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ABSTRACT. The Combia Volcanic Province (~11-5 Ma), is a volcaniclastic sequence located in northwest Colombia
between the Central and Western cordilleras at 5-6° N latitude. Its source is associated with the volcanic activity of the
magmatic arc produced by the subduction of the Nazca plate under the South American plate in the northern Andes.
The distribution, composition, and chronostratigraphy of the province’s deposits are well-known, with the volcanic
sequences characterized as compositionally bimodal. The older rocks (ca. 11-9 Ma) display tholeiitic affinity, whereas
the younger (ca. 9-5 Ma) are mostly calc-alkaline, with some adakite-like signature recognized. While the magmatic
system for the calc-alkaline magmas has been previously extensively studied, the processes that occurred during
the magma stagnation and ascent are unknown for the tholeiitic magmas. This work bridges this gap by the study of
tholeiitic lava flows outcropping at the center of the province, through petrography, mineral chemistry, whole-rock
analysis, and geothermobarometry calculations of the crystallization conditions. Texturally, the rocks are porphyritic with
plagioclase (An, ) and clinopyroxene (augite and pigeonite) phenocrysts and microphenocrysts, embedded in a glassy
and microcrystalline groundmass. Compositionally, the rocks vary from basaltic andesite to andesite (52.8-57.8 wt%
Si0,), with relative enrichments of LILE to HFSE and REE to chondrite. Crystallization conditions, based on several
plagioclase-melt and pyroxene-melt geothermobarometers, were estimated at T=1,095-1,153 °C and P=0.22-0.60 GPa
for the plagioclase, T=1,046-1,131 °C and P=0.09-0.21 GPa for the augite, and T=867-1,039 °C and P=0.40-0.60 GPa
for the pigeonite. These results suggest a relatively rapid magma ascent for the tholeiitic products as well as an evolution
mostly through fractional crystallization. The LILE elements enrichment, the negative trend in the FeOt, TiO, and CaO
versus SiO, content, together with some disequilibrium textures, are also evidence of crustal contamination and magma
recharge. Thus it is proposed that the Combia Volcanic Province started as a simple magmatic system, where the tholeiitic
products were generated by a relatively rapid magma ascent. Then, a more complex magmatic system linked to long-term
magma stagnation, allowed melt evolution to form calc-alkaline magmas as previously defined.
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RESUMEN. Analisis composicional y geotermobarométrico de los productos volcanicos toleiticos del Mioceno
Superior en el norte de los Andes (latitud 5-6°): Provincia Volcanica Combia. La Provincia Volcanica Combia
(~11-5 Ma) es una secuencia volcanoclastica ubicada al noroeste de Colombia, entre las cordilleras Central y Occidental
en las latitudes 5-6° N. Su fuente se asocia a la actividad volcénica del arco producido por la subduccion de la placa
Nazca bajo la placa Sudamericana en la parte norte de los Andes. La distribucion, composicién y cronoestratigrafia
de los depositos de esta provincia se encuentran bien definidos, siendo las secuencias volcanicas caracterizadas
composicionalmente como bimodales. Las rocas mas antiguas (ca. 11-9 Ma) son de afinidad toleitica y las mas jovenes
(ca. 9-5 Ma) son mayormente calcoalcalinas, con firmas adakiticas. A pesar de que el sistema magmatico de formacion
de los magmas toleiticos ha sido ampliamente estudiado, los procesos ocurridos durante el estancamiento y ascenso del
magma toleitico ain son desconocidos. Este trabajo presenta informacion nueva sobre estos productos que afloran como
flujos de lava en el centro de la provincia, a través de analisis de petrografia, quimica mineral y de roca total, y calculos
de geotermobarometria para determinar las condiciones de cristalizacion. Texturalmente, las rocas son porfiriticas con
fenocristales y microfenocristales de plagioclasa (An,, ) y clinopiroxeno (augita y pigeonita) en una masa fundamental
vitrea y microcristalina. Composicionalmente, las rocas varian entre andesita basaltica y andesita (52,8-57,8 wt % SiO,),
con enriquecimientos relativos de LILE en relacion con HFSE y REE a condrito. Las condiciones de cristalizacion, con base
en geotermobarometros de plagioclasa-fundido y piroxeno-fundido, se estimaron en T=1.095-1.153 °Cy P=0,22-0,60 GPa
para la plagioclasa, T=1.046-1.131 °C y P=0,09-0,21 GPa para la augita, y T=867-1.039 °C y P=0,40-0,60 GPa para la
pigeonita. Los resultados sugieren un ascenso relativamente rapido para los productos toleiticos, asi como una evolucion
principalmente por cristalizacion fraccionada. El enriquecimiento en elementos LILE, las tendencias negativas en los
contenidos de FeOt, TiO, y CaO versus SiO,, al igual que algunas texturas de desequilibrio, son evidencia de contaminacion
cortical y episodios de recarga de magma. Asi, se propone que la Provincia Volcanica Combia comenz6 como un sistema
magmatico simple, donde los productos toleiticos se generaron por un ascenso de magma relativamente rapido. Luego,
un sistema magmatico mas complejo, ligado a estancamiento de magma a largo plazo, permitio la evolucion del fundido

para formar magmas calcoalcalinos, como se ha definido previamente.

Palabras clave: Vulcanismo mioceno de los Andes, Magmas toleiticos, Geotermobarometria.

