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EDITORIAL

oletin Geoldgico has published issue 48(1), June 2021, with articles on economic geology, structural geology, and basin evo-
lution (Figure 1).
Arrubla & Silva characterize and classify the gold ore mineral occurrences related to the main intrusive centers of the
El Cerro Igneous Complex: Cerro Frontino, Morrogacho and La Horqueta. Information about the distribution, ore mineralogy,
structural geology, lithological patterns and gold mineral chemistry of the associated deposits is provided. The authors present
the metallogenic characterization of the complex based on petrological and fieldwork data carried out in intrusive bodies and
descriptions of the mineralogical, structural and hydrothermal features of gold mineralizations.

Amaya et al. present a lithological, petrographic, geochemical, and geochronological characterization of the San José de Gua-
viare Syenite (SJGS), unit exposed in an area with Precambrian plutonic igneous and metamorphic rocks, which belong to the
crystalline basement of the NW Amazonian Craton. The SJGS consists of nepheline syenites, nepheline monzosyenites, nephe-
line-bearing alkali-feldspar syenites, syenites, quartz-syenites, quartz-alkali-feldspar syenites, syenogranites, and quartz-rich
granitoids. The SJGS intrusion generated a thermal metamorphism, in amphibolite and pyroxene-hornfels facies, in the host
rocks of the Guaviare Complex.

Forero et al. propose a methodology for the identification, mapping and analysis of the nature of faults and shear zones. They
suggest to characterize structures and fault rocks, define the structural level observed, determine the movement’s distribution and
kinematics, and assign the relative and absolute ages of deformation, in order to propose some minimum parameters necessary to
perform geological-structural studies for acquiring basic information that aids understanding of the tectonic evolution.

Lopez et al. propose a scheme for recording data acquired in the field in a table, which enables sorting by type of fabric element
(planar or linear), and the recording of the lineaments always in front of the plane that contains them. In addition, the recording
scheme includes data corresponding to the kinematics or direction of movement of faults and shear zones, the indicators that
support the kinematics, and a qualitative assessment of the certainty or reliability of the kinematics assigned to the direction of
shear zone movement.

Rosello et al. propose a working hypothesis that will generate interest in promoting exploration activities and basic research
to confirm or reject a new hydrogeological potential located at greater depths and beneath the structure commonly known as the
Puelches aquifer, Argentina.
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Figure 1. Location of the areas with contributions presented in Boletin Geoldgico, issue 48(1), 2021.
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NOTA DEL EDITOR

In Memoriam: Profesor Antonio Romero Hernandez (1954-2021)

Antonio Romero obtuvo su grado de Ingeniero de Minas y Metalurgia en la Facultad de Minas de la Universidad Nacional de
Colombia, Medellin, y especialista y doctor de Materias Primas y Energia en la Ecole Nationale Superieure de Géologie, Nancy,
Francia.

El profesor Romero ensefi¢ con gran dedicacion en la Facultad de Minas de la Universidad Nacional de Colombia donde
dirigié un nimero muy importante de proyectos de grado y posgrado, cred grupos de investigacion y contribuyé con una gran
cantidad de informes y documentos sobre mineria y metalurgia, con énfasis en su impacto tecnoldgico, social e industrial.

Antonio Romero estuvo al frente de cargos de alta responsabilidad en el Servicio Geoldgico Colombiano, antes Ingeominas, y
fue miembro del Comité Editorial de la revista cientifica Boletin Geoldgico. Ademas, fue fundador y director de varias instituciones
académicas e industriales y estuvo involucrado en la organizacién de eventos del sector minero.

En nombre de los comités editoriales del Servicio Geoldgico Colombiano y del Boletin Geoldgico, enviamos nuestras sinceras

condolencias a sus familiares y amigos.

Mario Maya
Editor

EDITOR'S NOTE
In Memoriam: Professor Antonio Romero Hernandez (1954-2021)

Antonio Romero obtained his bachelor’s degree in Mining and Metallurgy Engineering from the Facultad de Minas of the Univer-
sidad Nacional de Colombia, Medellin, before going on to complete his postgraduate certificate and PhD. in Raw Materials and
Energy from the Ecole Nationale Superieure de Géologie, Nancy, France.

Professor Romero taught with great dedication at the Facultad de Minas of the Universidad Nacional de Colombia where he
supervised a very significant number of undergraduate and graduate projects, created research groups, and contributed a large
number of reports and documents on mining and metallurgy with emphasis on its technological, social and industrial impact.

Antonio Romero was in charge of positions of high responsibility in the Servicio Geoldgico Colombiano, formerly Ingeominas,
and was a member of the Editorial Committee of the journal Boletin Geolégico. In addition, he was the founder and director of
several academic and industrial institutions and was involved in the organization of events in the mining sector.

On behalf of the editorial committees of the Servicio Geoldgico Colombiano and Boletin Geoldgico, we send our sincere con-
dolences to his family and friends.

Mario Maya
Editor
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ABSTRACT
The Frontino-Morrogacho gold district is located on the western flank of the Western Cordillera, NW of Antioquia Province. Gold
mineralizations in the area are spatially and genetically associated with the cooling of three mid- to late-Miocene age intrusive cen-
ters in the form of stocks and dikes (12-9 Ma): Cerro Frontino, La Horqueta and Morrogacho (El Cerro Igneous Complex). These
composite magmatic pulses, with ultramafic to intermediate compositions, vary into diorite-, gabbro- and monzonitic-bearing
phases. Mineralization in the complex is present as several structurally controlled fault veins, shear-related veins, sheeted quartz
extension veins and quartz-carbonate tabular extension veins, with the development of swarms and nests of veins-veinlets, brec-
cias and stockworks. Structures range from centimeter-wide individual veinlets to several meter-wide swarms of veins developed
within broad mineralized structural corridors, with a metallic signature that consists of Au + Ag + Cu + Zn + Pb + As (+ Te + Bi
+ Sb + Hg + W) assemblages. Veins are composed of multiple stages of mineralization, and the formation of these structures is
enhanced by the presence of a local regime of extension and E-trending structures, including evidence of faults and shear zones
with right-lateral displacement, which are likely involved in pluton emplacement and cooling. The ore mineralogy is composed
of pyrrhotite, pyrite, chalcopyrite, sphalerite, galena and arsenopyrite assemblages formed in two or more mineralization stages,
with complex Bi, Te, Sb and Hg mineral specimens associated with Au and Ag. Mineralized structures of the district present a
preferential E-strike with dominant vertical to subvertical and occasional subhorizontal S-dips and secondary N- and NW-strikes
that are steep to vertically E-dipping.

The Frontino-Morrogacho Gold district presents characteristics related to the architecture, mineralogy and alteration of redu-
ced (ilmenite-series) intrusion-related gold systems but is genetically associated with a parental oxidized magma source. The gold
content is associated with three different families involving electrum, tellurides and alloys: gold rich (66 to 78% Au, 22 to 34% Ag),

Citation: Arrubla-Arango, F., & Silva-Sanchez, S. (2021). Geology of the Frontino-Morrogacho Gold Mining District and metallogeny of the EL Cerro Igneous Complex.
Boletin Geoldgico, 48(1), 7-47. https://doi.org/10.32685/0120-1425/bol.geol.48.1.2021.500
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average (50 to 60% Au, 40 to 50% Ag) and silver rich (32 to 40% Au, 60 to 68% Ag). The formation of these bodies is associated
with an N-S magmatic-metallogenic trend of Au-Ag-Cu deposits, which extend for more than 300 km along the Western Cordille-
ra of Colombia. Similar plutonic suites span from the south of Chocé Province to the north of Antioquia Province, which indicates
that the Frontino-Farallones-Boto6n arc can be proposed as an individual metallogenic belt.

Keywords: Frontino-Morrogacho gold district, intrusion-related gold System, late mid-Miocene suite of intrusions, metallogeny of the Western

Cordillera, metallogenic belt.

RESUMEN

El Distrito minero Frontino-Morrogacho se localiza en el flanco occidental de la Cordillera Occidental, al NW del departamento de
Antioquia. Las mineralizaciones de oro en la zona estan espacial y genéticamente asociadas con tres cuerpos intrusivos de edad Mio-
ceno (9-12 Ma) medio a tardio en forma de stocks y diques: Cerro Frontino, La Horqueta y Morrogacho (El Complejo Igneo El Cerro).
Corresponden a pulsos magmaticos compuestos con composiciones ultraméficas a intermedias que varian entre dioritas, gabros y
fases monzoniticas. Las mineralizaciones en el complejo estan presentes como estructuras vetiformes estructuralmente controladas y
representadas por vetas de falla, vetas relacionas con zonas de cizalla, vetas laminadas de extension de cuarzo y vetas de extension ta-
bulares cuarzo carbonatadas con el desarrollo de nidos de vetas, zonas de brecha y stockworks. El espesor de las estructuras varia entre
venillas individuales centimétricas a vetas que forman nidos, rejillas y enjambres en corredores estructurales multimétricos, poseen
una asignatura metalica compuesta por Au + Ag + Cu + Zn + Pb + As (+ Te £ Bi £ Sb + Hg + W). Las vetas fueron formadas por di-
ferentes estadios de mineralizacion. La formacion de estas estructuras se encuentra favorecida por la presencia de sistemas locales de
extension y por la presencia de estructuras orientadas hacia el E-, incluyendo la evidencia de zonas de cizalla con desplazamiento late-
ral-derecho, que estan aparentemente relacionadas con el emplazamiento y enfriamiento de los plutones. La mineralogia de la mena
en los depositos estd compuesta por pirrotina, pirita, calcopirita, esfalerita, galena y arsenopirita formada en al menos dos estadios
de mineralizacion, con especies minerales de Au, Ag, Bi, Te, Sb y Hg asociados a Au y Ag. Las estructuras mineralizadas del distrito
presentan una direccion preferencial de rumbo hacia el E- con buzamientos dominantes hacia el S, sub-verticales y ocasionalmente
sub-horizontales, con rumbos secundarios hacia el N- y NW-, buzando verticalmente hacia el E-.

El Distrito minero Frontino-Morrogacho presenta algunas caracteristicas relacionadas con la arquitectura, mineralogia y alte-
racion de los Reduced (ilmenite-series) Intrusion-related Gold Systems, pero estan asociados genéticamente con magmas parentales
oxidados. El contenido de oro es reconocido en tres distintas familias que involucran electrum y teluros: rica en oro (66-78% Au,
22-34% Ag), promedio (50-60% Au, 40-50% Ag) y ricos en plata (32-40% Au, 60-68% Ag). La formacion de estos cuerpos estd
asociada con un cinturén magmatico-metalogénico con direccion N-S de depdsitos de Au-Ag-Cu, que se extiende por mas de 300
km alo largo de la Cordillera Occidental de Colombia. Complejos de intrusivos similares abarcan desde el sur en el departamento
del Chocé hasta el norte en el departamento de Antioquia, evidencia que permite asumir que el arco Frontino-Farallones-Botén
puede ser propuesto como un cinturén metalogénico individual.

Palabras clave: Distrito minero aurifero Frontino-Morrogacho, Intrusion-related Gold System, intrusiones del Mioceno medio a tardio, Metalogenia

de la Cordillera Occidental, cinturén metalogénico.

1. INTRODUCTION metallogenic belts that have been partially identified. However,

this period spanning the last 20 Ma to 30 Ma corresponds to

In Colombia, the Miocene represents a period of widespread
continental subduction-related magmatism, which is repre-
sented in the Central and Western Cordilleras. The axis of the
magmatism has migrated geographically over the last 20 Ma in
both N-S and E-W directions (Leal-Mejia, 2011). The move-
ment of this magmatic arc has developed different arc-related

Boletin Geoldgico 48(1)

the deposition of the largest gold ore reserves in the country
and some of the most explored and studied mineral deposit
targets (Shaw et al,, 2019).

Previous studies of the Western Cordillera in Colombia have
identified a mid- to late-Miocene magmatic arc related to the
approximation of the Baudé terrane to the northern Andean
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block (Zuluaga and Hoyos, 1978; Cediel and Shaw, 2003; Zapata
and Rodriguez, 2011; Rodriguez and Zapata, 2012; Rodriguez
and Arango, 2013; Rodriguez-Garcia and Bermudez-Corde-
ro, 2015; Silva-Sanchez, 2018; Arrubla, 2018; Leal-Mejia et al.,
2019; Shaw et al., 2019). In this collision, the Frontino-Botén arc
was formed with the additional intrusion of different magma-
tic bodies on the western flank of the Western Cordillera, NW
of Antioquia Province (Rodriguez and Zapata, 2012). Most of
these plutons present a shoshonitic to calc-alkaline geochemical
signature with medium to high K contents related to a volcanic
arc geological setting. The El Cerro Igneous Complex is part of
this Miocene arc, and it is associated with individual stocks and
dikes and their thermal contact aureole, including Cerro Fron-
tino, Morrogacho, and La Horqueta stocks (Shaw et al., 2019).
The Frontino-Botén arc is represented by the El Boton Vol-
canic Complex and a suite of mid- to late-Miocene mafic to
intermediate plutons. The intrusive bodies were emplaced in
the Canasgordas-Penderisco sedimentary block and occasio-
nally in the El Bot6n Basalts Volcanic Complex. These intru-
sives occur as circular-semicircular and N-S elongated stocks,
usually isolated, with satellite bodies in the form of apophyses
and dikes of different sizes, and they span radially from intru-
sive centers, such as Perdidas stock, Carauta stock, La Horque-
ta Monzodiorite stock and Cerro Frontino and Morrogacho
stocks (Mejia and Salazar, 1989; Gonzalez and Londofio, 2002;
Buchely et al., 2009; Rodriguez and Zapata, 2012). The coo-
ling history of these plutons is associated with various styles
of gold-silver mineralization, with an extensive metamorphic
thermal aureole in the surrounding sedimentary rocks. An
initial stage of mineralization is related to gold-diopside-gar-
net-scheelite skarn deposits, and a later stage is related to ex-
solved fluids that circulated in shear and extensional-dilational
zones within the intrusions and wall rocks, thus developing
high-grade, structurally controlled, vein-type Au-Ag-Cu-Pb-
Zn-As-Mo mineralizations (Escobar and Tejada, 1992; Rodri-
guez-Garcia and Bermudez-Cordero, 2015; Shaw et al., 2019).
However, Au mineralizations related to the El Cerro Igneous
Complex have not been studied in detail. In the present study,
these mineralizations related to the El Cerro Igneous Complex
are considered to compose the Frontino-Morrogacho district.
The Frontino-Morrogacho district has been exploited for
more than 200 years by artisanal miners for lode and alluvial
gold. The first semitechnical exploitation was carried out in
1852 when the companies Frontino and Bolivia Gold Mines
acquired the San Diego Mine from a local society of miners

who discovered the main gold lode of the El Cerro deposit in
1812. During recent decades, lode gold deposits in the region
have been intermittently mined in hundreds of underground
workings focused in the northern part of the El Cerro Fronti-
no stock, the San Diego-Cuadrazén-Las Hebras mine and the
Popales-Morrogacho area.

