have not been recognized within the metapelitic
sample (DS66) but considering that it was collected from the same out-
crop (interlayered) than sample DS65, we consider that the subsequent
overprinting stages erased in high amount the earlier HP mineral
assemblage.

Garnet core growth within mafic rocks is associated with this stage
since it contains lawsonite and phengite inclusions, whereas garnet
core of the metapelitic rock could be associated to this stage mostly
based on its chemical composition and elements ratios, but also by con-
sidering phengite and rutile inclusions within the core while chlorite
and biotite inclusions only at the mantle-rim.

In mafic rocks the garnet grains are up to 3 mm in size and are highly
fractured presenting zoisite, amphibole, albite, and rutile inclusions as
well (Figs. 2 and 3). Zoisite and amphibole inclusions are presented in
the mantle-rim together with rutile showing titanite rims, providing a
non-clear connection with the M1 stage. Diopside + albite symplectites
are also observed as inclusions within the garnet rim, but always are as-
sociated with irregular garnet fractures connecting the symplectites
with the matrix (Figs. 2 and 3). This feature suggests post-trapping reac-
tions associated with fluid entering along fractures given the pervasive
symplectite development in the matrix. This symplectites are then asso-
ciated with M1 to M2 transition as discussed below.

Garnets are almandine- (0.45 < Xy, < 0.59) and grossular-rich
(0.26 < Xgrs < 0.38) in composition, showing differences in pyrope

Fig. 3. Backscattered electron images of samples DS27 (A, B) and DS65 (C, D) showing bleb- and worm-like symplectites of diopside + albite. Note that symplectites included in garnet are

always associated with fractures connecting garnet mantle-rim with the matrix.
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and spessartine content (Appendix A). Sample DS27 shows garnet with
higher pyrope (0.19 < X, < 0.23) and lower spessartine content (0.01
< Xsps < 0.03) than sample DS65 (0.07 < Xpp < 0.17; 0.01 < Xsps
< 0.11). Mg# ranges between 0.28 and 0.32 and 0.12-0.25 in samples
DS27 and DS65 respectively (Appendix A). Elemental X-ray maps
(Fig. 4A and B) and compositional profiles (Fig. 5) reveal that garnets
from mafic rocks are characterized by a slight decrease in Xps, constant
Xgrs and X,m, and slight increase in Xy, (Fig. 5A and B). These features
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suggest diffusion modification of garnet during M2. Estimated condi-
tions attained during M1 based on garnet core composition are hence,
to some extent, uncertain.

In the metapelite (sample DS66) garnet shows sizes up to 4 mm and
commonly are characterized by clean cores and opaque-inclusion
poikiloblastic rims (Fig. 2L). Some garnet porphyroblasts show
poikiloblastic overgrowth enclosing two different garnet cores
(Fig. 2L). Garnet shows high almandine (0.59 < X, < 0.83), with

Fig. 4. Elemental X-Ray garnet maps. (A, B) Sample DS65 (eclogite). (C, D) Type-1 garnet in sample DS66 (metapelite). (E, F) Complex zoning pattern associated with type-2 garnet from

sample DS66. See text for details and Appendix D for extra maps.



D.S. Avellaneda-Jiménez, A. Cardona, V. Valencia et al.

A Sample DS27
0.60
Xalm
core-->rim
0.40
*Xars “ -~ T ——
020 F ———
Xprp
0.00
0.00 0.40 0.80 1.20
Cc d (mm)
Sample DS66
0.80
.__.____.A——o—o—-o\.*./._.____._.___
0.60
core-->rim
0.40
RSO ——— s
0.00
0.00 0.40 0.80 1.20
E d (mm) F
6 eDS27
5 © ¢ o eDS65
o4 H b o eDS66
— °
o o 0%,
>\U<, 3 ° .o.
532 ? . o ®
>< ® ® o9 .'.’ °
1 ™y .
0 ®e0000
0.00 0.50 1.00 1.50 2.00
d (um)