1. Introduction

The Combia Volcanic Province (CVP) commonly
known as Combia Formation (Grosse, 1926;
Jaramillo, 1976; Duque-Caro, 1990; Sierra ef al.,
2005) is an Upper Miocene volcaniclastic sequence
(~11-5 Ma; Restrepo et al., 1981; Tassinari ef al.,
2008; Jaramillo et al., 2019; Weber et al., 2020;
Santacruz et al., 2021) consisting of lava flows,
primary volcaniclastic deposits (fall and pyroclastic
density currents) and secondary deposits (debris
avalanches and lahars; Piedrahita et al., 2019), as
well as subvolcanic bodies (Marriner and Millward,
1984; Ramirez et al., 2006; Tejada et al., 2007;
Borrero and Toro-Toro, 2016; Bissig ef al., 2017;
Jaramillo et al., 2019; Santacruz et al., 2021).
This volcanic province, which covers an area of
~1,300 km?, is distributed in the Middle Cauca Belt
(MCB), in the Amaga basin, between the Central
and Western cordilleras in the Colombian Andes at
5-6° N latitude (Lopez et al., 2006; Sierra and Marin-
Ceron, 2011; Fig. 1A). It is considered as one of the
first volcanic expression from the post-collisional
magmatic arc generated by the re-established Nazca
plate subduction under the South American plate

after the Panama arc-continent collision (Wagner et
al.,2017; Jaramillo et al., 2019; Weber et al., 2020).

The CVP exhibits a bimodal composition of
tholeiitic (ca. 11-9 Ma) and calc-alkaline rocks, some
of the latter with adakite-like signature (ca. 9-5 Ma;
Borrero and Toro-Toro, 2016; Jaramillo et al., 2019;
Bernet et al., 2020; Weber et al., 2020). All products
host plagioclase as a ubiquitous mineral, although
they also host olivine, pyroxene, amphibole, biotite
and/or garnet in different proportions (Jaramillo
et al., 2019; Weber et al., 2020). Recent studies
have recognized that the lava flows and only some
volcaniclastic products of basaltic and basaltic
andesitic composition are the tholeiites, while most
of the volcaniclastic products and all subvolcanic
bodies of andesitic and dacitic composition display
calc-alkaline signature (Jaramillo ez al., 2019; Weber
et al., 2020; Santacruz et al., 2021). To explain this
bimodal chemical signature, several geological
scenarios have been proposed based on different
compositional analyzes, which can be simplified as
follow: 1) Local thinning in the crust that allowed
diverse evolution of the tholeiitic magmas; this based
on trace elements ratios (St/Y, La/Yb, and Ce/Y;
Jaramillo et al., 2019); 2) Various magma origins that
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FIG. 1. A. Geographic location of the Amaga/Cauca-Patia basins; modified from Sierra and Marin-Cerén (2011). CP: Caribbean Plate,
NP: Nazca Plate, PCB: Panama-Choco Block, SAP: South American Plate. B. Geologic map of the Amaga basin; modified
from Sierra and Marin-Cerén (2011), RFS: Romeral Fault System, CFS: Cauca Fault System. White stars correspond to lava
flows studied by Borrero and Toro-Toro (2016) and Jaramillo et al. (2019).

mixed during ascent plus the involvement of sediments
and fluids from the subducting plate; this based on
isotopic ratios (Nd, Pb, Sr; Bernet et al., 2020); and
3) Magma stagnation zones and mixing processes
that allowed differential evolution and therefore
different compositions; this based on trace elements
ratios (e.g., La/Yb and La/Sm), mineral chemistry
(garnet and amphibole), and geothermobarometry
analyses (Bernet ef al., 2020; Weber ef al., 2020).
Despite the above, there is still a great interest
in understanding the configuration of the magmatic
feeding system in order to document the characteristics
of the magmatic arc associated with the re-established
subduction of the Nazca plate during the Late Miocene
after the arc-continent collision of the Panama block.
This paper provides lacking information about the
magmatic evolution and crystallization conditions
for the initial tholeiitic magma that gave origin to
the CVP, based on petrographic characterizations,
mineral and whole-rock chemical analyses and the
geothermobarometric estimates for the crystallization
conditions of the main mineral phases recognized.
This approach, integrated with existing information,
constitutes a contribution to understand the evolution

of the Andean magmatic arcs in post-collisional
tectonic scenarios.

2. Geological Setting

The northwestern margin of South America has
been subjected to collision of oceanic Plateaus and
island arcs alternated with subduction episodes from
the Late Cretaceous to Present-day associated with the
interactions between the South American, Caribbean,
Farallon/Nazca plates, and the Panama-Choc¢ arc
(e.g., Villagomez and Spikings, 2013; Leon et al.,
2018; Montes et al., 2019; Zapata et al., 2020). These
episodes seemingly provided first-order controls on
the Cenozoic tectono-magmatic evolution of the
continental arc in the Colombian Andes (e.g., Bayona
et al., 2012; Echeverri et al., 2015; Wagner ef al.,
2017; Jaramillo et al., 2019). Towards the west of
the Colombian Andes at 2-6° N latitude the history
of this tectonic scenario and the tectono-magmatic
evolution is recorded in hinterland basins controlled by
strike-slip structures from the Eocene to Present-day,
such as Amaga and Cauca/Patia basins (e.g., Sierra
et al., 2005; Jaramillo ef al., 2019; Bernet et al.,
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2020; Weber et al., 2020; Gallego-Rios et al., 2020).
These basins are located between the Central and
Western cordilleras with structural boundaries defined
by the Romeral Fault System (RFS) to the east and
Cauca Fault System (CFS) to the west (Fig. 1A).
The eastern limb of the Amaga basin, which is
the object of this study, exposes an assemblage of
Paleozoic, Triassic, and Cretaceous metamorphic,
plutonic and volcano-sedimentary rocks from Central
Cordillera basements (Fig. 1B). The western limb
exposes mafic volcanic and plutonic rocks with
sedimentary pelagic rocks interlayering related to
Caribbean allochthonous terrains accreted during
the Late Cretaceous to the South American margin
(Fig. 1B; Villagémez and Spiking, 2013; Spikings
et al., 2015; Zapata et al., 2020).