The term intrusion-related gold system (IRGS) broadly re-
fers to a group of gold deposits that have intimate spatial and
temporal relationships with the cooling history of plutonic in-
trusive centers with volatile-rich magmas (Lang and Baker,
2001; Hart, 2007). These deposits exhibit certain styles of mi-
neralization, such as skarns, replacement mantos, veins and dis-
seminations that are focused in the apex and brittle carapace of
small and isolated cylindrically shaped plutons, which are main-
ly characterized by the presence of arrays of auriferous sheeted
quartz veins (Hart, 2007). The tectonic setting of the IRGS in-
volves convergent continental margins with back arc, collisional,
postcollisional and magmatic arcs in orogenic belts, which are
usually emplaced in sedimentary and metasedimentary country
rocks (Goldfarb et al., 2000). The metallic signature involves Au-
Te-Bi-Sb-W content in the mineralogy (Hart, 2007), whereas
the metallogeny of source plutons is controlled by the associated
magmas oxidation state and the degree of fractionation (Ishiha-
ra, 1981), which is why the term reduced intrusion-related gold
system (RIRGS) was recently established (Hart, 2007).

The present study aims to characterize and classify the gold
ore mineral occurrences related to the main intrusive centers
of the El Cerro Igneous Complex: Cerro Frontino, Morrogacho
and La Horqueta stocks. In particular, information about the
distribution, ore mineralogy, structural geology, lithological
patterns and gold mineral chemistry of the associated depo-
sits is provided. This paper presents the metallogenic charac-
terization of the complex based on petrological and fieldwork
data carried out in intrusive bodies and descriptions of the
mineralogical, structural and hydrothermal features of gold
mineralizations. It complements the regional and ore deposit
geology information on the mid- to late-Miocene magmatic
arc segment in the Colombian Western Cordillera, particularly
the metallogeny of gold mineralizations hosted and associated
with mid- to late-Miocene intrusive bodies.

2. METHOD

The geological features of the El Cerro Igneous Complex were
obtained based on a core fieldwork campaign that consisted

Servicio Geolégico Colombiano
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of mapping and sampling through the intrusives and mine-
ralized structures of the study area. Moreover, the present re-
search provides data for the regional characterization of the El
Cerro-Farallones Au (Ag, Cu), including the Carauta, Cerro
Frontino, Morrogacho, La Horqueta, San Juan stocks and the
peripheral parts of the Paramo de Frontino stock. The minera-
lized structures and mines that have been studied and sampled
include Los Chavos, Los Hoyos, El Apique, La Loaiza, Musin-
ga and La Palma N and NW of the EI Cerro Frontino stock.
Additionally, other mineralized structures were studied and
sampled, including Quebrada La Mina and La Trinidad struc-
tures in the Carauta stock; El Socorro and Las Camelias in La
Horqueta stock; E1 Mocho, San Donato, El Silencio, La Cascada
and Tajo Abierto in the Morrogacho stock; and Media Cuesta,
El Duque, La Petaca, and Pizarro, north of Morrogacho stock.
However, the results presented here focus on the most relevant
mineralized structures and mineralization styles of the El Ce-
rro Igneous Complex: El Apique and Los Hoyos in the El Cerro
Frontino stock, Tajo Abierto and La Cascada in Morrogacho
stock, and Las Camelias in La Horqueta stock. The main mi-
neralized structures were studied in terms of the structural at-
titude, alteration, mineralization and distribution to define the
magmatic-hydrothermal and genetic processes related to the
gold genesis of the Frontino-Morrogacho gold district.

The second stage of the study corresponds to the petro-
graphy of the intrusive bodies and mineralization, including
the different pulses differentiated in each case. Samples of in-
trusive bodies were classified according to the nomenclature of
plutonic rocks from the IUGS Subcommission (International
Union Geological Sciences) on the Systematics of Igneous Rocks
(Streckeisen, 1974). Furthermore, the ore and gangue mineralo-
gy, textures, and hydrothermal features were described for each
mineralized structure according to the petrographic analysis.
This information was complemented with mineral chemistry
analyses on selected ore samples by SEM-EDS at the Microsco-
py Center of Universidad de los Andes. These analyses were ca-
rried out to determine and identify the metallic signature of the
deposits and the native gold and electrum grain characteristics,
including the fineness, size, and mineral association.

Finally, the results are discussed and complemented with
geochemical analyses taken from previous studies carried
out in the El Cerro Igneous Complex (Rodriguez and Zapata,
2012; Rodriguez-Garcia and Bermutdez-Cordero, 2015). The
geochemical data reinterpreted in the present study permitted
to characterize the genesis and evolution of the complex.
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3. TectoNic FRAMEWORK RELATED TO THE EL CErrO IGNEOUS
COMPLEX

The evolution of the Northern Andes Block records a complex
geological history associated with the accretion of different
tectonic blocks (Figure 1) (Cediel and Shaw, 2003). Therefore,
the lithological, structural and geomorphological characteris-
tics of the northern Andes are mainly the result of the pro-
cesses that occurred during the Mesozoic-Cenozoic orogeny,
which are responsible for the features that are currently found
in the Western Cordillera, where the Frontino-Morrogacho
gold district is located. The geological setting of the study area
is related to the Choco arc (Cediel and Shaw, 2003), which is
the eastern segment of the Panama Double arc and consists of
the Canasgordas and Baudo terranes (Etayo-Serna et al., 1983;
Duque-Caro, 1990).

The evolution of the northern Andes in the study area
presents characteristics related to a highly oblique convergen-
ce, where collisions of the Gorgona, Cafasgordas and Baudé
terranes took place (Cediel and Shaw, 2003). As the collision
of the Panama-Choc6 Terrane ended in the middle Miocene,
arc magmatism developed in the middle to late Miocene as
a response to the subduction of the Nazca Plate and the ac-
cretion of the Baudo Terrane (Cediel and Shaw, 2003). Early
stages of this magmatic event are recorded in the intrusion
of calc-alkaline bodies along the Cafasgordas terrane, such
as the Mistrat6-Farallones Batholiths and El Cerro Fronti-
no stock, which mark erratic subduction-related magmatism
due to the early approximation of the Baudé terrane at 11
Ma-12 Ma (Maya, 1992; Cediel and Shaw, 2003). These in-
trusives correspond to the northern calc-alkaline granitoid
arc segment associated with Miocene subduction along the
Colombian trench and the Farallones-El Cerro-Dabeiba ho-
locrystalline suite (Leal-Mejia, 2011; Leal-Mejia et al., 2019;
Shaw et al., 2019).

The result of the accretion of the Panama-Chocé block
is recognized in an N-S trend of monzonitic to granodioritic
plutons in the form of isolated batholiths and stocks, from the
Torra and Farallones Batholiths in the south to the Nudillales
monzonitic stock located north of Dabeiba, Antioquia Provin-
ce. The late- to mid-Miocene plutons are commonly found in
very steep isolated areas with rugged morphologies that do-
minate the landscape, with some of them commonly reaching
more than 3000 m in altitude. Geomorphological characteris-
tics and prior studies of the Western Cordillera suggest that the
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uplift and exhumation of tectonic blocks that host the Miocene
intrusives allowed for a higher rate of erosion and surface ex-
posure (Villagémez and Spikings, 2013). Most of these igneous
bodies are found intruding the Cafnasgordas basement, such as
El Cerro Frontino, La Horqueta and Morrogacho stocks, which
make up the El Cerro Igneous Complex (Shaw et al., 2019).
The intrusion of the El Cerro Igneous Complex developed
gold mineralizations that conform to the Frontino-Morroga-
cho gold district.

After the El Cerro Igneous Complex plutonic event ceased,
magmatism shifted eastwards at approximately 8 Ma towards
the axis of the Cauca River canyon in the form of shallower
porphyritic stocks that are associated with ore deposit genesis
in the Middle Cauca Metallogenic Belt, which is the most pro-
lific gold belt in Colombia. The migration of magmatism to the
middle Cauca valley is attributed to the progressive shallowing
of the subduction angle due to trench clogging by the presence
of the subducting Sandra Ridge, which is a buoyant aseismic
material (Leal-Mejia et al., 2019). Here, the intrusion of metal

fertile plutons led to the genesis of different mineral deposits
as well as the migration of hydrothermal fluids associated with
epithermal-type deposits. This belt is located along the margin
of the Cauca-Romeral fault zone and hosts late Miocene-Plio-
cene (6-8 Ma) porphyry-related Au-Ag and base metal depo-
sits spanning more than 20 Moz for gold (Maya, 1992), such as
La Colosa, Buritica, Marmato, Miraflores and Nuevo Chaqui-
ro (Gil-Rodriguez, 2010; Leal-Mejia, 2011; Lesage et al., 2013;
Bartos et al., 2017).

4. GEOLOGICAL SETTING

The Frontino-Morrogacho gold district is located along the
Cretaceous Cafasgordas complex and associated with the in-
trusion of El Cerro Frontino, La Horqueta and Morrogacho
stocks in the mid- to late-Miocene (Leal-Mejia, 2011; Leal-Me-
jia et al., 2019; Shaw et al., 2019) (Figure 2). The Cafiasgordas
complex consists of two different formations: the volcanic se-
quence of the Barroso Formation and the sedimentary Pende-
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risco Formation. The Barroso Formation consists of basaltic
and andesitic lava flows with porphyritic and amygdaloidal
textures formed in a volcanic arc environment with ages ran-
ging between 85 Ma and 115 Ma and interbedded with tuffs
and sedimentary layers (Alvarez and Gonzalez, 1978; Rodri-
guez et al.,, 2016). The Barroso Formation displays two prin-
cipal geochemical trends within a continuous tendency: one

associated with P-MORB (Plateau) and another associated
with N-MORB (destructive margins, i.e., subduction) (Geoes-
tudios, 2005).

The Penderisco Formation is divided into two sedimentary
members with different lithological characteristics and geo-
graphical positions: the Urrao member and Nutibara member
(Gonzilez and Londoiio, 2002). The Urrao member is compo-
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Figure 2. Regional geology of the El Cerro Igneous Complex
Modified from Gonzélez and Londofio (2002).
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sed of a sequence of distal and proximal turbidites represented
by conglomerates, wackes, lithic sandstones, shale, siltstones
and siliceous mudstones. Nutibara members include pelagic
and calcareous sedimentary rocks, fine-grained limestones and
cherts (Alvarez and Gonzélez, 1978). The Penderisco Forma-
tion was intruded by different Miocene plutons, thus causing
contact metamorphism. Therefore, hundreds of meters of wall
rocks adjacent to intrusions are commonly found as hornfels in
the facies of pyroxene-hornblende-biotite-albite (Alvarez and
Gonzilez, 1978; Rodriguez-Garcia and Bermudez-Cordero,
2015).

Skarn mineralizations are found in selected areas, where
thick calcareous wall rock strata of the Nutibara member were
intruded by dioritic pulses, such as the La Loaiza gold-diopsi-
de-garnet skarn, which is located in the apex of the El Cerro
Frontino stock (Molina and Molina, 1984). La Loaiza skarn is
possibly linked genetically and spatially to gold-diopside-gar-
net skarn mineralization inside the San Diego Mine.

The El Cerro Igneous Complex corresponds to the mid- to
late Miocene plutonic suite dated by the K/Ar and Ar/Ar me-
thods in magmatic hornblende and biotite in the range of 12
Ma-10 Ma (Mid-Miocene); however, it has been related to a
maximum age of mineralization of 11.8 Ma (Leal-Mejia, 2011;
Rodriguez and Zapata, 2012; Shaw et al.,, 2019). This complex
presents a general N-S to NN'W-SSE orientation and is associa-
ted with Frontino-Botdn volcanic arc activity.

The El Cerro Frontino stock has been related to different
compositional facies due to the intrusion of more than one
pulse and the presence of satellite stocks with areas less than 1
km? and ages of 11.8 + 0.4 Ma (K/Ar) (Leal-Mejia, 2011), 9.87
+0.18 Maand 11.44 + 0.36 Ma (Ar/Ar) (Rodriguez-Garcia and
Bermudez-Cordero, 2015). Cerro Frontino Monzonite is des-
cribed by Alvarez and Gonzélez (1978) as an intrusion of 40
km? with equigranular, phaneritic texture, medium grain size,
high content of pyrite filling fractures and two main facies: fel-
sic and mafic. The mafic pulse is associated with mineraliza-
tion processes in the fractures; furthermore, modal classifica-
tion shows a compositional variation between monzonite and
pyroxene diorite.

Rodriguez-Garcia and Bermudez-Cordero (2015) rena-
med the pluton to Cerro Frontino Gabbro and described at
least three magmatic pulses in a short period of time: (i) an
initial facies of gabbros and pyroxenites that is present as xeno-
liths, (ii) a second and larger facies of gabbros and diorites with
variations to pyroxenites and (iii) a final facies of monzonites

that intruded the previous pulses. Geochemical data suggest
the contribution of a subduction component in magma to the
genesis, and this contribution is related to a magmatic arc en-
vironment (Rodriguez-Garcia and Bermudez-Cordero, 2015;
Shaw et al,, 2019). Evolution started with tholeiitic affinity and
ended with alkali enrichment with a shoshonitic geochemical
signature. In the San Diego mine, intrusive phases have been
described as pyroxenites, pyroxene gabbros and melanodio-
rites cut by minor auriferous pegmatite dikes containing cli-
nopyroxene, hornblende, biotite and plagioclase crystals (Shaw
et al., 2019). Wall rocks show high to low contact metamor-
phism and are commonly found as hornfels of albite-epidote to
pyroxene facies (Alvarez and Gonzélez, 1978). The closure age
of amphiboles in the hornfels indicates that the intrusion was
prior to 12.2 + 4.6 Ma (Rodriguez-Garcia and Bermudez-Cor-
dero, 2015).