Geoscience Frontiers 13 (2022) 101090

0 Sample DS65
core-->rim
0.40
r— —c— =8> ——
0.20
.”.#‘/4\’_"’_’/_4
0.00
0.00 0.20 0.40 0.60 0.80
d (mm)
Sample DS66
0.80 ; |
ww—"w
0.60 |
o (1 | (1) (L))
core-->rim | |
0.20 I
I
000 ToeeteeE i L
0.00 0.40 0.80 1.20 1.60
d (mm)
0.40
o o
0.30 ® oo =% ® e
£0.20
>27 . ~\“. *t
0.10 . ¢ .
e [ ]
0.00
0.00 0.10 0.20 0.30
Xprp
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0.04 < Xp,rp < 0.25 and 0.05 < Xgr5 < 0.20 content; spessartine (Xsp,) and
Mg# range 0.01 to 0.08 and 0.05 to 0.30 respectively (Appendix A).

Two types of garnets are discriminated from the metapelitic rock
(Figs. 4C-F and 5; Appendix D). Type-1 garnet shows a compositional
pattern similar to the described for mafic rocks, but with a more pro-
nounced X;p,s decrease and X, increment from core to rim (Figs. 4C,
D and 5C). Type-2 garnet, with a diameter over 2.4 mm, shows complex
zoning patterns allowing subdivision into two segments (inner and
outer) and three growing stages (I-III). Stage I is associated with M1
whereas stage Il with M2. Stage II is link to the transition between
M1 and M2 as discussed below.

Elemental X-ray maps (Fig. 4C-F) and compositional profile (Fig. 5C
and D) shows an inner segment with Xps, Xgrs, and Xam decrease, to-
gether with increment in X, from core (stage I) to rim (stage II). The
outer segment also shows increment in the amount and size of quartz
inclusions (Fig. 4E and F); composition of the latter is presented in the
M2 description.

4.1.2. Thermally overprinted stage (M2)
This stage is recorded by the appearance of augite, Ti-rich amphi-
bole, and oligoclase in mafic rocks, whereas in the metapelite by garnet

rim composition with biotite inclusions and biotite stability with
phengite in the matrix (Figs. 2 and 3). Associated to this stage is also
the breakdown of rutile into titanite and ilmenite for mafic rocks and
metapelite respectively, and although not addressed in detail in this
work, partial melting also argues for thermal overprinting as well
(Fig. 2E and F).

Augite (Fig. 6) occurs in sample DS65 as grains within the matrix in
contact with albite, and as small grains within Di + Ab symplectites
(Fig. 3). Augite shows low Na (0.05-0.10 apfu) and ]Jd (0.13-0.19) con-
tent, with Wo ranging 0.27-0.29, En 0.43-0.46, and Fs 0.25-0.30 (Ap-
pendix A). Mg# ranges 0.59-0.65.

Amphibole has variable chemical composition. Sample DS27
shows pargasite-tschermakite composition for matrix grains
whereas inclusions within garnet are magnesio-hornblende and
ferri-tschemakite in composition (Fig. 7B). Amphibole inclusions
occur within the mantle-rim of garnet, but due to fractures
connecting these inclusions with the matrix as well as their similar
composition to matrix amphibole, they are related to M2 stage
rather than M1. Post-trapping reactions associated with fluid enter-
ing along those fractures is also suggested by inclusions of Di + Ab
symplectites in garnet as mentioned before.
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Sample DS65 shows pargasitic matrix amphibole (Fig. 7A and B;
Hawthorne et al., 2012), which is always green-colored and occurs as
well-developed individual grains associated with diopside + albite
symplectites (Figs. 21 and 3). Si ranges from 6.05 to 6.76 and 6.43 to
6.91 apfu in samples DS27 and DS65 respectively, with Ti between
0.02 and 0.06 apfu (Fig. 7C, Appendix A). Ti-rich amphibole is brown
in color and only found in sample DS27 (Fig. 2D), they show Ti content
between 0.10 and 0.11 apfu (Fig. 7C).