The stratigraphy of the Amaga basin is constituted
by a lower siliciclastic unit composed of Oligocene
quartz-rich continental sediments (alluvial and fluvial
deposits with coal intervals) of the Amaga Formation
deposited in a strike-slip basin associated with the
high obliquity interaction between the Farallon and
South-American plates (Silva-Tamayo et al., 2008;
Lara et al., 2018). After the Farallon break-up into
the Nazca and Cocos plates about ~23 Ma (e.g.,
Meschede and Barckhausen, 2000; Lonsdale, 2005),
there was a change in the Farallon/Nazca kinematics
from an oblique to more orthogonal subduction
(e.g., Pardo-Casas and Molnar, 1987; Somoza and
Ghidella, 2005). This kinematic change of Farallon/
Nazca plates with the South American margin was the
precursor of regional discontinuities and changes in
the composition from quartz-rich to lithic sandstones
of the upper member of the Amaga Formation.
Subsequently, during the Early-Middle Miocene, the
continental margin of northwestern South America
was subjected to the Panama-Choc¢ intra-oceanic
arc-continent collision (Montes et al., 2015, 2019).
The Panama-Chocé arc formed during the Cretaceous-
Eocene due to the north-northwestward subduction
of the Farallon plate beneath the Caribbean Plateau
(Cardonaetal.,2018; Ledn et al., 2018; Barbosa et al.,
2019), which collided against northwestern South
America as a consequence of the northeastward drift
of the Caribbean plate (Leon et al., 2018; Montes
etal.,2015,2019). This collisional event triggered
an orogenic pulse recorded in the cooling histories
of exposed rocks along the suture zone, Western
Cordillera, and by an unconformity (~13-11 Ma)
associated with the tectonic inversion of the Amaga

basin (e.g., Piedrahita et al.,2017; Leon et al., 2018;
Lara et al., 2018). After this collisional episode, the
subduction (re)initiation of the buoyant Nazca plate
below the South American plate during the Middle-
Late Miocene allowed the genesis of the magmatic
arc along the suture zone (Rodriguez and Zapata,
2012). Subsequently, the magmatic arc migrated
eastward at 5-6° latitude and was positioned in the
Amaga basin during the Late Miocene (e.g., Jaramillo
et al., 2019; Weber et al., 2020). In this strike-slip
hinterland basin, the upper Amaga Formation was
overlain and intruded by mafic/intermediate volcanic
and subvolcanic bodies with volcaniclastic deposits
associated with the Combia and Irra-Tres Puertas
formations along the CVP (Fig. 1B). These units are
limited by an angular unconformity with the underlying
units (e.g., Barroso and Amaga formations) and
represent the continental magmatic arc record related
to the renewed oblique subduction of the Nazca plate
below the South American margin between ~11 and
5 Ma. From Late Miocene to Present-day the Nazca
plate geodynamic controls such as oblique subduction
(re)initiation, collision/subduction of aseismic ridges
(e.g., Sandra ridge), and slab flattening controlled the
upper plate architecture and the tectono-magmatic
evolution of the continental arc in the northwestern
Colombian Andes (e.g., Wagner et al., 2017; Jaramillo
etal.,2019; Leon ef al., 2021).

3. Methods

All rocks were collected from three different lava
flows that outcrop in the middle part of the Amaga
basin (Fig. 1B) and represent the tholeiitic suite of
the volcanic province.

3.1. Petrography

Thin sections of the samples were made in the
TECLAB Gyp S.A. (Bogota, Colombia). They were
later analyzed with a Nikon eclipse 501 pol microscope
in the petrography laboratory from the Universidad
Industrial de Santander, Colombia, following a grid
of 1x1 mm point counting, with 400 points total for
each sample. The observed crystals were classified
as phenocrysts (>0.5 mm), microphenocrysts
(between 0.05 and 0.5 mm), and microcrysts
(<0.05 mm), the latter as part of the groundmass,
following Gonzalez (2008). The mineral abbreviations
were taken from Siivola and Schmid (2007).
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3.2. Mineral chemistry