Morrogacho diorite is an elongated and rectangular-sha-
ped stock of approximately 6 km? (Alvarez and Gonzalez,
1978). This intrusion is related to the crystallization of fine- to
medium-grained phaneritic equigranular diorites in a single
phase with important textural and compositional differences
(Alvarez and Gonzélez, 1978). Wall rocks around the stock are
commonly found as hornfels of hornblende and albite facies
(Alvarez and Gonzalez, 1978).

La Horqueta Monzodiorite outcrops in a very prominent
hill that has the same name and occurs as a circular-shaped
stock spanning approximately 1.2 km? (Alvarez and Gonzélez,
1978). It has been described as a monzonite to pyroxene diorite
with a locally high content of biotite related to late hydrother-
mal K-metasomatic processes without the presence of satelli-
te igneous bodies (Alvarez and Gonzalez, 1978). Wall rocks
around the stock occur as hornfels of albite-epidote facies with
a contact aureole of 100 m-200 m width (Gonzalez and Lon-
dono, 2002). According to Rodriguez and Zapata (2012), La
Horqueta and Morrogacho stocks present a hipidiomorphic
texture with a mineral assemblage of P1 + Cpx + Opx + Bt + Or
+ Qz and Pl + Cpx + Bt + Opx * O], respectively.

The Canasgordas Complex (Penderisco Formation) is hi-
ghly deformed with the presence of faults and folds that are
controlled with a clear morphologic expression (Alvarez and
Gonzilez, 1978; Page, 1986), mainly with a N-S to NW-SE stri-
ke. Structurally, the Penderisco Formation in the Farallones-El
Cerro area is limited by a set of major terrane boundary faults,
which are the Garrapatas-Dabeiba transform fault to the south
and east and the Uramita Fault zone to the west.
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The most relevant structure in the El Cerro Igneous
Complex is the N-striking San Diego Fault (Figure 2) due to
its relation with the mineralization processes at the San Die-
go-La Cuadrazén mine. However, several other preferentially
E- and secondary N- and NW-striking mineralized corridors
involving fault veins and shear-related structures are com-
monly found in the district. These structures are considered
important for focusing fluid in structurally prepared wall roc-
ks, which also influenced dilatational cooling of extensional
structures within the plutonic suites (Hart, 2007). Furthermo-
re, various pre- and postmineral dominantly N-striking fault
structures have been described in the area, such as La Herra-
dura, San Ruperto, San Juan-Portachuelo, La Encarnacién and
Rio Verde (Noriega et al., 2012). These structures are affected
and displaced by the NW-Canasgordas, Abriaqui, and Carauta
faults. The mentioned structures are not currently related to
mineralization processes. La Herradura and San Ruperto faults
present neotectonic activity, with sinistral inverse movement
related to the regional deformation regime associated with the
Panamd-Choc6 block push (Noriega et al., 2012).

The Frontino-Morrogacho gold district is classified in the
metallogenic map of Colombia as an Au-Ag district in which
mineralizations occur in veins and shear zones (Leal-Mejia et
al., 2016). Mineralizations have been included in the Buriti-
ca-Frontino district proposed by Leal-Mejia (2011), with gold
content not as high as other nearby localities of the Middle
Cauca Belt (Lesage et al., 2013)Colombia. It is hosted by the
late Miocene Buriticd andesite porphyry, a shallow-level plu-
ton dated at 7.41 + 0.40 Ma (20, MSWD = 2.30; 40Ar/39Ar on
hornblende. Shaw et al. (2019) include the El Cerro Igneous
Complex in the Oligocene through Pliocene granitoids belon-
ging to this metallogenic epoch in the Colombian Andes. Ove-
rall, this district is related to Au (Cu, Zn, Ag, As, W, Co + PGE)
mineralizations hosted in dikes, sheeted veinlets, and contact
zones within intrusives and hornfels. Additionally, skarn mi-
neralizations occur along the contact aureole and in sheeted
veinlets and stockworks, replacement-style mantos and breccia
zones developed in sedimentary rocks of the Penderisco For-
mation (Shaw et al., 2019).

In the El Cerro Frontino Igneous Complex, the minerali-
zation style is mainly mentioned as nondisseminated textures
related to veins and veinlets with coarse-grained native Au and
Au-rich electrum that compromise quartz and calcite gangue
and two paragenetic phases: Au-molybdenite-scheelite-cobal-
tite + lollingite and quartz followed by chalcopyrite-pyrrhoti-
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te-sphalerite-quartz + scheelite (Molina and Molina, 1984; Es-
cobar and Tejada, 1992). Furthermore, the presence of pyrite,
pyrrhotite, chalcopyrite, sphalerite, galena and arsenopyrite
has been described (Florez, 1988; Agrominera El Cerro, 1992).
The hydrothermal alteration mineralogy consists of late mag-
matic potassic metasomatism with the replacement of augite
and diopside by hornblende and euhedral Fe-rich biotite, local
replacement of biotite by chlorite and epidote, and alteration
haloes along the veinlet margins marked by biotite coarsening
and a calc-silicate mineral assemblage (Shaw et al., 2019). Pro-
pylitic alteration is related to chlorite and sericite assemblages
developed in small halos (Agrominera El Cerro, 1992).

5. ResuLts

5.1 Geological, metallogenic and exploitation
considerations of the El Cerro Igneous Complex
Underground gold mining works in the El Cerro Igneous
Complex are related to several mineralized structures with di-
fferent geometries and styles that are always spatially related to
plutonic intrusions. Magmatic intrusions are related to promi-
nent topographic changes in relation to surrounding sedimen-

tary Cretaceous country rocks (Figure 3).

5.1.1 El Cerro Frontino

The El Cerro Frontino stock corresponds to an igneous intru-
sive body located to the south of the Frontino municipality.
Mining activities at the El Cerro Frontino stock can be divi-
ded into at least four different zones, which include the Ca-
rauta-Orquideas area in the west and southwest, Musinga in
the northwest, El Cerro to the north and Piedras to the east.
The area of interest of this study corresponds to the norther-
nmost sector of the stock, specifically the mineralized struc-
tures located in the El Apique and Los Hoyos mines, north of
the San Diego-La Cuadrazén mine, representing a new im-
portant mineralized corridor in the EI Cerro Frontino area
(Figure 4).

Igneous bodies found in the El Apique and Los Hoyos-La
Rompida structures vary into gabbroic with high pyroxene
content and dioritic phases (Figure 4). Diorite is phaneritic
and holocrystalline with leucocratic aspects, small to me-
dium grain sizes and composed of plagioclase of the ande-
sine series (62%), clinopyroxene of the augite-aegirine type
(17%), coarse-grained biotite (11%) and quartz (3%). Am-
phibole is present as primary hornblende and related to the
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Figure 3. Panoramic view of the El Cerro Igneous Complex
These profiles show important topographic changes that conform the prominent landforms related to the intrusive centers and the peripheral resistant ridges of
hornfels and country rocks. Frontino-Morrogacho gold district.
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uralitization of pyroxenes (3%), whereas opaque minerals are
mainly identified as disseminated pyrite and magnetite, with
the pyrite content being incremented by alteration processes
into the host rock in the immediate margin of the veins (4%)
(Figure 5). Diorite phases in the Los Hoyos and El Apique
areas are found either as thin dikes or as massively N tren-
ding elongated outcrops with poor contents of fractures and
joints. The textural characteristics of the Los Hoyos diorite

are very similar to those in La Palma diorite bodies found in
the upper part of the El Cerro, assuming that they are a single
widespread phase.

Gabbro corresponds to phaneritic intrusive rocks with fine
to medium grain sizes, melanocratic aspects, equigranular and
idiomorphic textures, and compounds by plagioclase of the
labradorite series (45%), clinopyroxene of the augite-aegirine
type (36%), biotite (15%) and orthopyroxene (4%) (Figure 6).
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Figure 4. Geological map of the El Cerro Frontino stock with the main mineralized structures relating to this study

Modified from Serviminas (2017).
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Figure 5. Hand sample and mineralogical composition in thin section. Cerro Frontino diorite
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a) Hand-sample. b) Aegirine crystal partially rounded by euhedral plagioclase crystals. c) Presence of hornblende with oxide inclusions and aegirine with plagio-
clase (andesine). d) Twinned clinopyroxene crystal with quartz. e) Presence of biotite next to plagioclase (andesine) and clinopyroxene crystals. Pg: Plagioclase.

Aeg: Aegirine. Hbl: Hornblende. Cpx: Clinopyroxene. Qz: Quartz. Bt: Biotite.
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Figure 6. Cerro Frontino gabbro

a) Hand sample. b-c-d-e) High contents of plagioclase (labradorite) and clinopyroxene in the presence of biotite and orthopyroxene. Pg: Plagioclase. Aeg: Aegirine.

Hbl: Hornblende. Cpx: Clinopyroxene. Opx: Orthopyroxene. Bt: Biotite.
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Minor quantities of amphibole are present as hornblende due
to uralitization of pyroxene. Outcrops can be found in the deep
zones of El Apique (cm wide coarse biotite) and outcropping
along San Pedro Creek (fine biotite). Intrusive relationships
show that diorite pulses posterior to the gabbro because seve-
ral intrusive breccias contain dioritic matrix and mafic clasts.

The intrusion of the El Cerro Frontino stock has genera-
ted low-grade contact metamorphic rocks with areas of skarn
genesis. Leucocratic diorite intrusions emplaced towards thick
calcareous strata with developed pyroxene-albite-chlorite hor-
nfels, chlorite-rich quartzite and impure marble. There are ex-
tensive outcrops of metasedimentary rocks west of San Pedro
Creek. Furthermore, these metasedimentary country rocks
exhibit strong deformation and foliation with subhorizontal
to vertical attitudes. Skarn deposits and pyritic mantos repla-
cement are developed along both members of the Penderisco
Formation in the area with low-grade mineralization content.
Furthermore, the main mineralization style has been related to
extensional-sheeted veinlets, extensional veins and shear-rela-
ted veins found along El Cerro Frontino, where gold exploita-
tion is focused.

Metamorphic and metasomatic thermal aureoles appear
as steep resistant cliffs, which commonly indicate vertical and
subvertical contact of the pluton and the country rocks. At El
Cerro Frontino, the contact aureole presents banding and mi-
neral replacement, with gray and white sequences in the horn-
fels proximal to the pluton. Hornfels are composed of saccha-
roidal quartz, diopside, tremolite-actinolite with minor calcite,
idocrase, garnet, epidote, sphene, magnetite and disseminated
pyrite (Escobar and Tejada, 1992), whereas the distal portions
of the country rocks present evidence of grain recrystallization
several kilometers away from the contact.

In the El Cerro Frontino area, mineralization is hosted in
gabbros and diorites of the main intrusive body and in pyroxe-
ne-albite-chlorite hornfels or chlorite-rich quartzites of the
contact aureole as a continuous structural corridor. Inside the
aureole, there is a significant decrease in sulfide content and
a decline in the thickness of the mineralized veins, which are
related to shear zones. Conversely, in the igneous body, the
mineralization increases in grade where the Los Hoyos and
El Apique mines are located. Extension of the mineralization
can suffer abrupt thinning and deflection when proximal to
foliated metasedimentary rocks that outcrop west of San Pe-
dro Creek, where these units conform to resistant massifs that
seem to lack any economic mineralization.
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Multiple apophyses of the El Cerro Frontino stock are com-
mon in other locations intruding the Canasgordas basement
and developing productive mineralized vein-type structures.
For example, the Musinga, Carauta and Orquideas plugs are
located northwest, west and southwest, where thin stringers
of quartz-sulfide veins are hosted within fine-grained diorite
bodies, with narrow cylindrical shapes that constitute clusters
of intrusions, each between 0.5 km?and 1 km?in size, and span
radially from the main Cerro Frontino stock.

Mineralization is related to tens of E-trending mineralized
corridors across the pluton, with the development of extensio-
nal-sheeted veinlets, extensional veins and shear-related veins
of different sizes that can form nests of veins and veinlets (a
few centimeter-wide individual veinlets, and several meter-wi-
de corridors, up to 3 m). These corridors are found along the
axis and borders of the main the El Cerro intrusive body, with
several tens of these mineralized zones manifested with widths
of 30 m-50 m between individual structural corridors.

Small-scale artisanal activities are commonly represented
in hundreds of tunnels dispersed in the area. Gold extraction
is carried out using free milling techniques and gravitational
separation methods, such as the “Antioquian Mill” or “Molino
de Arrastre”. This technique consists of a wooden circular reci-
pient acting as a mill that uses water flow to push a set of irre-
gular intrusive rocks inside the mill. Continuous movement of
the rocks generates crushing and an ultimate decrease in parti-
cle size, with subsequent liberation of gold grains from sulfides
and quartz. The process is finished with the use of a wood-ba-
sed sluice box, where gold is collected as fine-grained particles.

5.1.1.1 El Apique mine

The El Apique mine corresponds to a 1-km-long mineralized
structure that has been mined from both east and west in the
northern sectors of the El Cerro Frontino stock. It was first ex-
ploited by the English company Carmen Valley Limited more
than a hundred years ago and was recently reopened by the
local society of miners (Hill, 1961; Alarcon, 2008). This mine
is developed in rocks of the intrusive body but also in rocks
from the surrounding country. Inside the first floor of the
mine, there is a transition from the outside rim of the ther-
mal aureole to inner contact with the intrusive body. The stock
appears with important textural and compositional differences
from fine-grained diorite in the first floor to coarse-grained
biotite-bearing gabbros, including high pyroxene content, in
the deepest level of exploitation, which is a 120-m-deep shaft.
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This lithological variation occurs at altitudes less than a hun-
dred meters and exhibits a mineralizing change between two
different magmatic pulses of the El Cerro Frontino stock: an
initial mafic pulse and a later dioritic pulse.

The contact between diorites of the El Cerro Frontino stock
and the Urrao member of the Penderisco Formation exhibits
intense silicification and chlorite alteration towards the bor-
der of the intrusion. Mineralization at the contact in the first
floor evolves from shear veins to thin extension quartz veins
a few centimeters wide hosted in the intrusive zone. Veinlets
are included in zones of sheeted quartz veins that converge to
a principal vein 10 cm to 20 cm wide and E striking. These
veinlets are quite poor in sulfide content, and assays indicate
that they are poor on gold, suggesting that auriferous mine-
ralization shows a low grade inside the later dioritic phase of
the intrusion. Alterations in this zone consist mainly of weak
chlorite selvages a few centimeters near the veins.