Plagioclases are sodic-rich, showing oligoclase composition
(0.77 < X,3p < 0.87) for sample DS27 and albite composition (0.92
< Xap < 1.00) for both samples (Fig. 7D). Oligoclase is associated
with Ti-rich amphibole whereas albite is found within diopside
bearing symplectites.
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Within sample DS27, the An content in plagioclase increases from
core to rim. Ca—Na relation shows a negative slope pattern, with Ca
and Na varying between 0.07 and 0.23 and 0.79-0.93 for sample DS27
while 0.01-0.08 and 0.94-1.02 for sample DS65 (Fig. 7D; Appendix A).

Garnet rim within the metapelitic rock (outer segment in Fig. 4E and F)
is associated with this stage. This segment related with the third
growth-stage (Fig. 5D) is characterized by Xsps, Xgrs and Xuim increase,
and constant Xy, and Mg# content. A thin outermost rim shows Xp,,
and Mg# depletion as well (Fig. 5D).

4.1.3. HP to thermally overprinted stage transition (M1- > M2)

The transition between M1 and M2 (M1- > M2) is recorded in mafic
rocks by former omphacite breakdown into diopside + albite in stabil-
ity with phengite (Figs. 2 and 3), whereas in the metapelite by biotite in-
clusions within the garnet mantle-rim and the association biotite +
phengite + ilmenite in the matrix.

Diopside associated with symplectites within mafic rocks is only re-
corded in sample DS65 (Figs. 2 and 3), showing low Na content
(0.08-0.14 apfu) with Al between 0.06 and 0.16 apfu, and Jd between
0.15 and 0.27 (Appendix A). Wo is 0.49 while En and Fs range
0.37-0.40 and 0.11-0.13 respectively; Mg# ranges 0.83-0.84
(Appendix A).

Phengite from mafic sample DS65 associated with this stage is rich in
Si (3.24-3.32 apfu), Mg (0.24-0.28 apfu), and Fe (0.09-0.11 apfu)
(Fig. 8A; Rieder et al., 1998), with K between 0.73 and 0.85 apfu and
low Na content ranging from 0.06 to 0.12 apfu (Appendix A). Phengites
from metapelitic rock show Si, Mg, and Fe values varying from 3.15 to
3.35 apfu, 0.12 to 0.28 apfu, and 0.09 to 0.14 apfu, respectively, with K
between 0.76 and 0.88 apfu and Na content between 0.07 and 0.10
apfu (Appendix A). No Pg composition was obtained from the acquired
data, but we do not discharge its presence as discussed below.

A negative-sloped of X,s/Xprp ratio from core to rim is observed from
garnets in all samples (Fig. 5E); this decrement is associated with X, dec-
rement and X, increment (Fig. 5F). Considering that Xgys/Xpp, ratio can
be used as a qualitative proxy for dP/dT modification, we associate this
compositional trend to the M1- > M2 transitional stage, accompanying
diopside + albite symplectite development (decompression) and augite,
Ti-rich amphibole, and biotite crystallization (prograde conditions).
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Fig. 7. (A, B) Amphibole classification and composition from overprinted and retrograde mafic eclogites. (C) Ti content in amphiboles from samples DS27 and DS65. Brown-colored and Ti-
rich amphiboles are from sample DS27. (D) Plagioclase composition in samples DS27 and DS65.
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4.1.4. Retrogression (M3)

Amphibolite facies associated with slight temperature decrease is
recorded in mafic rocks by green-colored magnesio-hornblende rim-
ming brown-colored Ti-rich amphiboles (Fig. 2D). Strong retrograde
stage M3 is defined by chlorite replacing calcium-rich amphibole and
garnet in mafic rocks whereas biotite in the metapelite (Figs. 2 and 3).