In situ mineral quantitative analyses (127 for
plagioclase and 30 for pyroxene) were performed
using a JXA-8530F Field Emission Electron Probe
X-ray MicroAnalyzer (FE-EPMA) equipped with 5
wavelength dispersive spectrometers, at the Facility
for Analysis, Characterization, Testing and Simulation
(FACTS) in Nanyang Technological University
(NTU), Singapore. Point analyses were acquired
using a focused beam at a probe current of 20 nA
and an accelerating voltage of 15 kV. Current was
reduced to 10 nA and defocused beam diameters
of 3 for analysis of plagioclase, to reduce beam
dosage and resultant sodium signal decay. Results
were quantified using well characterized natural
and synthetic external calibration standards and a
ZAF matrix correction procedure. Oxygen content
was assumed from cation abundance, with all iron
present as Fe?*. Error on repeat analysis of standard
reference materials was <1% of measured values.
Ka X ray lines were monitored for 20-60 s for each
element, depending on expected concentrations
except for Na Ka which was monitored for only 10s.
Background measurements were performed on either
side of each peak position for combined counting
times equaling the corresponding peak counting
times. Measured peak and background positions
were found to be free of interferences within the
sample and standard matrices. For this work, it was
only used analysis whose sum of the major element
oxides was between 97 and 100 wt%. The data was
processed for its graphical representation and cation
per formula unit calculation, using the GCDXkit 4.1
(Janousek et al., 2006), CFU and CFU-PINGU
(Cortés, 2017) programs.
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3.3. Whole rock chemistry

Whole-rock analyses (major and trace elements)
were made with the ICP-OES (Inductively coupled
plasma optical emission spectrometry) and ICP-MS
(Inductively Coupled Plasma mass spectrometry)
techniques, in the ActLabs laboratories (Colombia).
Major oxides are reported in weight percentage (wt%)
and trace elements in parts per million units (ppm).
The loss of ignition (Lol) was calculated from the
weight of the samples, and the iron was reported
as Fe,O, total. The results were plotted using the
GCDkit 4.1 (Janousek et al., 2006) software.

4. Results
4.1. Petrography and mineral chemistry

The studied rocks are hypocrystalline with
porphyritic textures. They have pheno- and micro-
phenocrysts (varying between 26.0 to 29.0 vol.%)
of plagioclase and clinopyroxene embedded in a
microcrystalline and glassy groundmass (61.0-
63.0 vol.%) (Table 1; Fig. 2A). Clinopyroxene
phenocrysts are absent in sample IIES-V-019
(Table 1). The glassy zones vary between 9.5 and
23.0 vol.%, and the microcrystalline groundmass
hosts plagioclase (24.6-35.8 vol.%) and clinopyroxene
microcrysts (14.1-18.7 vol.%) in all rocks. Plagioclase
is the most abundant mineral phase in all samples,
and it appears as subhedral to euhedral phenocrysts
(10.0-13.4 vol.%) and microphenocrysts (14.6-
17.0 vol.%) (Fig. 2B), occasionally displaying
glomeroporphyritic texture (Fig. 2C, D). Some
plagioclase crystals exhibit sieve texture (Fig. 2A, B,
D, E), embayment and dissolution rim (Fig. 2A, D),

TABLE 1. PETROGRAPHIC ANALYSIS OF THE STUDIED SAMPLES.

Mineralogy(%) Crystals Groundmass
Sample Coordinates Pl (%) (%0)
Ph Mph Mc¢ Ph Mp Mc¢ Ph+Mph Mc glass oxides
IIES-V-018  5°35’30”N 134 146 24.6 025 16 28.25 40.6 23 8.15
75°47°09” W
IIES-V-019  5°35’53”N 103 15.75 358 18.75 26 53.5 95 11
75°47°15” W
IIES-V-020  5°43°39”N 10 17 26 0.5 1.2 141 28.7 40.1 212 10
75°48°46” W

PI: plagioclase, Cpx: clinopyroxene, Ph: phenocryst, Mph: microphenocryst, Me: microcryst.
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FIG. 2. A. Plagioclase pheno- and microphenocrysts and clinopyroxene microphenocrysts, in a microcrystalline groundmass with glassy
zones (IIES-V-020 sample). B. Plagioclase phenocryst with albite twinning, zoning and sieve texture in its core, and euhedral
plagioclase microphenocrysts (IIES-V-019 sample). C. Plagioclase glomerocrysts with sieve texture, albite and pericline
twinning (IIES-V-018 sample). D. Plagioclase glomerocrysts with sieve texture, dissolution rims, albite twinning and zoning
(IIES-V-019 sample). E. Plagioclase with sieve texture, clinopyroxene with polysynthetic twinning, and Fe-Ti oxide glomerocrysts
in groundmass with fluidal texture (indicated by the dotted arrows) (IIES-V-020 sample). F. Clinopyroxene phenocrysts with
coronitic texture, in groundmass with intersertal texture (IIES-V-020 sample). PI: plagioclase, Cpx: clinopyroxene, Aug: augite,
Pgt: pigeonite, Ox- Fe-Ti oxide. All photomicrographs were taken in crossed Nichols.

as well as zoning (Fig. 2B, D) and albite and
pericline twinning. Clinopyroxene phenocrysts
(0.5 vol.%) are only found in the sample IIES-V-020,
while microphenocrysts are present in samples
ITES-V-018 and ITES-V-020 (0.2-1.2 vol.%,
respectively) (Table 1). Clinopyroxene also forms

glomeroporphyritic texture with plagioclase and
some phenocrysts show polysynthetic twinning
(Fig. 2E) and coronitic texture (Fig. 2F). All rocks
display fluidal textures, recognized by microcrysts
oriented around phenocrysts (Fig. 2E) and also
intersertal textures (Fig. 2F).
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Compositionally (Table 2; Supplementary IES-V-020 displays a wider range (An,-An, ).
material 1), the plagioclase phenocrysts range from The plagioclase microphenocrysts display a range
labradorite to anorthite (An,, An ; Fig. 3A). The between andesine and bytownite (An_-An, ; Fig. 3B).

sample IIES-V-018 shows a more discrete range Samples IIES-V-018 and ITES-V-019 show a nearly
of compositions (An-An,,), whereas the sample identical range of compositions (An, An,,), while

TABLE 2. REPRESENTATIVE ANALYSES OF THE MINERAL PHASES ADDRESSED FOR THE COMBIA
VOLCANIC PROVINCE.