The country rocks of the Urrao member appear as fine-gra-
ined sandstones, siltstones, and chert, which are strongly me-
tasomatized and with bedding striking E- and vertically dip-
ping mainly to the S. These rocks developed a multifractured
EEN-striking shear vein with a vertical to subvertical dip to the
S and a right lateral sense of movement evidenced by slicken-
sides and vein displacement (Figure 7). It is possible to appre-
ciate breccia zones partially formed when the fluids exsolved
from the pluton were channelized through shear zones. Hy-
drothermal alteration inside and in the margins of the breccia
consists of sericite and chlorite halos proximal to the veinlets.
The fractures and joints near the shear zone are usually filled
by sheeted quartz veins of a few centimeters wide, with low sul-
fide content into thin stringers of sheeted veinlets or stockwork
textures (Figure 7). The width of the shear vein can vary from a
few centimeters to more than a meter in the widest zone, with
fine quartz-calcite-sericite hydrothermal breccia that contains
fine pyrite and combined sulfide gouge with gold values be-
tween 5 ppm and 10 ppm.

Mineralization at the deepest level consists of quartz-cal-
cite extension veins with an E strike with vertical, subvertical
and subhorizontal dips to the S. Extension veins exhibit three
anastomosed veins with constant thickness changes, averaging
0.5 m, varying from a few centimeters to 1.5 m, where multiple
veins converge and form nests. Arrays of veins are not sepa-
rated more than a meter from the other, and selvages of veins
are conformed by bands and patches of coarse-grained sulfide
assemblages and high-grade gold values up to several tens of

Figure 7. View of the El Apique shear zone located on the first floor of the El
Apique mine

Lateral displacement observed in the left photograph related to an extensional
shear zone. The shear zone is approximately 1 m wide with the presence of
sulfides.
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ppm in gold, occasionally visible to the naked eye, with grains
several millimeters wide. The vein dip angle varies from verti-
cal and subvertical to subhorizontal (20°-30°) with inclinations
towards the S (Figure 8). Minor faults and fractures striking to
the NW are displacing the main structure, although the veins
appear to be massive and consistent along the strike without
internal fracturing.

Both sheared veins and extension veins in El Apique have
similar structural control with minor strike deflection from the
hornfels to the pluton, which only represent low-order strike
changes indicating an oblique sense of the sheared vein with
respect to the extension veins. The E-striking direction and
S-vertical dip of the shear and extension veins coincide with
the E-striking and S-trending dip directions of the stratigra-
phic planes of the Urrao member country rocks.

Alteration mineralogy in the deepest floors consists mainly
of a mild brecciation of the wall rock with the presence of seri-
cite, chlorite and carbonate, with extension of alteration halos
spanning a few tens of centimeters around the veins. However,
green-colored clay, possibly illite, occurs in some places in the
adjacent centimeters near the extension vein-wall rock contact.
Extensive pyrite dissemination occurs near the vein margins.
Coarsening of the biotite crystals in the gabbro is evident,
reaching a few centimeters in size, and it is possibly related to
K-rich fluids involving a premineralization event associated
with late magmatic metasomatism, which is reflected in the
Fe-rich biotite content in this lithotype.

Mineralogy of the vein samples studied from El Apique
consists of calcite (occasionally bladed) and quartz. Stage one
of mineralization consists of crystallization of pyrrhotite with
porosity filled by gold associated with hessite, luangeite, ime-
terite, calaverite, petzite, galena and Fe-rich sphalerite (Figure
9A). Chalcopyrite occurs as inclusions and exsolutions in pyrr-
hotite crystals and inside sphalerite with disease textures. Gold
grains, gold and silver telluride alloys occur mainly as crystals
approximately 10 pm-70 um in size (Figure 9). The second
stage of mineralization consists of quartz and high contents of
carbonate, pyrite and galena cutting sphalerite crystals locally
(Figure 9b). Finally, a third stage is differentiated by the repla-
cement of pyrrhotite by pyrite in borders. Sulfides appear as
sutures within and at the borders of the veins, and they exhibit
open space filling textures such as oriented pyramidal quartz
crystals and coarse sulfides growing within drusiform cavities.
The sulfide content averages 5% and can be as high as 20% of
the vein mass.
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Figure 8. E-W striking extension veins observed in the El Apique mine
a-b-c) Quartz-calcite extension vein. d) Mineralized igneous body with chlo-
ritization cut by quartz-calcite veins with chalcopyrite, pyrite and sphalerite.
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Figure 9. Paragenesis of the El Apique mineralized structure

a) Au, hessite and galena in paragenesis with pyrrhotite. b) Sphalerite cut by pyrite event. ¢) Chalcopyrite, pyrite, sphalerite and pyrrhotite contents. Ccp: Chalco-

pyrite, Py: Pyrite, Po: Pyrrhotite, Sp: Sphalerite, He: Hessite, Gn: Galena.

5.1.1.2 Los Hoyos mine

Los Hoyos is an artisanal mining operation that is located on
the western part of the northern area of the El Cerro Frontino
stock near San Pedro Creek. The most important mining front
on Los Hoyos consists of a vertical shaft known as La Rompida.
The mineralized structure exploited in La Rompida is thought
to be the same as that in El Apique, which can be confirmed
in the textural and mineralogical characteristics of the deposit
and in the strike of the veins. In this way, these features show
that both sets of mineralized vein types correspond to a conti-
nuous mineralized structure more than 1 km in length, with at
least 200 m in vertical extent.

In the first floor of the Los Hoyos mine, mineralization is
related to a set of centimetrically wide subparallel quartz ex-
tension veins with low sulfide and gold contents. Veins hosted
within a fine-grained diorite show textures and compositions
similar to those observed in El Apique. Alterations are mainly
characterized by weak chloritization and the presence of clay
associated with the wallrock around the mineralization (Figu-
re 10). Host rocks in the deepest part of La Rompida consist
of melanocratic gabbro with biotite crystals and green-colored

(chlorite content) quartzite, commonly known as Los Hoyos
quartzite. Alteration in this area corresponds to narrow selvages
of green clay possibly illite, few centimeters adjacent to veins,
with wider halos of chlorite spanning tens of centimeters
around veins.

Deep in the La Rompida vertical shaft, the mineralized
structure has important changes with the location of anasto-
mosed veins with an ENE- to E-striking and S-dipping angle
that are vertical to subvertical. The width of the veins varies
between 10 cm-30 cm when individually separated to almost
2 m when creating important clusters and nests (Figure 10).
In addition to these features, magmatic breccias in the form of
dikes can be found surrounding the mineralization, suggesting
fractionation processes in the main igneous body.

The ore mineralogy consists of two different phases: the
first phase of quartz, pyrite, and galena with high silver con-
tents and the second phase of calcite, pyrrhotite, chalcopyri-
te and sphalerite selvages, with minor contents of galena and
hundreds of ppm gold in selected samples. The sulfide content
within the veins averages 5% and can be as high as 30% in se-
lected areas.
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Figure 10. Mineralized structures in Los Hoyos-La Rompida

qz

chl

a-b) Subparallel veins with clay content near the borders. c-d) Decimeter-wide mineralized structures; note the different phases of mineralization and chloritiza-
tion in host rocks. e) Magmatic-hydrothermal breccia in Los Hoyos creek. po: Pyrrhotite, ccp: Chalcopyrite, gn: Galena, qz: Quartz, py: Pyrite, sphl: Sphalerite,

chl: Chloritization.

At least two different mineralization styles were identified
in the El Cerro Frontino area. The first is characterized by a set
of ENE-striking steeply S- dipping, right lateral displacement,
shear-related veins with milky quartz, pyrite, and low contents
of sulfides in sericite-dominant gouges that incorporate wall-
rock brecciated clasts. Veinlets inside the shear zone are well
developed along with tension fractures that sometimes exhibit
echelon structures associated with the right-lateral slip of the
shear. The second and main mineralization style corresponds
to a set of E-striking extension veins with quartz-carbona-
te gangue, pyrrhotite, pyrite, chalcopyrite, Fe-rich sphalerite
and galena with gold in the form of highly concentrated coar-
se-grained sulfides in vein selvages. Obliquity in the extension
vein with respect to the shear veins suggests episodic filling of
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the dilatational zones generated by the shear forming minera-
lized corridors.

5.1.2 Morrogacho-Popales

Morrogacho is a NW elongated stock that composes a 3000-me-
ter-high peak that is the apex of the pluton. Mineralizations in
the stock are hosted within the pluton (Tajo Abierto and La
Cascada mineralized structures) and in the surrounding Urrao
member sedimentary wall rocks (El Mocho, San Donato and El
Silencio mineralized structures) (Figure 11). Furthermore, other
important mineralizations are located north of the stock (Media
Cuesta and Pizarro mineralized structures). The area of interest
of this study corresponds to the Tajo Abierto and La Cascada
mineralized structures and the Media Cuesta and Pizarro areas.
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Figure 11. Geological map of the Morrogacho polyphase stock with the main mineralized structures

Modified from Gonzélez and Londofio (2002), and Fenix Oro (2020).

The Morrogacho stock, as seen in La Cascada mineralized
structure in the Popales area and along Santa Teresa Creek, cor-
responds to a diorite with phaneritic texture of fine to medium
grain size. The mineralogy includes plagioclase (andesine se-
ries) up to 70%, biotite (12%), clinopyroxene of the augite-ae-
girine type (15%) and minor quantities of quartz (3%). Opaque
minerals occur as disseminated pyrite (Figure 12). Alvarez and

Gonzalez (1978) consider this stock as a single-phase intru-
sion; however, at least two pulses have been recognized, and
they present remarkable textural and compositional changes,
one of which is related to dikes and satellite bodies.
Widespread thermal metasomatism traced for at least five
hundred meters from the intrusive contact in the facies of
hornblende hornfels affects siltstones and shales of the Urrao
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member of the Penderisco Formation, whereas distal areas of
the country rocks present evidence of grain recrystallization
away from the contact.

Mineralizations of Morrogacho stock are mainly distri-
buted in the northern area of the intrusive body but are also
located inside the thermal aureole of the pluton along an im-
portant E- to NW-striking photogeological lineament, which
was named the Popales Lineament in this study (Figure 11),
and it is recognized as a cooling structure within the Morro-
gacho stock. Mining activities have been developed for the last
100 years, with dozens of tunnels found inside and around the
stock. Mineralizations near and outside the stock are associa-
ted with the movement of fluids that were trapped inside struc-
turally prepared wall rocks.

5.1.2.1 Tajo Abierto mineralized structure

Tajo Abierto corresponds to a mineralized structure located
inside the Morrogacho pluton and is related to the apex of the
stock, where mineralization occurs as part of the fluid move-
ment that circulates in the cupola and carapace (Hart, 2007).
Mineralization hosted in the intrusive consists of a 0.6-m to
1.0-m-wide extension vein with a marked E-strike direction
with a vertical S-dipping strike. A dilatational zone observed
within the intrusive is hosted of veins of wider margins than
others observed in the Frontino-Morrogacho gold district. The
sulfide content in the vein is high and reaches 90% of the vein

mass. Intersections of SE- and NE-striking branches of veins
can generate the occurrence of ore shoots and demonstrate ex-
tensional behavior. At this point, veins become massive in sul-
fide content, with coarse ore mineralogy dominated by pyrr-
hotite, chalcopyrite, pyrite, arsenopyrite and Fe-rich sphalerite,
indicating high temperatures of the mineralizing fluid during
precipitation conditions (Figure 13).

The sulfide content in the ore shoots is uncommonly high
for the district. Parasitic veinlets several centimeters wide with
high contents of pyrite and chalcopyrite orthogonally disposed
to the principal set of vertically dipping veins with S-strikes
cut the intrusions surrounded by strong chloritic alteration.
This condition coincides with the extension processes of the
main vein formation (Figure 13). Hydrothermal alteration in
Tajo Abierto corresponds to pervasive chloritic alteration near
the veins that occur a few tens of centimeters proximate to
the back of the veins with sericite, carbonate and widespread
strong pyrite dissemination in the host rock. This alteration
occurs mainly in fractures and joints along the vein margin,
whereas the alteration that is more distal consists of a chloritic
assemblage with weak intensity.

The gangue mineralogy of the veins from Tajo Abierto is
mainly composed of calcite and quartz. Pyrite and arsenopyrite
in the first stage are associated with gangue minerals. Pyrite is
highly fractured and brecciated, which are characteristics that
indicate the presence of two different stages of mineralization

Bt Ab
Ab

Cpx
Bt

Ab

1mm 1mm

Cpx

1mm 1mm

Figure 12. Morrogacho diorite of sample from the La Cascada mineralized structure
a) Hand-sample. b-c-d) Fine-grained holocrystalline diorite constituted by plagioclase of the andesine series, clinopyroxene and biotite. e) Disseminate pyrite
crystals in diorite. Bt: Biotite, Pg: Plagioclase, Cpx: Clinopyroxene, Py: Pyrite, Qz: Quartz.
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Figure 13. Tajo Abierto mineralized structure

a) Extension veins proximal to the ore shoot with a high content of sulfides. b-c) Hand samples of the mineralized areas with high contents of sulfides. d-e) Chlo-

ritic hydrothermal alteration.

(Figure 14 a, b). Gold grains occur mainly as crystals approxi-
mately 0.1 mm in size, placed in the rims of brecciated pyrite
and associated with pyrrhotite, chalcopyrite, bismuth minerals,
tellurides, and silver sulfosalts, such as cuboargirite (Figure
14). Pyrrhotite is the most common sulfide in the second sta-
ge. The presence of cubic galena with characteristic triangular
pits growing after pyrite is common, and sphalerite seems to be
present in a second stage of mineralization and related to gold.

5.1.2.2 La Cascada mineralized structure

The La Cascada mineralized structure includes a series of
tunnels near the waterfall of Santa Teresa Creek in the area of
Popales inside the dioritic stock (Figure 11). Behind the water-
fall is an important NE-striking subvertically S-dipping vein
system. The mineralization consists of multiple arrays of shee-
ted quartz-extension veins and veinlets that are mainly E- and
NW-striking with very thin strings of veinlets with different
orientations orthogonal between the main trends (Figure 15).
It likely developed during the filling of a structural horse tail
system because 0.2-m ENE-tabular quartz extension veins
appear to join all the zones of planar-sheeted vein arrays with a
NW-striking direction.

Quartz veins are a few centimeters thick and hosted in the
NW-shoulder zone of the Morrogacho dioritic body, which oc-
curs as a mafic phaneritic fine-grained intrusion. The vein geo-
metry consists of a dense network of tens of subparallel arrays
of planar-sheeted milky quartz veinlets and tabular extension
veinlets developed inside the dioritic pluton forming massive
swarms within a several-meter corridor.