Chlorite shows ripidolite and pycnochlorite compositions in the
mafic samples and ripidolite composition in the metapelite (Fig. 8B;
Hey, 1954). In mafic rocks, the Si and Fe# vary from 5.64 to 5.78 apfu
and 0.39 to 0.44 for sample DS27, whereas 5.60 to 5.86 apfu and 0.51
to 0.54 for sample DS65 respectively (Appendix A). Chlorite grains
from sample DS66 (metapelite) show Si and Fe# ranging from 5.16 to
5.46 apfu and 0.46 to 0.64 respectively (Appendix A).

4.2. Phase equilibria and P-T path modeling

4.2.1. Sample DS27

The M1 stage was calculated using unfractionated phase equilibria
through X, (0.30-0.34), Mg# (0.21-0.29) and Xps (0.01-0.02) garnet
isopleths within the Grt + Wmca + Cpx + Am + Lws + Qtz stability
field of the pseudosection presented in Fig. 9A. The field assemblage is
consistent with the preserved inclusions in garnets (Fig. 3). Isopleths in-
tersection yielded 19.5-21.8 kbar and 525-580 °C.

Using fractionated phase equilibria based on 4.5 wt% garnet core
fractionation and recalculated water content (1.7 wt%), M2 stage was
constrained by intersection of Mg# in amphibole (0.68-0.74) and Xa,
(0.13-0.23) in oligoclase isopleths. Conditions without involving a
melt model yielded 10.8-13 kbar and 670-720 °C within the Grt +
Wmca + Pl + Cpx + Am + Zo + Qtz stability field of the pseudosection
presented in Fig. 9B, whereas similar 10.5-12.5 kbar and 590-640 °C
within the Grt + Wmca + Cpx + Am + Pl + Zo + Qtz + melt were cal-
culated when a melt solution was involved (Fig. 9C). However, at these
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conditions a low melt proportion (6-12 vol%) are formed as is expected
(Figs.9C and 2E, F). P-T conditions are similar for both scenarios, consid-
ering that no partial melting leucosomes were observed near the sam-
ple, it suggests migration of the liquid if melting was achieved.

The above conditions define a clockwise P-T path from eclogite facies
towards the upper amphibolite to high pressure granulite facies transi-
tional field, also supported by the increment of Mg# in garnet rim (IIl in
Fig. 4) and the brown amphibole showing cores with low Ti (0.02-0.06
apfu) and higher Ti content of 0.10-0.11 apfu at rims (Raase, 1974).

Amphibole thermometry based on Ti content shows temperatures
ranging 565-618 °C for low Ti whereas 659-673 °C for higher Ti content
(Appendix C; Otten, 1984). These calculations could represent mini-
mum temperatures due to Ti-availability, which in this case is controlled
by Rt stability, allowing amphibole with a not maximum amount of tita-
nium (Otten, 1984). The latter is in accordance with empirical TiO; in
amphibole thermometry showing temperatures between 500 and 600
°C for the low Ti amphibole and 650-730 °C for higher Ti content
(Ernst and Liu, 1998).

Retrograde conditions M3 below 10.5 kbar and 298-322 °C is sug-
gested by the lower pressure estimates for M2 and chlorite thermome-
try (Appendix C; Cathelineau, 1988; Jowett, 1991).

4.2.2. Sample DS65

The M1 stage was calculated using unfractionated phase equilibria
through X5 (0.29-0.32), Mg# (0.12-0.20) and X, (0.02-0.04) garnet
isopleths within the Grt + Wmca + Cpx + Am + Lws + Chl stability
field of the pseudosection presented in Fig. 10A. Isopleths intersection
yielded 22-24.5 kbar and 500-540 °C.