Plagioclase Clinopyroxene
Mineral . Phenocrysts Microphenocrysts
Phenocrysts Microphenocrysts Core Rim Core Rim

Augite Augite Augite Pigeonite Augite Pigeonite

LIES- 1IES- [IES- IIES- IIES-  IIES-
Sample 018 V019 V-020  V-018  V-019  V-020 TIES-V-020

Code Clal Cdc C6a2 C4e Clb C3a C3gl C3j2 Cdm1 C42 Cdb C8i
wt%

Sio, 50.76 48.53 49.59 48.37 47.40 52.00 50.75 51.03 50.52 50.31 50.45 50.74
TiO, - - - - - - 0.43 0.33 0.40 0.17 0.46 0.27
ALO, 30.46 30.88 30.66 30.88 32.13 29.76 1.43 1.20 2.03 0.67 2.24 0.76
FeO, - - - - - - 14.94 15.71 13.02 27.17 13.37 24.84
MnO - - - - - - 0.63 0.66 0.47 0.96 0.48 0.98
MgO - - - - - - 12.62 11.81 14.06 15.57 14.02 16.76

CaO 14.53 15.16 14.69 15.09 16.29 13.52 18.81 18.79 18.22 4.29 17.83 4.65
Na,0 3.03 2.90 3.31 2.98 2.20 3.90 0.22 0.26 0.29 0.08 0.24 0.07
K.,0 0.20 0.18 0.17 0.12 0.12 0.22 - - - - - -

2

TOT 98.98 97.64 98.41 97.4 98.1 99.4 99.83 99.79 99.02 99.23 99.10 99.08

Cations per formula unit

Si 2.33 2.27 2.30 2.27 2.21 2.38 1.94 1.96 1.93 1.97 1.92 1.97
Ti - - - - - - 0.01 0.01 0.01 0.00 0.01 0.01
AlY - - - - - - 0.06 0.04 0.07 0.03 0.08 0.03
AV - - - - - - 0.01 0.01 0.02 0.00 0.02 0.00
Al 1.65 1.70 1.68 1.71 1.77 1.60 0.06 0.05 0.09 0.03 0.10 0.03
Fe? - - - - - - 0.05 0.03 0.05 0.03 0.04 0.02
Fe* - - - - - - 0.43 0.47 0.36 0.86 0.38 0.78
Fe™ - - - - - - 0.48 0.50 0.42 0.89 0.43 0.80
Mn - - - - - - 0.02 0.02 0.02 0.03 0.02 0.03
Mg - - - - - - 0.72 0.68 0.80 0.91 0.80 0.97
Ca 0.72 0.76 0.73 0.76 0.82 0.66 0.77 0.77 0.74 0.18 0.73 0.19
Na 0.27 0.26 0.30 0.27 0.20 0.35 0.02 0.02 0.02 0.01 0.02 0.01
K 0.01 0.01 0.01 0.01 0.01 0.01 - - - - - -
Sum 4.98 5.01 5.02 5.02 5.00 5.00 4.02 4.01 4.03 4.02 4.02 4.01
X 72 74 70 73 80 65 - - - - - -
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crossed Nichols. An: anorthite, Ab: albite, Or: orthoclase.

sample ITES-V-020 shows microphenocryts of more
intermediate composition (An, -An, ), with exception
of one crystal that falls within the bytownite field
(An,,). The compositional analysis from core to rim
in the minerals also evidence the previously identified
inverse (Fig. 3C) and oscillatory zoning (Fig. 3D)
in all samples. The pyroxene phenocrysts of sample
IES-V-020 (Table 1, Fig. 4A) are classified as augite
(Wo,, .., Ens,, ., Fs . .; Fig. 4B), a few of which
show pigeonite rims (Wo, ., Ens, . Fs,_ , ; Fig. 4C).
Similar range of compositions are observed, augite
(Wo,, .., Ens,, .., Fs, ) and pigeonite (Wo,,,,
Ens, . Fs,, ), for the microphenocrysts of sample
IES-V-020. Unfortunately, no microphenocrysts of
sample IIES-V-018 yielded truthful results.