Strong chloritic alteration affects the greenish matrix of the
intrusives near the sheeted veins and within the intrusion for
tens of centimeters. Quartz occurs in druses and cavities ex-
hibiting the orientation of the extension when growing from
the vein margins, and pyrite appears as euhedral cubic crys-
tals representing the most common mineral after chalcopyrite.
Vein spacing occurs as a dense array that reaches 6 to 10 veins
per meter and suggesting it contains high gold grades (Hart,
2007). Although dissemination is not widespread, mild sulfide
dissemination occurs a few centimeters around the veins. Near
the mineralized structure, narrow-sheeted quartz veinlets are
commonly developed along all outcrops of the intrusive rocks,
meaning that mineralization of the sheeting quartz veins is wi-
despread throughout this area.
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Figure 14. Paragenesis of the Tajo Abierto mineralized structure
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a, G, ) Gold crystals associated with BiTe in the rim of brecciated pyrite. b) Gold crystals associated with chalcopyrite and galena. d) Gold crystals associated with
chalcopyrite within brecciated previous pyrite. f) Triangular pits in galena next to pyrite crystal. Py: Pyrite, Ccp: Chalcopyrite, Gn: Galena, Asp: Arsenopyrite, Po:

Pyrrhotite, BiTe: Bismuth and Tellurium minerals. Au: Gold.

The gangue mineralogy of La Cascada is mainly characte-
rized by quartz. The ore mineralogy includes pyrite and chal-
copyrite, which grow after pyrite crystals; sphalerite, which
occurs principally after pyrite in minor quantities; and cubic
galena is present as small grains growing after chalcopyrite.
Samples from this sector do not contain visible gold grains.
Important dissemination of the sulfides also occurs as conti-
nuous patches from the borders of veins. Propylitic alteration
is identified by the strong presence of chlorite staining next to
the borders of the veins with the presence of carbonates and se-
ricite in minor quantities. This alteration assemblage suggests
replacements of mafic minerals (augite) with chlorite and pla-
gioclase with carbonate and sericite replacements.

5.1.2.3 Media Cuesta and Pizarro mineralized structures

To the north of the Morrogacho stock, several gold mineraliza-
tions can be observed in the Media Cuesta and Pizarro areas,
which represent a distal expression of mineralizing fluids related
to cooling history of the Morrogacho stock (Figure 16) and are
associated with satellite bodies of leucocratic pyroxene-bearing
fine-grained diorite dykes found in the Media Cuesta area. The-
se mineralizations have different characteristics from those hos-

Boletin Geoldgico 48(1)

ted within the intrusive rocks. Vein mineralizations occur main-
ly hosted in N- to NW-striking vertically dipping, fine-grained
siltstone and sandstone sequences of the Urrao member. Gold
fault veins and shear veins have dominant N- and NW-striking
directions and are steeply E-dipping. These structures are coin-
cident with the right-lateral sense of movement.

Mineralization in the Media Cuesta and Pizarro areas exhi-
bits important fault vein characteristics, with a few centimeters
in width in the El Duque mine (Media Cuesta) and up to 0.5-2
m in width in the La Petaca and Pizarro mines. Veins com-
monly exhibit pyrrhotite dissemination and mild brecciation
of the host rock. The gold content in the area is associated with
fractures within sulfides involving mineralogy with pyrrhotite,
pyrite, arsenopyrite and galena in quartz gangue. The fault vein
N- and NW-striking directions coincide with the N-striking,
steeply E-dipping stratigraphic planes, a condition that appa-
rently favors vertical shear vein development in the area.

5.1.3 La Horqueta

The La Horqueta stock corresponds to a prominent mountain
with an altitude of more than 3600 m associated with a semicir-
cular kilometer-wide intrusion (Figure 17). Mining activities
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Figure 15. La Cascada mineralized structure
a) Sheeted quartz veins. b-d) Altered intrusions cut by quartz veins with stockwork assemblages. c¢) Host rock cut by quartz veins with a high content of sulfides.

Figure 16. Mineralizing fluids related to cooling of Morrogacho stock
a-b-c) Subordinated N-N'W structures in the Pizarro-Media Cuesta area. a-c) Quartz veins and veinlets with sulfide content and local brecciation of the host rock.
b) Hydrothermally altered host rock cut by veins with pyrrhotite content.
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Figure 17. Geological map of the La Horqueta stock with the main mineralized structures

Modified from Gonzélez and Londofio (2002).

in the pluton are located mainly in the surrounding contact
aureole, mineralizations are related to a corridor formed by the
La Horqueta Fault inside the plutonic body. The present infor-
mation is described according to the characteristics of mine-
ralized structures found in the Las Camelias mine, which is a
historically productive mine in the Abriaqui area located in the
contact aureole of the pluton.

Near the La Horqueta stock, the Urrao sedimentary se-
quence reflects high tectonic activity, which is evident due to
the presence of folds and minor faults. Important exhumation
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was inferred because of altitude and the prominence of the ig-
neous body since the stock was formed in the late to mid-Mio-
cene. Steeply slope-resistant cliffs of hornfels units as roof zo-
nes on top, combined with the steeply dipping E-striking La
Horqueta fault, have created an irregular V-shaped peak that
gives this mountain its name. This fault exhibits characteristics
associated with the cooling and emplacement history of the
intrusive and lately associated with the formation of a mine-
ralized corridor that generated hydrothermal veins and faults
in the area.
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a) Hand-sample. b) Presence of opaque minerals as inclusions in the pyroxene crystals. ¢) Twinned clinopyroxene. d) Plagioclase, hornblende and clinopyroxene

crystals. e) Hydrothermal alteration in the presence of sericite and carbonate
Ser: Sericite, Cal: Carbonate.

The La Horqueta stock is a phaneritic, intermediate com-
position pluton with holocrystalline texture and coarse- to me-
dium-sized grains, and it is classified as a diorite with a high
content of pyroxene. The pluton is represented by a single in-
trusive phase that is composed of plagioclase of the andesine
series (60%), clinopyroxene of augite-aegirine type (22%), bio-
tite (13%) orthopyroxene (5%), and fewer amounts of k-felds-
par, quartz and hornblende (Figure 18). Coarse-grained biotite
could be found to be mainly related to hydrothermal processes
in addition to sericite and carbonates (Figure 18e¢). Opaque
minerals occur as disseminated pyrite and magnetite constitu-
ting up to 10% of the samples locally and are mainly associated
with pyroxene crystals (Figure 18b). Some pyroxene crystals
show skeletal texture. The emplacement of the stock generated
a thermal aureole (Figure 17) that created a zone of hornfels
with chlorite-albite facies at least 1 km wide, and country rocks
are mainly E-striking with vertical dips and represented by fi-
ne-grained siltstone and mudstone strata of the Urrao member.

5.1.3.1 Las Camelias mine
Mineralized structures in the Las Camelias mine are located
east of La Horqueta stock, near a fault structure with an E-stri-

. Pg: Plagioclase, Aeg: Aegirine, Cpx: Clinopyroxene, Bt: Biotite, Hbl: Hornblende,

king steeply dipping to the S-strike. Mineralization consists of
a trend of at least Three subparallel vertically S-dipping veins
with E-trending strikes of at least 300 m. Veins are narrow, with
thicknesses of approximately 0.1 m-0.2 m and rarely wider.
Spacing between the subparallel veins varies from 5 m-20 m
(Figure 19). Vein infilling occurs mainly along joints and shear
planes with evidence of kinetic movement due to the presence
of slickensides with steps along the vein margins that indicate
E-right-lateral movement. Mineralization exhibits coarse sul-
fides and is mainly hosted in hornfels of the contact aureole;
nonetheless, principal veins show continuity into the pluton,
where the width decreases with no deflection in the strike.
Associated with the shear veins, it is possible to observe lo-
cal zones that develop a proximate halo of chlorite alteration,
with minor carbonate and sericite. In some parts of the mine,
a thin late-stage barren quartz veinlet with oxidized pyrite and
malachite cuts the dioritic pluton and mineralization. Open
space filling textures appear in the veins as drusical cavities
with coarse sulfides and oriented pyramidal quartz crystals.
Mineralization consists of quartz and calcite as gangue. The
first stage permits crystallization of pyrite and arsenopyrite,
which is later remobilized in the second stage of mineralization.
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Figure 19. Las Camelias mineralized structure. Subparallel veins with the presence of pyrite, chalcopyrite, arsenopyrite, sphalerite and galena. Host rock corres-
ponds to hornfels with mudstone protolite
aand d) Late quartz-pyrite veins. b-c-e-f) Hand samples of mineralized country rocks and veins with high contents of sulfides and chloritic alteration.
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Figure 20. Paragenesis of the Las Camelias mineralized structure
a) Disseminated pyrite content. b) Pyrrhotite and galena with carbonate. ¢) Gold related to pyrrhotite event. Py: Pyrite, Mrc: Marcasite, Gn: Galena, Aspy: Arse-
nopyrite, Ccp: Chalcopyrite, Po: Pyrrhotite, Qz: Quartz, Cal: Carbonate, Au: Gold.
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This second stage is a compound pyrrhotite and chalcopyrite
assemblage with the posterior crystallization of sphalerite and
galena, with high contents of carbonates and quartz. Gold gra-
ins present sizes of 0.1 mm and are related to pyrrhotite in-
side brecciated crystals or near their rims (Figure 20). At the
final stage of mineralization, pyrrhotite is replaced by pyrite
and marcasite. Pyrrhotite is the most common mineral in the
ore. The sulfide content averages 10% but can reach up to 80%,
with massive pyrrhotite and chalcopyrite crystals concentrated
towards the borders of the veins, and no dissemination or very
poor brecciation occurs in Las Camelias.

5.2 Mineral chemistry of ore minerals

Mineral chemistry analyses were carried out to analyze the mi-
neral content, composition of the sulfide and gold grain signa-
ture and fineness in mines belonging from each of the intrusive
centers of the El Cerro Igneous Complex: Tajo Abierto (Mo-
rrogacho polyphase stock), Las Camelias (La Horqueta stock)
and El Apique (Cerro Frontino polyphase stock) mineralized
structures. The results of the gold chemistry plotted in a ter-
nary diagram indicate three families of electrum based on the
spectra of the gold grains (Figure 21):
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Figure 21. Ternary plot for calculating the gold signature from the Au-Ag-Cu ratio using SEM compositions
Notice the three different families of electrum and tellurides that exist in the area. a-b-c) Tajo Abierto Mineralized structure. d-e) Las Camelias mineralized
structure. f) El Apique mineralized structure. Py: Pyrite, Po: Pyrrhotite, Asp: Arsenopyrite, Gn: Galena, Ccp: Chalcopyrite, He: Hessite, Cub: Cuboargirite, Spl:

Sphalerite.
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» Gold-rich electrum: electrum grains with 66%-78% Au
and 22%-34% Ag with sizes ranging from 15 um to 100 pm.
These grains occur in borders of arsenopyrite, chalcopyri-
te and pyrrhotite crystals and in paragenesis with galena
along fractures. Samples of all the mineralized structures
present grains of this family, but these are mainly related
to Las Camelias and Tajo Abierto mineralized structures.

» Average electrum: electrum grains with 50%-60% Au and

50%-40% Ag. These grains are found in Las Camelias and

Tajo Abierto mineralized structures but are mainly related

to second.

» Silver-rich electrum: electrum grains with 32%-40% Au

and 68%-60% Ag with sizes ranging from 10 um to 70 um.

These grains are located in the borders of chalcopyrite crys-

tals. The El Apique mineralized structure is the only one

with this family of silver-rich electrum grains, which occur

as mercury alloys and silver tellurides.

According to the SEM results, vein-type gold fineness in
the district ranges between 50% and 80%. The average size
of gold grains is between 20 pm and 100 pm; the minimum
size is approximately 10 pm; and the maximum size can reach
hundreds of micrometers in the form of visible gold. These
coarse-grained gold specimens are commonly found in the
northern El Cerro Frontino stock at the San Diego-La Cua-
drazén and El Apique mines and in the high-grade gold struc-
tures of the Morrogacho-Popales area. Gold grains are com-
monly found as electrum associated with the rims of grains
(or within) in chalcopyrite, pyrrhotite, galena, arsenopyrite,
native gold grains and silver tellurides, close sulfosalts and

mercury-gold-silver alloys, specimens that include cuboargi-
rite, imeterite, stiitzite, petzite, luangeite, hessite and calaverite,
with consistent Bi, Te and Sb contents. Gold is mainly refrac-
tory, hosted within sulfides and rarely present as free grains
in quartz or carbonates; conversely, it is found filling fractures
within sulfides, with tabular, semicircular and elongated sha-
pes and occasionally with a circular shape.

6. DiscussioN

6.1 Geochemical comparison, Frontino-Morrogacho
arc and Middle Cauca Belt (MCB)

After the emplacement of the El Cerro Igneous Complex in-
trusive suite, Frontino arc magmatism ended and plutonism
shifted eastwards, where arc migration was associated with
the genesis of the Middle Cauca Belt (MCB) (Leal-Mejia et
al., 2019; Shaw et al., 2019). In the present study, we present
a geochemical comparison between both arcs according to li-
thogeochemical data of the intrusions in the EI Cerro Igneous
Complex, presented in the Cordillera Occidental project of the
Servicio Geoldgico Colombiano (Rodriguez and Zapata, 2012;
Rodriguez-Garcia and Bermudez-Cordero, 2015) (Annex 1),
and lithogeochemical data from MCB intrusions: Buritica an-
desite and La Colosa cluster (Gil-Rodriguez, 2010; Lesage et
al., 2013) (Annexes 2 and 3).