Using fractionated phase equilibria considering a 1.1 wt% of garnet
core fractionation and water recalculation (2.4 wt%), M2 stage was cal-
culated by Mg# in augite (0.59-0.65) and amphibole (0.57-0.65), and
Xan (0.02-0.08) in albite. Conditions without involving a melt model
yielded 11-14.3 kbar and 580-640 °C within the Grt + Wmca + Pl +
Cpx + Am + Zo + Qtz stability field of the pseudosection presented
in Fig. 10B, whereas similar 11-14.2 kbar and 600-660 °C within the
Grt + Wmca + Pl + Cpx + Am + Zo + melt were obtained when a
melt solution was involved (Fig. 10C). Less than 12 vol% of melts was
calculated at M2 conditions within the latter setup (Fig. 10C). P-T condi-
tions are similar for both scenarios, partial melting leucosomes were ob-
served near the obtained sample (Fig. 2E), so probably the melting
model is more accurate.

The above conditions define a clockwise P-T path from eclogites fa-
cies towards the upper amphibolite to high-pressure granulite facies
transitional field in accordance with sample DS27. Amphibole ther-
mometry based on Ti content shows temperatures ranging 578-600
°Cin accordance with empirical TiO, in amphibole thermometry show-
ing temperatures between 500 and 600 °C (Appendix C; Otten, 1984;
Ernst and Liu, 1998). As mentioned before, these temperatures repre-
sent minimum temperatures due to Ti-availability (Otten, 1984).

Retrograde conditions M3 below 11 kbar and 286-333 °C is sug-
gested by the lower pressure estimates for M2 and chlorite thermome-
try (Appendix B; Cathelineau, 1988; Jowett, 1991).

4.2.3. Sample DS66

The M1 stage was calculated using unfractionated phase equilibria
through X5 (0.16-0.22), Mg# (0.04-0.06) and X;ps (0.02-0.08) garnet
core (stage I) isopleths within the Grt + Wmca + Pg + Chl + Lws +
Jd + GIn + Rbk + Qtz stability field of the pseudosection presented in
Fig. 11A. The isopleths intersection yielded stability conditions of
18.2-19.8 kbar and 465-485 °C.

The stability field suggests lawsonite together with sodic
clinopyroxene and amphiboles (Gln and Rbk) for the M1 assemblage,
considering that those phases were not observed within the petrogra-
phy we interpret that they must be in low proportion within the out-
crop or entirely erased as a consequence of M2 and M3 overprinting
and retrograde stages respectively.
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Fig. 9. Pseudosection modeling of sample DS27 (thermally overprinted eclogite). (A) HP M1 stage; (B) M2 stage considering 4.5 wt% of garnet core fractionation without using a melt

model; (C) Same as (B) involving a melt solution model. See text for details.
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solution model. See text for details.

On the other hand, M1- > M2 transition was constrained through Xgs
(0.16-0.18) and Mg# (0.12-0.14) in garnet mantle (stage II) and Si con-
tent (3.30-3.34 apfu) in phengite isopleths, yielding 15-16.8 kbar and
540-570 °C within the Grt + Wmca + Bt + Pl + Qtz + Mag stability
field of the pseudosection presented in Fig. 11A. This is in accordance
with the entrance of biotite in equilibrium with phengite observed as
inclusions within garnet mantle and rim.

Using fractionated phase equilibria considering a 0.6 wt% of garnet core
fractionation and recalculated water content (1.5 wt%), M2 stage was cal-
culated by X, (0.06-0.12), Mg# (0.22-0.26), and X,ps (0.01-0.02) garnet
rim isopleths within the Grt + Wmca + Bt + Pl + Qtz + Mag stability
field of the pseudosection presented in Fig. 11B. Isopleths intersection
yielded 6.5-11 kbar and 620-690 °C. The model involving a melt solution
for M2 suggest no melting conditions for this sample.