4.2. Geochemistry

Compositionally (Table 3), the studied rocks
range from basaltic andesite to andesite, with
sample IIES-V-019 being the least evolved of the set
(Fig. 5A). They have tholeiitic affinity (Fig. 5B) and
present a K content (Fig. 5C) that range from medium
(ITES-V-019) to high (ITES-V-018 and IIES-V-020).
If compared with tholeiitic samples from previous
studies (Marriner and Millward, 1984; Borrero and
Toro-Toro, 2016; Jaramillo ef al., 2019), samples
IES-V-018 and IIES-V-020 show the more evolved
compositions and the highest K content (Fig. 5C).
The sample IIES-V-019 falls within the range of
compositions displayed by other studies. Variation
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TABLE 3. MAJOR (WT%) AND TRACE (PPM) ELEMENTS CHEMICALANALYSES FOR THE COMBIA VOLCANIC

PROVINCE.
Sample IIES-V-018 IIES-V-019 I11ES-V-020
5°35°30” N 5°35°53” N 5°43°39” N
75°47°09” W 75°47°15” W 75°48°46” W
Major oxides

SiO, 57.37 52.79 57.72

Alzoh3 16.74 16.41 15.88

Fe,0,(T) 9.27 11.39 10.84

MnO 0.20 0.18 0.21

MgO 1.78 2.92 1.80

CaO 6.53 8.30 6.34

Na,O 3.31 3.01 3.29

Kz_o 2.20 1.50 222

TiO, 0.79 1.14 0.76

P70; 0.45 0.42 0.47

I;Oi 1.87 2.15 0.66

Total 100.5 100.2 100.2
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table 3 continued.

Sample 1ES-V-018 ITES-V-019 1ES-V-020
5°35°30” N 5°35’53” N 5°43°39” N
75°47°09” W 75°47°15” W 75°48°46” W
Trace elements
Be 1 - 1
Vv 120 291 122
Ba 1,038 1,060 1,021
Sr 496 477 477
Y 27 19 24
7r 90 72 89
Cr 70 70 180
Co 21 26 21
Cu 120 160 130
7n 110 110 100
Ga 18 19 18
Ni <20 <20 <20
Ge 2 2 2
As 6 16 7
Rb 40 38 46
Nb 4 3 4
Sn 1 1 1
Sb 0.8 6.4 1.2
Cs 0.8 15.5 1.1
La 11.1 8.5 10.2
Ce 229 17.8 21.3
Pr 3.16 2.51 2.93
Nd 14.3 11.7 13.7
Sm 3.9 3.1 3.7
Eu 1.23 1.06 1.17
Gd 4.6 3.7 43
Th 0.8 0.6 0.7
Dy 4.7 3.8 43
Ho 1 0.8 0.9
Er 3 22 2.6
Tm 0.44 0.33 0.38
Yb 3 2.1 2.5
Lu 0.47 0.34 0.38
Hf 2.8 2.1 2.5
Ta 0.3 0.3 0.3
Ti - 0.5 0.1
Pb 7 9 8
Th 2 1.5 1.9
U 0.9 0.8 0.9
“Eu/Eu* 0.88 0.95 0.89

* EW/Eu*=Eu, /[(Sm xGd )]"*.
X,: normalized to primitive mantle values in Sun and McDonough (1989).
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diagrams of major and trace elements versus SiO,
(Fig. 6), for the tholeiitic rocks of the CVP (this study
and others: Marriner and Millward, 1984; Borrero
and Toro-Toro, 2016; Jaramillo ef al., 2019) shows
negative correlations for CaO and MgO, and positive
for Th and Nb, and crudely for Rb.

The behavior of trace elements normalized to
primitive mantle (Fig. 7A) is similar for the three
studied samples, with a relative enrichment in
large ion lithophile elements (LILE) and negative
anomalies of Th, Nb, Ta, Zr and Ti, and positive
anomalies of Ba, K, Pb, Sr and P. Such behavior is
also observed in other tholeiitic rocks of the province

(Marriner and Millward, 1984; Borrero and Toro-
Toro, 2016; Jaramillo ef al., 2019). The rare earth
elements diagram (REE; Fig. 7B) also shows a
similar behavior between the studied samples, with
a slight light REE enrichment (LREE) and a minor
Eu negative anomaly (Eu/Eu*<l1). Discrimination
diagrams show how, if compared with previous
studies (Marriner and Millward, 1984; Borrero
and Toro-Toro, 2016; Jaramillo ef al., 2019), these
samples exhibit a slight enrichment, especially in
the LREE. The discrimination diagram La/Yb versus
Th/Nb (Fig. 7C) show that the samples plot within
the continental arc field.
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FIG. 6. Silica (SiO,) versus major and trace elements variation diagrams. Gray points correspond to the tholeiitic lava flows studied
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5. Interpretation and discussion
5.1. Magmatic processes identified by rock textures

The textures and compositional variations
observed in the minerals of the studied rocks
(Fig. 8) have allowed us to propose four main
processes that underwent by the magma during
stagnation and ascent.

Physical and chemical changes in the magmatic
reservoir. This is evidenced by the embayment
and sieve textures in plagioclase crystals linked to
dissolution (Fig. 8A, B). Thermodynamic changes
cause disequilibrium between crystals and melt,
which triggers the dissolution inside the crystals
and/or in their surfaces (Tsuchiyama, 1985; Nelson
and Montana, 1992; Tepley ef al., 1999; Couch
et al., 2001; Monfaredi ef al., 2009; Ustunisik et
al., 2014).
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Rapid decompression. It is evidenced by the
presence of sieve texture cores in plagioclase, with
rims lacking dissolution zones (Fig. 8B). In addition to
physical and chemical changes previously mentioned,
rapid decompression during magma ascent followed
by new equilibrium conditions allows the subsequent
formation of rims, which do not evidence internal
dissolution (Nelson and Montana, 1992; Seaman,
2000; Monfaredi et al., 2009).