According to the alumina saturation index (Shand, 1943),
the EI Cerro Igneous Complex intrusive suite corresponds to
the metaluminous series (Figure 22a), which is consistent with
the mineralogy of the intrusives. The elemental behavior of the
El Cerro Igneous Complex intrusions exhibits a shoshonitic
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Figure 22. a) Alumina saturation index after Shand (1943). b) Relationship between Si0, and K,0 content-Peccerillo and Taylor (1976). c) Arc maturity discrimi-

nation diagram after (Brown, 1984)

Geochemical data from Gil-Rodriguez (2010); Rodriguez and Zapata (2012); Lesage et al. (2013), and Rodriguez-Garcia and Bermadez-Cordero (2015).
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to high-K calc-alkaline geochemical signature, which marks
a high content of K in the parental magma, which is evident
locally by the high content of biotite (Figure 22b). Furthermo-
re, detailed petrographic studies show late magmatic K meta-
somatism along the Cerro Frontino intrusive, which can also
be associated with K enrichment. This alteration is reflected
in the replacement of augite and diopside by hornblende and
euhedral Fe-rich biotite (Escobar and Tejada, 1992; Shaw et al.,
2019), with alteration haloes along the veinlet margins marked
by the coarsening of biotite and by calc-silicate mineral assem-
blage. Late hydrothermal effects include local replacement of
biotite by chlorite and epidote (Escobar and Tejada, 1992; Shaw
et al,, 2019). Similarly, Buritic4 andesite plots in the shoshoni-
tic series with a sample close to the high-K calc-alkaline series,
which is related to an increase in K- content due to potassic
hydrothermal alteration (Lesage et al., 2013)Colombia. It is
hosted by the late Miocene Buritica andesite porphyry, a sha-
llow-level pluton dated at 7.41 + 0.40 Ma (20, MSWD = 2.30;
40Ar/39Ar on hornblende. The porphyry intrusion of the La
Colosa deposit shows a decrease in K,O content in compari-
son to Buritica and El Cerro Igneous Complex suite intrusions
(Figure 22b). Maturity discrimination diagrams display Rb/Zr
and Nb compositions related to a primitive to mature arc that
is associated with the presence of an initial stage of plutonism
in the volcanic arc formed after the Baud¢ terrane collision
(Figure 22c).

Multielemental trace element composition diagrams were
used to compare Frontino arc intrusions with some porphyry
intrusive samples of the early, intermediate and late units of the
La Colosa deposit presented by Gil-Rodriguez (2010) and por-
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phyritic intrusions of the Buritici Andesite. REE normalized
diagrams show a great similarity between the middle Cauca
belt and El Cerro Igneous Complex, in certain patterns (Figure
23a). There is enrichment in LREEs with respect to HREEs,
which is shown in the decreasing slope with generally flat
HREE values, indicating enrichment in LREEs and fractiona-
tion of the intrusion that is consistent with the fertile intrusive
bodies in both arcs, as expected (Figure 23b). The plotted REE
data show that these magmatic arcs were formed as a response
to a main tectonic event of Baudé terrain accretion, as they
share general REE characteristics. Conversely, spider diagrams
show a clear impoverishment, with negative anomalies of Ba,
Rb, Th, U, Zr, Nb and Ta in the El Cerro Igneous complex in
comparison to the Middle Cauca Belt intrusive suites. These
discrepancies could be related to the more evolved composi-
tion in the magmatic arc environment, with possible crustal
contamination higher in the middle Cauca Belt due to U, Th,
and Pb anomalies.

In this way, the El Cerro Igneous Complex in relation to
the MCB is a less developed and undifferentiated magmatic
arc that formed from a more mafic and impoverished source
with less crustal contamination (negative Th, U, Zr, Nb and Ta
anomalies). Frontino arc magmatism preceded the formation
of the Middle Cauca Belt for at least 3 Ma, when the axis of the
magmatic arc migrated eastwards towards the Romeral shear
zone. Although the general geochemical signatures of both
arcs are similar, the El Cerro Igneous Complex intrusions have
formed in a postcollisional extensional regime with different
slab conditions than those associated with the MCB (Leal-Me-
jia et al,, 2019; Shaw et al., 2019).
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Figure 23. Spider and rare earth element (REE) discrimination diagrams normalized to N-MORB and chondrite, respectively (Sun and McDonough, 1989)
Geochemical information from Rodriguez-Garcia and Bermudez-Cordero (2015); Rodriguez and Zapata (2012); Lesage et al. (2013) and Gil-Rodriguez (2010).
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6.2 Metallogenic characteristics and deposit
classification

Mineralizations in the El Cerro Igneous Complex are present
as a series of shear-related veins, subparallel planar-sheeted
quartz extension veins, and quartz-carbonate tabular-shaped
extension veins spanning from a few centimeters to several
meters in width. The metallic signature consists of Au + Ag
+ Cu+ Zn + Pb + As (+ Te + Bi + Sb + Hg + W) assemblages.
Mineralization occurs as breccias in shear zones with important
sulfide contents, massive milky quartz extension veins filling
fractures as arrays, and rarely as stockworks. The mineralogy
consists of quartz and calcite as gangue with pyrrhotite, pyrite,
chalcopyrite, Fe-rich sphalerite, galena and arsenopyrite, and it
includes more than two mineralization stages. General features
of the mineralogy indicate common assemblages; however,
mineralization in the El Cerro igneous complex corresponds
to fine- to coarse-grained gold and electrum grains.

The most common hydrothermal alteration is chloritiza-
tion proximate to the back of the veins in discrete selvages.
Additionally, there are high quantities of sericite, carbonate,
pyrite, and illite and a replacement of coarser biotite by chlo-
rite and rare epidote in the margin of the veins. Extension
veins are hosted in the intrusives and fault-shear veins in the
country rocks. The contact aureole of the intrusives developed
albite-chlorite-pyroxene-hornblende hornfels. The alteration
of the distal sector in the thermal aureole occurs as intersti-
tial silica dominant-grain recrystallization of the sedimentary
country rocks. The presence of skarn mineralizations in the
El Cerro Frontino stock with high tungsten concentrations
has been described in the La Loaiza area (Molina and Molina,
1984; Escobar and Tejada, 1992). Dikes and breccias with low
sulfide and gold contents occur along the El Cerro Frontino
stock related to differentiation processes during intrusion.

Mineralized structures of the Frontino-Morrogacho district
have preferential E-strikes, dominant subvertical (60°-90°) to
rarely subhorizontal (20°-50°) S-dipping angles, and secondary
N- and NW-striking, steeply to vertically E-dipping structu-
res in the Media Cuesta-Pizarro area. Subhorizontal structures
allowed the fluid percolation of the subvertical structures in
zones such as El Apique, and the E-striking vertical and sub-
vertical dip of the stratigraphic bedding in the country rocks
allows it, which is coincident with the trend of mineralization
and should contribute to the formation of debility planes along
the strata. The presence of these structures corresponds to the
main fractures and alignments of the intrusives in the El Cerro
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Igneous Complex, which are related to pre-syn-mineral struc-
tural processes associated with the cooling of the plutons. The-
re is a consistent similarity in the vein and fault orientations
over the complex with a general E-strike for extension veining
and ENE-, N- and NW-strikes in oblique fault and shear-rela-
ted veins, indicating E-W shortening at the time of minerali-
zation (Figure 24).

Sheeted and tabular auriferous extension veins in the
complex show no displacement, with unstrained orthogonal-
ly growing pyramidal quartz crystals in the vein borders in-
dicating a position of the minimum principal stress o, with
a subhorizontal broadly N-S extension orientation (Stephens
et al,, 2004). Intermediate o, and maximum o, are broadly
E-W oriented with vertical orientations, which coincides with
thinned zones of the intrusions. Veins do not have any evident
deflection across the pluton-country rock transition, showing
consistent stress trajectories. Consequently, the emplacement
and crystallization of the stocks occurred at the time of vein
formation. A ductile-brittle transition in the formation of the
veins is evidenced by tensile failure in the bulk rock resulting
in the formation of o, parallel to E-striking extension veins
and orthogonal to pure o, extension (Sibson, 1992). N- and
NW-trending fault veins are thought to be misoriented with
respect to o, and are likely developed related to N-S region-
al trending structures that formed pre- or early synmagmatic.
However, increased fluid pressure after plutonic suite boiling
could generate re-failure episodes of the N- and NW-struc-
tures found in Pizarro and Media Cuesta (Figure 25).

Plutons were emplaced during the collision of the Baudé
terrane and record less oxidized and more alkaline signatures
than those found in the intrusions of the Middle Cauca Belt in
a deeper epizonal environment. According to the mineralogical
and structural characteristics, the Frontino-Morrogacho gold
district could be classified as an intrusion-related gold system
(IRGS) (Lang and Baker, 2001; Hart, 2007). Intrusives associa-
ted with IRGs are emplaced in an extensional postcollisional
regime in the form of isolated, cylindrical-shaped and elonga-
ted plutons that reflect structural controls during emplacement
(Mair et al., 2006; Hart, 2007). Hydrothermal processes in the
systems are related to the cooling history of the plutons with
exsolved fluids circulating near a brittle cupola-carapace in the
roofs of plutons, allowing the fluid to focus in the apex, such as
in the Tajo Abierto Mine. At the El Cerro Igneous Complex, in-
trusions occur as cylindrical-shaped isolated stocks with steep
sides and domed or cupola-like roofs where fluid focusing is



Geology of the Frontino-Morrogacho Gold Mining District and metallogeny of the El Cerro Igneous Complex

enhanced due to the pluton geometry (Hart, 2007). Furthermo- The presence of carbonates and pyrrhotite in the minerali-
re, sharp shoulders in igneous bodies are related to structural ~ zation and chlorite-sericite-carbonate-pyrite alteration assem-
and rheological contrast that enhances the development of fluid ~ blages in discrete margins of the veins indicates a considerably
focusing structures (Stephens et al., 2004). reduced fluid with neutral to alkaline pH and high CO, con-

Figure 24. Principal arrangements of high-grade gold veins in the Frontino-Morrogacho gold district
a) Extensional vein bifurcation in Los Hoyos mine. b) Nest of veins and veinlets in Los Hoyos mine. ¢) Multimeter-wide horse-tail splay of sheeted veins in Mo-
rrogacho-Popales. d). Massive sulfide vein hosted in hornfels in La Horqueta.
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Figure 25. Main structural characteristics for the mineralized structures of Frontino-Morrogacho gold district, according to the structural attitude of 78 minera-

lized veins. Horsetail with main structural orientations of the veins

tent, in which Au(HS), was probably the ligand and transport
media (Mikucki, 1998; Goldfarb et al., 2004). The metal assem-
blage shows the presence of gold with As, Te and Bi with gene-
ral low- to high-grade gold and sulfide contents less than 10%
on average. The gold-silver ratio is variable from 10:1 and 1:1.

Concentric metal zoning was found as Au-Cu + Bi + Te
extensional sheeted veins in the center and shoulders of the
intrusions, As-Au assemblages mainly in the contact aureole,
and Au-Ag-Pb-Zn mineralizations in peripheral-distal fault
vein structures, such as those observed in the El Mocho mine,
peripherally located in the Morrogacho stock. In this way, the
Frontino-Morrogacho district shows some characteristics rela-
ted to the reduced (ilmenite-series) intrusion-related gold sys-
tems, although it is associated with magnetite-bearing plutons
with magmatic pyrite, indicating oxidizing conditions of the
redox state (Ishihara, 1981; Hart, 2007).

6.3 Evolution of the El Cerro Igneous Complex

The magmatic and tectonic evolution of the El Cerro Igneous
Complex is associated with late- to mid-Miocene erratic sub-
duction-related magmatism due to the approximation of the
Baudé terrane at 11-12 Ma (Maya, 1992; Cediel and Shaw,
2003). This complex is part of calc-alkaline to shoshonitic geo-
chemical series plutons (Rodriguez and Zapata, 2012), with
intermediate to mafic compositions, high pyroxene contents
and the presence of secondary biotite as a product of potassic
metasomatism. The high-K content of the intrusives is rela-
ted to a late magmatic K-metasomatism event associated with
the cooling of the pluton (Escobar and Tejada, 1992; Shaw et
al., 2019), which is considered to be premineralization due to
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the textural relationship shown in veins and veinlets in the El
Cerro Frontino gabbro. Cerro Frontino and Morrogacho stoc-
ks show different intrusion phases that are overprinted. At
least two phases of the El Cerro Frontino stock are described
in the present study: a mafic initial gabbroic pulse with high
pyroxene content and a later dioritic pulse, both hosting mine-
ralized structures. The Morrogacho stock is related to different
intermediate- to felsic intrusions with local dioritic dikes and
satellite bodies that host mineralized structures, such as Me-
dia Cuesta. The presence of these igneous phaneritic bodies
represents part of the deepest mid- to late-Miocene magmatic
arc, with elevated morphologies due to the high rates of ex-
humation and erosion that took place since the late Miocene
(Villagémez and Spikings, 2013).

The tectonic setting of the EI Cerro Igneous Complex em-
placement is related to the subduction of the young and hot
Nazca Plate during the beginning of the flattening of the slab
below the South American Plate in the mid- to late Mioce-
ne (Pennington, 1981; Hardy, 1991; van der Hilst and Mann,
1994; Gutscher et al., 2000a). In this setting, the initial volca-
nism stages presented a calc-alkaline affinity with a later in-
crease in alkalis related to slab melting due to the steepness of
the subducted slab (Barberi et al., 1974; Gutscher et al., 2000b).
Oblique convergence of the Baud¢ terrane during the accre-
tion gave place to rotation and fragmentation with uplift and
faulting during the stabilization of the arc in a local postcolli-
sional extensional regime (Karig, 1974), in which the El Ce-
rro Igneous Complex plutons were emplaced (Figure 26). The
posterior evolution of the arc allowed the enrichment of the
intrusions where several alteration and mineralization proces-
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Figure 26. Regional tectonic evolution during the emplacement of the late- to mid-Miocene plutons, and 9-13 Ma emplacement of the El Cerro Igneous Complex
with an unknown main magma source
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ses occurred and genesis of the Frontino-Morrogacho district
took place.

7. CONCLUSIONS

The magmatic and structural features of the Frontino-Morro-
gacho gold district allow us to classify it as an intrusion-rela-
ted gold system (IRGS), which is spatially associated with the
presence of the late- to mid-Miocene El Cerro Igneous Com-
plex. Petrographic, mineral chemistry and field studies suggest
the presence of concentric metal zoning in the district with
a general Au + Ag+ Cu+Zn+Pb+ As (+ Te+ Bi + Sb +
Hg + W) metallic assemblage. The mineralized structures are
dominantly E- and steeply S-dipping, with reactivated N- and
NW-striking structures in the form of extension veins, shear
veins and fault veins and with the presence of extensional du-
plex and horse tails in broad mineralized zones.

The Frontino-Morrogacho district is an underexplored
metallogenic area of late- to mid-Miocene age that holds great
potential for the exploration of gold-silver deposits. Corres-
ponding to an independent arc episode that marks the existen-
ce of an individual metallogenic belt spreading for at least 300
km, from the south of Chocé Province to the north of Antio-
quia Province. The presence of multiple unroofed and roofed
plutonic suites hosting gold, silver and copper mineralization
is commonly observed in the vicinities of the Frontino-Morro-
gacho gold district in rocks of similar age and characteristics.
This type of mineralization is observed in extensional sheeted
vein zones in the apex of the San Juan stock, fault veins contai-
ning gold-base metal sulfides in shear and breccias peripheral
to the Paramo Frontino stock and Cu-Au-Ag porphyry style
mineralization associated with intrusive phases of the Carauta
stock (Arrubla and Silva-Sanchez, 2019). In the genesis of the
Frontino-Morrogacho gold district, there is probably a key role
associated with the redox state during the enrichment of Au-
Ag in volatile phase separation to produce economic concen-
trations during the crystallization of the magmas.