Fig. 10. Pseudosection modeling of sample DS65 (thermally overprinted eclogite). (A) HP M1 stage; (B) M2 stage considering 1.1 wt% of garnet core fractionation without using melt

model. (C) Same as (B) involving a melt solution model. See text for details.
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The above results define a clockwise P-T path from blueschist to
eclogite facies towards the upper amphibolite to high pressure granulite
facies transitional field. Retrograde conditions M3 below 6.5 kbar and
348-400 °C is suggested by the lower pressure estimates for M2 and
chlorite thermometry (Appendix B; Cathelineau, 1988; Jowett, 1991).

5. Discussion
5.1. Metamorphic evolution

Phase equilibria and P-T path modeling supported by petrographic
textures and mineral chemistry, show that samples from the eastern
belt of the PMC record a major HP event (M1) overprinted by upper am-
phibolite to HP granulite transitional facies conditions (M2) (Fig. 12). This
overprinted stage was followed by greenschist to epidote-amphibolite fa-
cies retrograde stage M3, defined by chlorite recrystallization replacing in
different degrees amphibole, garnet, and biotite.

The M1 stage yielding 18.2-24.5 kbar and 465-580 °C together with
lawsonite and high-Si phengite relics, support blueschist to eclogite fa-
cies metamorphism associated with a metamorphic gradient below 10
°C/km (Appendix C). These results can be associated with metamor-
phism within cold and mature subduction-related tectonic settings
(Ernst, 1988; Spear, 1993; Wakabayashi, 2004).

As discussed above, all samples show a clockwise P-T path de-
scribing a thermally overprinting stage M2 (Fig. 12). This M2 stage
yielding 6.5-14.3 kbar and 580-720 °C, suggests a temperature in-
crement during initial pressure drop. These conditions argue for
rocks evolving from high-pressure conditions in a cold metamorphic
gradient (<10 °C/km) to hotter conditions within the upper amphib-
olite to HP granulite facies transition within a metamorphic gradient
between 10 and 30 °C/km (Fig. 13; Appendix C).

The latter is in accordance with higher temperatures shown by
brown amphiboles with higher Ti content towards the rim (Otten,

25

23

21

19

17

15

P(kbar)
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450 500 550 600
T(°C)

650 700 750

Fig. 12. P-T paths from the eastern belt in PMC compared to subduction-related
metamorphism during roll-back geodynamics (green path; Phillips et al., 2015). High-
pressure event M1 took place in a cold (<10 °C/km) metamorphic gradient, while upper
amphibolite to HP granulite facies overprinting stage is associated with hotter gradients
(10-30 °C/km). Metamorphic facies and HP field (grey) after Liou et al. (2004). Cold and
warm subduction, as well as high heat flow geotherms after Ernst (2010). See text for
discussion.
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1984; Ernst and Liu, 1998) and garnets showing a well-developed neg-
ative sloped Xgs/Xprp pattern and Mg# enrichment from core to rim,
were the latter argues for a progressive lowering of the metamorphic
gradient (dT/dP) during prograde garnet growth. The increment in tem-
perature during initial decompression, constrained by X variation and
diopside + albite symplectites development, is also suggested by partial
melting of augite bearing mafic rocks (Fig. 2E and F).

The retrograde stage M3 is characterized by pressures below 6.5-11
kbar and temperatures between 286 and 400 °C (Appendix C). The lat-
ter is interpreted as strong and final greenschist to epidote-amphibolite
facies retrograde stage associated with the final exhumation event of
the subduction-related complex.

5.2. Tectonic implications

Mafic protoliths from the PMC have been interpreted as oceanic
crustal derived rocks with MORB-like geochemical signatures including
data from the eastern belt (Villagémez et al., 2011; Rodriguez and
Arango, 2013; Garcia-Ramirez et al., 2017). This oceanic crust was
subducted during the late Jurassic to early Cretaceous (Bustamante
and Bustamante, 2019 and reference therein), allowing HP metamor-
phism (M1) under a cold-metamorphic gradient (< 10 °C/km).