Convective movements. They are interpreted from
oscillatory zoning in plagioclase crystals (Fig. 8A)
and the development of glomeroporphyritic texture
(Fig. 8C, D). Convective movements during magma
ascent generate perturbation and turbulence that cause
local variations in the melt conditions, leading to
the development of zoning depending on the crystal
location: higher An zones are developed in hotter
melt parts, while lower An zones are developed in
colder parts (Pearce and Kolisnik, 1990; Shcherbakov

dissolution
zones

plagioclase

plagioclase

augite

augite

FIG. 8. Sketches used to illustrate the features that allowed us to propose the main processes that underwent the magma during stagnation
and ascent. A. Anhedral plagioclase crystals with dissolution (embayment texture). Many crystals also exhibit oscillatory and
inverse zoning. B. Euhedral to subhedral plagioclase crystals with sieve texture cores in addition to sane rims. C. Glomerocrysts
formed by euhedral to subhedral plagioclase crystals, and by anhedral to subhedral plagioclase crystals with sieve texture and
reaction rims. D. Glomerocrysts of euhedral augite crystals with euhedral plagioclase crystals, some of them with sieve texture.
E. Subhedral augite crystals with pigeonite rims (i.e., coronitic texture).
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etal.,2011; Murcia and Németh, 2020). Furthermore,
convective movement is a key factor to group together
crystals with or without dissolution. Several crystal
planes get chemically isolated from the system’s melt,
leading the melt that got trapped between the crystals
to eventually cool down and couple them (Vance,
1969; Hogan, 1993). The resulting glomerocrysts
are usually located along the chilled margins and
will finally get removed and incorporated into the
ascending magma (Jeffery et al., 2013).

Mixing processes. Mixing produced by magmatic
recharge is evidenced by Mg-rich (i.e., pigeonite;
Fig. 8E) rims on augite crystals. The injection of a
hotter magma causes disequilibrium and changes
in temperature, pressure and H,O content, leading
to the development of new mineral phases (Couch
et al., 2001; Shcherbakov et al., 2011).

5.2. Crystallization conditions

Geothermobarometry analyses presented here
correspond to crystal-liquid chemical relations, where
the whole-rock composition represents the melt in
which the minerals crystallized. To reproduce the
composition where the crystals formed based on
partition coefficients, plagioclase phenocrysts were
compared to the least evolved rock (Si0,=52.79 wt%),
while the microphenocrysts were compared to
the most evolved rock (Si0,=57.72 wt%); this
assuming that microphenocrysts crystallized later,
given the predominance of a less An content in their
composition. Also, pyroxene phenocrysts cores
(augite) were compared to the least evolved rock
(Si0,=52.79 wt%), while the phenocrysts rims (augite
and occasionally pigeonite) were compared to the
most evolved rock (S5i0,=52.79 wt%), assuming
that rims should have crystallized later in a more
evolved magma than cores. Based on the above,
the exchange coefficient (K) between crystals,
and melt (plagioclase: 0.27+0.11; clinopyroxene:
0.28+0.080; Putirka, 2008) allowed equilibrium
determination to reproduce reliable crystallization
conditions (Table 3; Supplementary material 2).

According to the equilibrium relation, 56 out
of 127 plagioclase crystals, 14 out of 25 augite
crystals and 7 out of 7 pigeonite crystals met the
requirement for applying the geothermobarometers.
Then, Eq. 24a and 25a of Putirka (2008) were
applied for the plagioclase, and Eq. 32d and 32a of
Putirka (2008) were applied for the pyroxene. Here

it is important to mention that the clinopyroxene
thermometer includes the liquid composition, but
the barometer is based exclusively on the mineral
composition. Errors estimated by Putirka (2008)
for temperature and pressure equations mentioned
are £52 °C and +0.1 GPa. The initial water content
value (H,O wt%) required to apply the plagioclase
geothermobarometric equation was assumed as
1.5 wt%, considering that Zimmer et al. (2010) reports
that water content in tholeiitic magmas is close but
less than 2.0 wt%. Finally, depth was estimated from
the pressure values calculated, assuming an average
density of the continental crust of 2.7 g/cm?, which
corresponds to a geobaric gradient of ~27 MPa/km
(Best, 2003).

As a whole, results show that plagioclase
crystallized at a temperature range between 1,095 and
1,153 °C, and pressures of 0.22 to 0.60 GPa, which
corresponds to depths between 8 and 23 km (Fig. 9).
Phenocrysts were formed between 13 and 23 km
depths, while microphenocrysts crystallization took
place between 8 and 19 km depths. Augite crystals
were formed in a temperature range between 1,046 and
1,131 °C, and pressures of 0.09 to 0.21 GPa, which
corresponds to depths between 3 and 8 km, being the
microphenocrysts the ones that evidence the lowest
temperature values. Pigeonite microphenocrysts
were formed in a temperature range between 867 and
1,039 °C, and pressures of 0.40 to 0.60 GPa, which
corresponds to depths between 6 and 23 km. Augite
shows temperature and pressure decreasing from
cores to rims, which indicates growth during the
magma ascent. Pigeonite rims on augite crystals (i.e.,
coronitic texture), results show lower temperatures
in rims (e.g., 1,039-963 °C), but surprisingly higher
pressure and depth of crystallization (0.38 GPa and
14 km, respectively); this occurs due to the higher
MgO content, which it is interpreted as as related to
a heterogeneous melt instead of a deeper formation.
Rather, these rims formation are associated with the
magma ascent dynamics, but also with the magmatic
recharge or mixing and its subsequent cooling. From
petrographic analyses, these processes were evidenced
and then related to compositional differences.