The gold content in the Frontino-Morrogacho district is
similar in several of the mineralized structures; hence, gold
identified in three different families is mainly associated with
the presence of pyrrhotite, chalcopyrite, tellurides and alloys
with a high presence of Bi and Sb. The first family is characteri-
zed by Au-rich electrum with gold contents varying from 66 to
78 Au % wt, the second family presents average electrum with
gold contents varying from 50 to 60 Au % wt, and the third
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family is characterized by Ag-rich electrum and tellurides with
gold contents varying from 32 to 40 Au % wt.

An important magmatic relationship exists between the Mi-
ddle Cauca Belt and the Frontino Arc/Frontino-Morrogacho
gold district. Frontino Arc was formed in a low-angle postco-
llisional environment as a precursor of posterior middle Cauca
belt magmatism. In this way, the Frontino-Morrogacho magma-
tic event is related to an initial stage of plutonism that migrated
to the east after the El Cerro Igneous Complex Intrusive event
ended at an uncertain age, with magmatic genesis initiating af-
terwards in a sector of the Middle Cauca Belt. Subsequently, the
mineral assemblages and mineralization styles are quite diffe-
rent due to the differences between the geochemical signature of
the plutons and the geodynamical setting of both arcs.

Further studies concerning fluid chemistry should include
detailed microthermometry and Raman spectroscopy of fluid
inclusions to determine the temperature and pressure of the
fluid associated with the different events of mineralization.
In this way, the fluid salinity and sulfur compositions in the
magmatic fluids can be determined. Zircon U/Pb, molybde-
nite Re-Os, Sm/Nd, and sericite-muscovite Ar-Ar geochrono-
logical data analyses will be useful to find the absolute timing
relationship between plutonism and mineralization, with Pb,
S, H and O isotopic data to determine the source of the mi-
neralization fluids. Stable isotopic oxygen analyses will assist
in constraining the magmatic and country rock continuum to
establish a possible interaction between fluid phases. Finally,
combined pluton thermal metamorphic, pluton crystallization
and mineralization ages should aid in identifying the evolution
of the mineral process and identifying new targets.
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ABSTRACT
The Neoproterozoic igneous rocks found in the municipality of San José del Guaviare include several isolated plutonic bodies that
protrude from the Phanerozoic sedimentary cover in belts aligned NW-SE. Limited to the Guaviare department, these intrusions
stretch from the La Lindosa mountain range to the corregimiento El Capricho. These plutonic bodies consist of nepheline syeni-
tes, nepheline monzosyenites, nepheline-bearing alkali-feldspar syenites, syenites, quartz-syenites, quartz-alkali-feldspar syenites,
syenogranites, and quartz-rich granitoids, which have been grouped and termed the San José de Guaviare Syenite unit (SJGS).
The intrusion of the unit occurred in the Ediacaran (604 + 7 Ma and 620.5 + 7.5 Ma) by mantle-derived alkaline magmas
formed in anorogenic settings, most likely in rift-like stretching zones. The silica-subsaturated magma may have reacted with host
rocks at the crust level, producing some silica-saturated igneous rocks, such as syenogranites and quartz-syenites, which are found
in the El Capricho and Cerritos bodies.
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RESUMEN
Las rocas igneas neoproterozoicas presentes en el municipio de San José del Guaviare estdn representadas por varios cuerpos plu-
tonicos aislados que se extienden en franjas de sentido NW-SE y sobresalen de la cobertura sedimentaria fanerozoica. Restringidos
al departamento de Guaviare, dichos intrusivos se extienden desde la serrania de La Lindosa hasta el corregimiento El Capricho.
Estos cuerpos pluténicos estain compuestos por sienitas nefelinicas, monzosienitas nefelinicas, sienitas de feldespato alcalino con
nefelina, sienitas, cuarzosienitas, cuarzosienitas de feldespato alcalino, sienogranitos y granitoides ricos en cuarzo, que se agrupa-
ron en la unidad denominada Sienita de San José de Guaviare (SS]G).

La intrusion de esta unidad tuvo lugar en el Ediacdrico (604 = 7 Ma y 620,5 £+ 7,5 Ma) a partir de magmas alcalinos que se
formaron en ambientes anorogénicos manto-derivados, probablemente en zonas de distension tipo rift. Este magma subsaturado
en silice habria reaccionado a nivel cortical con la roca encajante produciendo algunos magmas saturados en silice, como los sie-

nogranitos y cuarzosienitas que se presentan en los cuerpos El Capricho y Cerritos.

Palabras clave: Sienita nefelinica, Neoproterozoico, intraplaca, geoquimica, geocronologia.

1. INTRODUCTION

The San José de Guaviare Syenite is located in eastern Colom-
bia, in an area with exposed Precambrian plutonic igneous and
metamorphic rocks, which belong to the crystalline basement
of the NW Amazonian Craton. This unit forms several isolated
bodies aligned NW, some of which are structurally controlled
and related locally to Mesoproterozoic metamorphic rocks
known as the Guaviare Complex (Complejo Guaviare), which
shows contact metamorphism superimposed by the syenite in-
trusion (Maya et al., 2018).

Different studies have reported a total of four plutonic bo-
dies (B) in the SJGS, of which the two northernmost bodies (La
Pizarra B and Las Delicias B), located in La Lindosa mountain
range, were identified and studied by Trumpy (1943, 1944),
Gansser (1954), Pinson et al. (1962), Vesga and Castillo (1972),
Galvis et al. (1979), and Arango et al. (2011, 2012). The two
southernmost bodies (El Capricho B and Cerritos B), located
near El Capricho corregimiento, have been explored in more
recent studies such as those of Maya et al. (2018), Franco et al.
(2018), and Munoz Rocha et al. (2019).

Previous studies have focused on reporting Paleozoic or Pre-
cambrian syenite intrusive rocks located in the mountain range
west of San José del Guaviare, Guaviare department, Colombia,
belonging to the crystalline basement of the Amazonian Craton
(Trumpy, 1943, 1944; Gansser, 1954; Pinson et al., 1962; Galvis
et al,, 1979). The most detailed early studies were performed
by Vesga and Castillo (1972), followed by Arango et al. (2011,
2012). These authors focused on describing textures and struc-
tures and the petrography, geochemistry, and geochronology of
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northern SJGS bodies. Other studies, such as those of Franco et
al. (2018) and Munoz Rocha et al. (2019), have complemented
the age records of syenite rocks and their geochemistry.

In this study, southern syenite bodies were mapped at a
1:25000 scale (Maya et al., 2018), previously not possible for
all bodies of the SJGS. We also studied their macroscopic and
microscopic characteristics, geochemistry for major and trace
elements, and U-Pb zircon geochronology. The existence of
both feldspathoid and quartz rocks and the range of geochro-
nological ages of the SJGS had not been previously reported.
They will be essential to define the conditions under which
events gave rise to the unit.

2. MeTHODS

2.1 Field geology and petrography

The field work was conducted in the Colombian Amazon re-
gion, between the municipalities of San José del Guaviare and
El Retorno, in the Guaviare department, within the framework
of the geologic mapping of Plate 372, El Retorno, performed
by Serviminas S.A.S. from 2017 to 2019 for the Servicio Geo-
légico Colombiano (SGC). The geological survey made use of
the Instituto Geografico Agustin Codazzi 1:25000-scale topo-
graphic maps, following the parameters for collecting data in a
tield book established by Caicedo (2003) and updated by Servi-
minas S.A.S. (Maya et al., 2019). In total, 29 field stations were
established in the SJGS, collecting 41 rocks samples of nephe-
line syenite, nepheline monzosyenite, quartz-syenite, syenite,
syenogranite and hornfels, among others, of which 41 thin
sections and two polished sections were prepared for analysis
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by transmitted and reflected light microscopy, respectively,
counting 300 points per sample. The composition and texture
of the minerals were described according to Heinrich (1965),
Bowie and Simpson (1977), and Winter (2001), and the rocks
were classified based on their composition using the Quartz,
Alkali feldspar, Plagioclase, Feldspathoid (QAPF) diagram of
plutonic rocks by Streckeisen (1976).

The materials used and generated during this research,
such as field maps, thin sections, polished sections, rock sam-
ples, and discards, have been deposited at the Servicio Geol6-
gico Colombiano, Bogota headquarters.

2.2 Geochemistry

Geochemical analyses of major and trace elements, including
rare-earth elements (REE), were performed by X-ray fluores-
cence (XRF) and by inductively coupled plasma mass spectro-
metry (ICP-MS), respectively, at ALS Global Ltd., in accordance
with internal code specifications of the laboratory (ME-XRF26
and ME-MS81). The samples were crushed and pulverized to
collect the < 200-mesh-size fraction. The analyses were perfor-
med following laboratory standards, including the melting of
samples with LiBO, and acid digestion for ICP-MS.

2.3 Total-rock isotope analysis
Sm, Nd, and Sr isotope analyses were performed at the Geochro-
nology and Isotope Geochemistry Laboratory of the University
of Brasilia. The analytical procedures applied in this study to
determine the "Sm/"*Nd and *Nd/***Nd isotope ratios were
those described by Gioia and Pimentel (2000). '*Sm and"*Nd
spike solutions were added to the crushed and pulverized rock.
Sm and Nd were separated on cation exchange columns. Two
drops of 0.025 N H,PO, were added to the resulting fractions,
which were then evaporated. The residue was dissolved in 1 pl of
5% HNO, and mounted on a double Re filament on a Finnigan
MAT 262 thermal ionization mass spectrometer with seven co-
llectors in static mode. The uncertainties of the ’Sm/"*Nd and
1Nd/"*Nd isotope ratios were lower than 0.2% and 0.0033%
(20), respectively, based on the analysis of the international stan-
dard BHVO-2. The "*Nd/"*Nd ratio was normalized using a
146Nd/"*Nd ratio =0.7219 and a decay constant of 6.54 x 102 a™*
(Lugmair and Marti, 1978).

The procedures followed for Sr isotope analysis were those
presented by Gioia et al. (1999). The samples were pulverized
and subjected to acid dissolution and separation on cation

exchange columns. Subsequently, the Sr-containing fractions
were deposited together with 1 pl of H,PO, on a Ta filament
in the mass spectrometer described above. Based on the analy-
sis of the international standard NBS-987, the uncertainties of
the ¥Sr/%Sr ratio were lower than 0.0069% (20). The ¥Rb/®Sr
ratio was calculated based on the Rb and Sr concentrations of
the samples assessed by ICP-MS (Annex 1), according to the
procedure of Faure and Mensing (2005).

2.4 LA-ICP-MS U-Pb zircon geochronology
The samples were initially prepared at the EAFIT University
(originally Escuela de Administracion, Finanzas e Instituto Tec-
nolégico), where zircon crystals were separated following stan-
dard crushing, sieving, and mineral concentration methods.
Subsequently, at the University of Rochester, several crystals
of each sample were mounted in epoxy resin and polished to
expose an internal face, on which the textural and isotopic
analyses were performed. Cathodoluminescence images, taken
to reveal the internal structure of the study zircons and to gui-
de the geochronological analyses, were acquired under a JEOL
7100FT field-emission scanning electron microscope with a
Deben panchromatic cathodoluminescence detector at the
Mackay Microbeam Laboratory, University of Nevada, Reno.
The U-Pb isotope analyses were performed at the Universi-
ty of Rochester on an Agilent 7900 ICP-MS coupled to a Pho-
ton Machine Analyte G2 laser ablation system. This contained
a HelEx2 rapid purge cell and generated pulses lasting approxi-
mately 8 ns using an excited ArF excimer. During the analyses,
the laser was operated at a repetition rate of 7 Hz and a spot
size of 30-um diameter, generating a constant energy density
of approximately 7 J/cm? on the surface of the crystals. The
ablations were conducted under an ultrahigh-purity He at-
mosphere, and the same gas was used to transport the ablation
aerosol to the ICP-MS. Each analysis consisted of 15 s of an
“analytical blank” measurement with the laser off, immediately
followed by a 20-s measurement of the isotope composition of
the crystals with the laser on. The isotopes *Hg, ***(Pb+Hg),
206pb, 207Pb, 208Pb, 22Th, and »**U were measured on the mass
spectrometer. The instrumental bias was corrected using the
standard-sample bracketing method with fragments of a Sri
Lankan zircon (SL2) with a known age of 563.6 + 3.2 Ma, asses-
sed by isotope dilution thermal ionization mass spectrometry
(ID-TIMS), as the primary reference material (Gehrels et al.,
2008).
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Figure 1. Map showing the locations of the syenite bodies and neighboring geological units
teg: Termales Gneiss; roq: La Rompida Quartzite; sjgs: San José de Guaviare Syenite; arf: Araracuara Formation; sjf: San José Formation. Source: adapted from Nivia

etal. (2011), Maya et al. (2018), and Ibanez Mejia and Cordani (2019).
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U-Pb data were processed using the procedures and algo-
rithms described by Pullen et al. (2018) to make the necessary
linearity corrections of the detection system. In addition to the
primary reference material and to zircons from the San José de
Guaviare Syenite, during our analytical session, several PleSovice
and FC-1 zircon fragments (Duluth Gabbro Complex, Minne-
sota) were also analyzed to assess the precision, accuracy, and
reproducibility of the method. Said secondary materials yielded
weighted average ages of 2*Pb/**U=335.0 + 1.2/3.9 (20, n=21,
MSWD=0.8) for PleSovice and 2Pb/**Pb=1098 + 8/11 (20,
n=23, MSWD=0.3) for FC-1 zircons. The first level of uncer-
tainty reported represents only internal analytical uncertainties,
and the second level of uncertainty includes the propagation
of systematic uncertainty and standardization sources. By in-
cluding the systematic uncertainties, the values assessed in our
analytical session become indistinguishable from the reference
ages of 337.13 £ 0.37 Ma for Plesovice (Slama et al., 2008) and
1099.96 + 0.58 Ma for FC-1 (Ibanez-Mejia and Tissot, 2019),
determined by CA-ID-TIMS, which confirms that the geochro-
nological results reported in this study are accurate and that the
analytical uncertainties have been correctly assigned.