The M1 stage took place nat around 129 Ma as supported by Lu—Hf
garnet geochronology in eclogites cropping out within the studied area
(Garcia-Ramirez et al,, 2017). This age is linked to the cold conditions as
suggested by the provided petrographic description showing high pro-
portion of garnet (40 vol%) and omphacite (25 vol%), together with poor
symplectite development around the latter (Garcia-Ramirez et al.,
2017). Associated with this subduction complex an active continental
margin was contemporaneously producing arc-related magmatism be-
tween 145 and 129 Ma (Spikings et al., 2015; Bustamante et al., 2016;
Rueda-Gutiérrez, 2019), supporting an Early Cretaceous east-dipping
subduction system.

Upper amphibolite to HP granulite facies overprinting of former
eclogites implies a relative increase of temperature during initial exhu-
mation. This path could be associated with (i) slow rates of exhumation
(O'Brien and Rotzler, 2003), (ii) flat-slab tectonics (Zhang et al., 2017),
(iii) oceanic ridge subduction (Blanco-Quintero et al., 2010), or (IV)
the modification of the thermal structure during ongoing subduction
due to asthenospheric inflow (Phillips et al., 2015; Laurent et al., 2018;
Faryad et al., 2019; Sizova et al., 2019).

As mentioned before, provenance constraints from the Albian-
Aptian sandstones of the adjacent volcano-sedimentary rocks reveals
erosion and sediment supply from the eastern belt of the PMC, suggest-
ing that this unit was at least partially exposed on surface by ca. 118 Ma
(Avellaneda-Jiménez et al., 2019). This feature (erosion of the ECAC) has
been also observed in provenance analyses conducted on coeval sedi-
mentary rocks exposed farther to the north in the western flank of the
Central Cordillera (Le6n et al., 2019a).

Considering the ca. 129 Ma Lu—Hf peak metamorphic age in eclogite
(Garcia-Ramirez et al., 2017), the calculated 18.2-24.5 kbar HP condi-
tions, and the near 118 Ma exhumation-erosion of the metamorphic
belt, it is possible to estimate a range in exhumation rates. The M1 pres-
sure conditions was considered instead of the M2 because the dated
eclogite by Garcia-Ramirez et al. (2017) do not show thermal imprint.
Using these values, the PMC rocks suffer and exhumation rate exceeding
6 mm/yr, which are higher than those reported from serpentinite-
dominated subduction channels commonly showing decompression
rates below 4 mm/yr (Agard et al., 2009; Guillot et al., 2009; Blanco-
Quintero et al., 2011b). This approximation precludes the slow rate
mechanism during exhumation as a feasible explanation of the ob-
served metamorphic trajectory.

On the other hand, flat-slab geodynamics is also precluded by the
abundant record of thick volcanic sequences and magmatism during
the Early Cretaceous. At the same time, the trench-ward migration of
the continental magmatic arc and the formation of multiple back-arc
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Fig. 13. Schematic cross-section of the tectonic evolution of the Pijao Metamorphic Complex (modified from Avellaneda-Jiménez et al., 2019). M1 stage (HP metamorphism) was
associated with a cold subduction regime. Upper amphibolite to HP granulite facies overprinting (M2) is linked to roll-back tectonics triggering hot mantle inflow, trench-ward
magmatic arc migration, and multiple back-arc basin development. Subsequent subduction of oceanic crust in an already established warm subduction system allowed prograde
amphibolite-facies metamorphism recorded in the western belt of the PMC. See text for discussion.