In summary, both the mineralogy and crystallization
conditions found in the analyzed samples indicate
that the mineral formation in the tholeiitic products
took place at less than 23 km depth (plagioclase,
augite and pigeonite), and continued their formation
during ascent until they reached a depth of 3 km.
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FIG. 9. Pressure (and depth) versus Temperature diagram, which illustrates crystallization conditions for the studied plagioclase and
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5.3. Geochemical processes

The tholeiitic lava flows analyzed in this study,
together with the previously reported samples
(Marriner and Millward, 1984; Tejada et al., 2007;
Borrero and Toro-Toro, 2016; Jaramillo et al., 2019),
evidence a basaltic and andesitic composition in
the CVP. Negative trends in CaO, MgO, FeO and
TiO, (these last two not shown) vs. SiO, (Fig. 8),
indicate calcic pyroxene (augite) and plagioclase
fractionation, as supported by the textural and
geothermobarometric analyses. The slightly
negative Eu (Eu/Eu*) anomaly is also evidence of
the fractionation process.

LREE (Fig. 7B) enrichment and La/Yb vs. Th/
Nb (Fig. 7C) relations presented by the products
clearly show that rocks were formed in a continental
subduction arc (Gorton and Schlandl, 2000). LILE
incompatible elements enrichment compared to
the HFSE (Fig. 7A) suggests possible crustal
contamination processes occurred during the
magma stagnation or ascent through the crust (e.g.,
Sosa-Ceballos et al., 2021). This assimilation has

already been suggested in previous studies (e.g.,
Jaramillo ez al., 2019; Weber et al., 2020; Santacruz
etal., 2021).

5.4. Magmatic system and tectonic implications

The magmatic system associated with the tholeiitic
lava flows from the CVP is part of a continental
volcanic arc (Fig. 10), which is characterized for
showing conditions of evolution related to magmatic
differentiation by fractional crystallization, assimilation
and magma mixing processes. However, the mafic
composition suggests that the magmatic system,
which allowed the releasing of tholeiitic products,
was not constituted by long-term magma stagnation
zones. Thus, magmatic evolution can be linked to
a relative rapid ascent of melt associated with the
kinematics related to the development of the strike-slip
hinterland Amaga basin due to the Panama-Choco
intra-oceanic arc-continent collision (Montes et al.,
2015, 2019). Then, magma evolution was controlled
by crystallization of plagioclase and clinopyroxene
(augite and pigeonite) en route (Fig. 11).
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Specifically, at 23 km deep, magma temperature was
around 1,150 °C (melting occurred at approximately
1,200 °C; cf. Lee et al., 2009), however the magma
reached the surface at ~860 °C. Pressure conditions
extracted from the different mineral phases, in
addition to the textural characteristics described
and the magmas compositional evolution, allow us
to propose the occurrence of some typical magmatic
differentiation processes mentioned before, and
local convective movements related to mineral
thermodynamic disequilibrium and heterogeneities in
the melt composition, such as oscillatory zoning and
reaction rims. These local convective movements can
also be related to relatively short stagnation zones,
where crystals clustered together (glomeroporphyritic
texture) that were later disturbed by the magma
ascent itself or even by episodic magmatic recharges
(Seaman, 2000).

These results add to the ideas proposed by Weber
et al. (2020), who analyzed the calc-alkaline products
from the amphibole and garnet crystals composition.
Therefore, it is possible to suggest that the tholeiitic
products were formed by a magma that suffered a
relatively rapid ascent involving plagioclase and
clinopyroxene fractional crystallization with only short-
time stagnation zones. In contrast, the calc-alkaline
products were the consequence of differentiation
linked to crustal assimilation and crystallization of
mostly amphibole, but also surely Fe and Ti oxides,
from magmas (tholeiitic?) stagnated firstly at depths
close to 20 km. Garnet formation allows the adakitic-
like signature development (Weber ef al., 2020). This
scenario can be extrapolated to the entire magmatism
and can be considered as an alternative one to the
crust local variations (thinning) model (cf. Jaramillo
etal.,2019) or a mixture of materials in the magma
origins (cf. Bernet et al., 2020) to explain the typical
compositional variation in the CVP.

6. Conclusions

The tholeiitic lava flows that gave origin to the CVP,
consist mainly in plagioclase crystals of labradorite
and bytownite composition, and clinopyroxene of
augite and pigeonite composition. These minerals
can be found in clusters, with zoning, sieve texture
and/or reaction rims.

Chemical composition of tholeiitic lava flows
indicates a variation between andesite and basaltic
andesite. Trace elements distribution patterns, LILE
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and LREE enrichment, together with La/Yb versus
Th/Nb content also indicate a magmatic system
located in a continental arc, affected by crustal
contamination processes.

The origin of the CVP is proposed as a relative
simple magmatic system, with a relative rapid magma
ascent and fractional crystallization dominated
by plagioclase, augite and pigeonite; this process
allowed the tholeiitic signature in the emitted magma.
Subsequent calc-alkaline products are related to the
fractional crystallization of other mineral phases
(e.g., olivine, amphibole, Fe and Ti oxides, garnet),
besides assimilation associated with magma stagnation
in the upper crust.
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