basins along the Northern Andes, which have been associated with a
margin-scale slab roll-back event (Spikings et al., 2015; Avellaneda-
Jiménez et al., 2019; Cardona et al., 2019; Le6n et al., 2019a,b; Zapata
et al, 2019), also precludes a flat-slab scenario. The latter is also unex-
pected during oceanic ridge subduction given the ability of young and
hot oceanic crust, when subducted, to promote flat slab tectonics trig-
gering upper plate compression and land-ward magmatic arc migration
instead (Delong and Fox, 1977; Ramos and Folguera, 2009). Therefore,
this mechanism is also considered unfeasible. Within the subduction
zone, roll-back tectonics is not only responsible for the thermal modifi-
cation of the associated subduction system as proposed in world-wide
examples (e.g. Phillips et al., 2015; Laurent et al., 2018), but also for
rapid exhumation rates in accordance with the PMC evolution
(Figs. 12 and 13; e.g. Jolivet et al., 1994; Brun and Faccenna, 2008;
Guillot et al., 2009). Short-lived conductive thermal overprint of HP
rocks due to hot mantle upwelling triggered by slab roll-back
geodynamics have been also constrained by numerical modeling
(Sizova et al,, 2019), showing that upper amphibolite to HP granulite fa-
cies conditions after the HP stage can be achieved before 10 Ma as ob-
served within the PMC.

15

We consider that the modification of the subduction thermal structure
registered in the eastern belt of the PMC, passing from cold (< 10 °C/km)
to warmer conditions (10-30 °C/km), might have also influenced the ob-
served prograde amphibolite facies metamorphism registered in the
western belt (Fig. 2A and B). We propose that continued warming of
the subduction zone due to hot mantle influx, resulted in a thermal struc-
ture that allowed the newly entering pieces of the subducting slab to
suffer similar metamorphic P-T paths like the ones recorded by rocks as-
sociated with warm oceanic crust subduction in the Caribbean region
(Fig. 12; e.g. Garcia-Casco et al., 2008a; Blanco-Quintero et al., 2010).
We also consider that several units within the regional ECAC may have
only recorded the warmer final stages of the subduction system, leading
to rocks with a metamorphic history recording only prograde amphibolite
facies conditions as those described farther to the north (e.g. Ruiz-Jiménez
etal, 2012).

When the metamorphic history described in this contribution is in-
tegrated in the context of the widespread Early Cretaceous extensional
related magmatic and sedimentary record of the Northern Andes
(Cochrane et al., 2014; Spikings et al., 2015; Zapata et al., 2019), the
view of a South American margin scale roll-back event during the
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Early Cretaceous (reviews in Spikings et al., 2015; Braz et al., 2018;
Zapata et al., 2019) gains strong geological support.

6. Conclusions

New fieldwork and petrological constraints from interbedded garnet
mica schists, coarse-grained garnet amphibolites, and thermally
overprinted eclogites exposed in the western flank of the Central Cordil-
lera of the Colombian Andes, allowed the recognition of three major
metamorphic stages M1, M2, and M3.

The M1 high-pressure assemblage consists of garnet + omphacite +
phengite 4+ lawsonite, which was overprinted by the M2 upper am-
phibolite to HP granulite transitional facies stage characterized by the
formation of augite + Ti-rich brown amphibole + oligoclase + high
Mg# garnet, and small leucocratic segregates associated with partial
melting. These rocks are finally retrograded to M3 greenschist to
epidote-amphibolite facies conditions during the final exhumation
event.

Thermobarometric estimates using isochemical P-T phase diagrams
suggest a clockwise P-T path with M1 stage yielding 18.2-24.5 kbar and
465-580 °C, a thermally overprinting M2 stage within 6.5-14.3 kbar
and 580-720 °C, and a final retrograde M3 stage below 6.5-11 kbar
and 286-400 °C.

Garnet chemistry describes a well-defined Xgrs/X,rp decrease and
Mg# enrichment from core to rim, as well as rapid exhumation rates
over 6 mm/yr, which argue for a metamorphic gradient modification
during prograde metamorphism in a subduction-related setting. The
rapid exhumation rates, thermal overprint, and regional geological con-
straints suggest hot mantle inflow triggered by roll-back tectonics as a
feasible mechanism, providing the first report of Cretaceous roll-back-
related metamorphism in the Caribbean and Andean realms.
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