3. GEOLOGICAL FRAMEWORK

The SJGS represents a period of tectonism-related intrusions af-
ter the Precambrian bodies of the Amazonian Craton basement
(Pinson etal., 1962; Vesga and Castillo, 1972), and this magmatic
event was the last relevant igneous activity that occurred in the
western section of the Amazonian craton (Galvis et al., 1979).

According to the K-Ar and Rb-Sr biotite ages assessed by
Pinson et al. (1962), these rocks would be Paleozoic, dated
between the Early Ordovician and the Late Ordovician, with
different episodes of intrusion, although the K-Ar and Rb-Sr
biotite dating methods used actually indicate a cooling be-
low approximately 300 °C. Toussaint (1993) indicates that the
nepheline syenite bodies correspond to the last early Paleozoic
magmatism of the Autochthonous Block (Bloque Autdctono),
resulting from local partial melting of the base of the continen-
tal crust of the Eastern Range (Llanos Orientales), which would
have been affected by a stretching movement that increased the
thermal flow in the region.

Nevertheless, the U-Pb zircon age assessed by Arango et al.
(2012) dated the unit to the Ediacaran (Neoproterozoic), with
a proposed origin from anatexis processes of migmatitic me-

tamorphic rocks, which are related to the Pan-African event

during the Cambrian in the continent Gondwana. The U-Pb
ages assessed in the study conducted by Franco et al. (2018)
are similar, but the authors diverge in their interpretation of
the origin of these rocks, which indicates that the intraplate
alkaline magmatism of the Neoproterozoic-Cambrian, east of
Colombia and absent from the Colombian Andes, could have
derived from Pan-African orogeny during the accretion of mo-
bile belts in the NW continental margin of Gondwana.

The SJGS rocks are overlaid by sedimentary formations
deposited in unconformity over the unit, such as the San José
Formation from the Cretaceous (Figure 1) (Arango etal., 2011,
2012) and the Caja Formation from the Neogene (Maya et al.,
2018). Furthermore, in the southern section of the Cerritos
body, the SJGS is in contact with Proterozoic metamorphic
rocks (Maya et al., 2018), where igneous rocks intrude into
metamorphic rocks, creating a thermal effect, evidenced in the
recrystallization to hornfels and in the formation of injection
migmatites. Approximately 6 km west of the El Capricho body,
a small syenite outcrop (Figure 2) shows that the extent of the
unit is mostly under the sedimentary cover.

Approximately 15 km southwest of the syenite bodies, ba-
sement rocks, named the Guaviare Complex by Maya et al.
(2018) (Termales Gneiss and La Rompida Quartzite), as well
as the Araracuara Formation (Figure 1) crop out, and there are
no other syenite bodies in this section.

4. ResuLts

4.1 Lithology
The San José de Guaviare Syenite, in the southern section, en-
compasses two bodies aligned NW-SE located in the EI Capri-
cho and Cerritos sectors (Figure 2). In general, these bodies
correspond to holocrystalline, phaneritic, hypidiomorphic
rocks, ranging from equigranular (Figure 3A) to inequigranu-
lar. They are leucocratic, with a medium to coarse grain size,
up to pegmatitic (7 cm) (Figure 3B), with a low to medium co-
lor index (7-20%) and with white, gray, and pink hues mottled
with black. The El Capricho body is the most homogeneous
in both composition and texture. The Cerritos body tends to
be heterogeneous, with locally dark-gray fine-grained facies,
which preserve the mineralogical composition, as well as rocks
oriented by a mafic mineral flow (Figure 3 A, C).

In the southern section of the Cerritos body, SJGS intrusion
generated a contact aureole in the regional metamorphic rocks
of the Guaviare Complex, forming hornfels covering an area of
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Figure 2. SJGS compositional distribution

ns: nepheline syenite; nbs: nepheline-bearing alkali-feldspar syenite; sg: syenogranite; sy: syenite; hor: hornfels; sjf: San José Formation; caf: Caja Formation; Q-al:

alluvial deposits; m: samples.

0.1 km?. Although this type of rock only crops out in this zone,
it provides considerable information about the origin of the
syenites. The hornfels have a fine to medium grain, with black,
gray, and red hues, some of which show banding and vestiges
of the original orientation of the rock. At the same place, the
rocks show silicification and form injection migmatites (Figu-
re 3D), with stromatic textures. They are also characterized by
the presence of syenite dikes, intersecting the injection migma-
tites and enveloping hornfels xenoliths.

4.2 Petrography

4.2.1 Syenites

San José de Guaviare syenite comprises mostly rocks with
nepheline-like feldspathoids (Annex 2). Unlike the northern
bodies, described by Arango et al. (2011, 2012), the southern
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bodies contain quartz (Figure 4). The nepheline-bearing rocks
are petrographically classified according to Streckeisen (1976)
into nepheline syenite, nepheline monzosyenite, and nepheli-
ne-bearing alkali-feldspar syenite (Figures 4 and 5a). Two li-
thological facies are recognized in these rocks (Figure 2): one
with a nepheline content higher than 15.7% (facies 1-F1) and
another impoverished in nepheline, with amounts lower than
11.0% (facies 2-F2). Two samples analyzed in this study, collec-
ted in the southernmost section of the La Pizarra body, in the
El Turpial sector, are also nepheline-bearing lithological facies.

The rocks with quartz correspond to syenogranite, syenite,
quartz-syenite, and quartz-alkali feldspar syenite (Figure 4).
According to the quartz content, two facies are differentiated
(Figure 2): facies 3 (F3) is rich in quartz (>19.4%), and facies 4
(F4) is impoverished in it (<9.3%). Both facies are characteri-
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Figure 3. Texture and lithology of macroscopic samples from the SJGS

a) Equigranular, medium grain, slightly oriented; b) Pegmatitic biotite crystals; c) Slight orientation through mafic mineral flow; d) Injection migmatites.

zed by the occurrence of arfvedsonite-like amphibole (Figure
5b). The zone of contact between the SJGS and metamorphic
rocks of the Guaviare Complex shows silicification (Qz>68%),
most likely through host rock assimilation; this sample was
classified as a quartz-rich granitoid (Figure 4).

In general, these rocks have a holocrystalline, hypidiomor-
phic, inequigranular to equigranular texture, with a medium to
coarse grain. Some samples show mineral orientation, defined
by biotite, and others show recrystallization with a polygonal
granoblastic texture (Figure 5¢). Mineralogically, they consist
of microcline, plagioclase, nepheline or quartz, biotite, arfved-
sonite, and aegirine.

Microcline presents as subhedral to anhedral, tabular crys-
tals with gridiron and Carlsbad twinning, which implies for-
mation from orthoclase. Sometimes the microcline forms an

exsolution (perthite and mesoperthite) and myrmekitic fan
texture, with plagioclase, nepheline, biotite, and calcite in-
clusions, and is slightly altered to clays and sericite. Albite to
oligoclase plagioclase, determined using the Michel-Levy me-
thod, forms individual subhedral to euhedral, tabular, zoned
crystals with albite, albite-Carlsbad, and Carlsbad twinning
and with mesoperthitic and anti-perthitic textures, along with
wedge-shaped lamellae and with calcite and biotite inclusions,
sometimes altered to sericite and recrystallized along the grain
boundaries, which causes the loss of extinction that is charac-
teristic of this mineral.

Nepheline is found in subhedral to euhedral crystals with
shapes ranging from rectangular to hexagonal, with simple
twinned crystals and microcline, plagioclase, biotite, and calci-
te inclusions in poikilitic textures, showing slight alteration to
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sericite, cancrinite, and natrolite. Quartz is found in colorless,
clean, uniformly distributed anhedral crystals with undulose
extinction, forming granular mosaics of complete contact with
microcline and plagioclase.
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Figure 4. Classification of the SJGS samples in the QAPF diagram (Streckei-
sen, 1976)
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Biotite is found in subhedral to euhedral, tabular crystals
with strong pleochroism with X(a): pale yellowish brown,
Y (B)=Z(y): dark reddish or greenish brown, simple twinning,
and bird’s eye and undulose extinction. Sometimes the bioti-
te shows a preferential orientation in undeformed clustered
laths, which is therefore interpreted as the flow orientation.
Some crystals have pleochroic halos around inclusions of zir-
con, while others are embayed, skeletal crystals, and they are
replaced by muscovite, sericite, and chlorite along the grain
boundaries.

Arfvedsonite amphibole forms subhedral to anhedral, co-
lumnar to hexagonal crystals, with simple twinning and strong
pleochroism with X (a): bluish green, Y (B): greenish brown,
and Z (y): olive green, in columnar aggregates with biotite, tita-
nite, and zircon. It is replaced by biotite towards the edges and
fractures. Pyroxene-like aegirine is found in short, columnar,
subhedral to anhedral crystals with strong pleochroism with
X (a): dark green, Z (y): brownish yellow, and Y (B): green. Ae-
girine is associated with arfvedsonite through possible trans-
formation to amphibole. Cleavage planes are filled by opaque
minerals possibly due to oxidation.

The primary accessory minerals correspond to granular
opaque minerals, with sharp rhombic, square shapes or with
skeletal textures, which correspond to pyrite and magnetite/il-
menite, in addition to titanite with simple twinning, some frac-
tured and overgrown zircons, calcite-like carbonate, epidote,
apatite, tourmaline, allanite, pyrochlore, and garnet, possibly
melanite. Franco et al. (2018) mention that the syenites contain
large magmatic zircons with a partly metamictic character.

Secondary accessory minerals, such as cancrinite, serici-
te, and natrolite, result from the alteration of nepheline in the
cleavage planes, edges, and fractures of the host mineral. Seri-
cite aggregates with carbonates are also an alteration product
from the interior and edges of microcline, plagioclase, and bio-
tite crystals.

4.2.2 Hornfels

The different types of hornfels identified by petrographic
analysis highlight how the compositional variation of the host
rock was affected by thermal metamorphism during the SJGS
intrusion. Thus, pelitic and mafic protolith hornfels were ini-
tially subjected to regional metamorphism within the Guaviare
Complex and later to thermal metamorphism in amphibolite
facies (previously hornblende hornfels) and pyroxene hornfels.
In addition, feldspar-quartz hornfels correspond to a syenite
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Figure 5. Mineralogy and textures of SJGS rocks
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a) Nepheline (Nph)-, microcline (Mc)-, cancrinite (Ccn)-, and calcite (Cal)-bearing, hypidiomorphic, holocrystalline nepheline syenite; b) Syenite with aggregates
of arfvedsonite (Arf), titanite (Ttn), and biotite (Bt); c¢) Syenite with recrystallized zone in polygonal granoblastic mosaics with straight edges of plagioclase (PI),
quartz (Qz), and microcline (Mc); d) Mafic hornfels with quartz-feldspathic domains and mafic domains (Di: diopside; Hbl: hornblende).

material recrystallized through intrusive processes, which oc-
curred at various stages during the period of magmatism that
originated the SJGS, as also shown by the wide range of ages as-
sessed by geochronology and the many multielement and REE
patterns found in geochemistry.

These rocks have a polygonal granoblastic texture and oc-
casionally relict orientation derived from the original rock.
The feldspar-quartz hornfels mineralogically consist of micro-
cline, plagioclase, quartz, biotite, muscovite, and epidote (An-
nex 2), with zircon, calcite, apatite, titanite, fluorite, and opa-
que minerals as accessory minerals. The pelitic hornfels have

a similar composition to that of feldspar-quartz hornfels but
contain andalusite and sillimanite. The mafic hornfels (Figu-
re 5d) show banding with mafic and quartz feldspar domains,
compositionally differing in the occurrence of hornblende and
clinopyroxene.

Quartz is detected as xenoblast crystals, with undulose ex-
tinction and granoblastic to polygonal texture. Microcline is
identified as subidioblastic to xenoblastic, tabular crystals with
gridiron twinning and slight sericitization. Albite and oligo-
clase plagioclase, as determined using the Michel-Levy me-
thod, ranges from subidioblastic to idioblastic and is tabular,
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with albite twinning, apatite inclusions, and slight alteration
to saussurite. Biotite ranges from subidioblastic to idioblastic
and is laminar with strong pleochroism, X (a): very pale ye-
llow to Y (B)=Z(y): dark brown, some with mimetic orienta-
tion, whereas others are disordered. Occasionally, they exhibit
irregular boundaries and moderate chloritization. Muscovite
is identified as xenoblastic to subidioblastic, laminar crystals
with irregular boundaries and without any orientation, in in-
tergrowths of biotite.

Hornblende is subidioblastic, columnar, with strong pleo-
chroism X (a): pale yellow, Z(y): dark green, Y (B): greenish
yellow, forming aggregates with titanite. Clinopyroxene (diop-
side) is found associated with hornblende in xenoblasts with
slight pleochroism X (a): pale bluish green, Z (y): pale browni-
sh green, Y (B): pale brownish yellow. Hornblende appears to
replace clinopyroxene, most likely due to retrogression. Epi-
dote is associated with biotite, suggesting epidotization, whe-
reas zircon is found in inclusions, forming pleochroic halos in
biotite. The opaque minerals are identified as pyrite, ilmenite,
and magnetite.

4.3 Geochemistry

Eighteen representative samples of the petrographic groups
were selected to analyze major, minor, and trace elements (An-
nex 1). The rocks from the San José de Guaviare Syenite are
classified as nepheline syenites, syenites, and granites, accor-
ding to the classification diagram of plutonic rocks by Cox et
al. (1979) (Figure 6). They were subdivided into three groups
according to their major and trace elements. In general, the
rocks are peralkaline, according to the alkalinity index by Ma-
niar and Piccoli (1989), but some rocks are placed in the meta-
luminous (group 3, mainly) or peraluminous (group 2) fields
(Figure 7).

The samples included in group 1 are classified as nepheline
syenites (Figure 6) and characterized by their low SiO, (53.58-
55.40%), CaO (0.44-1.04%), MgO (0.21-0.80%), and P,O, (0.01-
0.04%) and high A1 O, (20.08-22.81%) and Na,O contents (7.51-
8.98%). These samples have a lower Zr content (61-259 ppm)
than the samples from groups 2 and 3 (134-4070 ppm).

The samples from group 2 are mostly classified as nephe-
line syenites, one of which is classified as syenite (Figure 6).
They show a higher SiO, content than those of group 1 (56.35-
63.86%) and are characterized by their low CaO (0.04-0.49%),
MgO (0.03-0.46%), and PO, (<0.01-0.09%) and high Al O,
(18.53-22.76%) and Na O contents (6.10-9.56%).
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Some samples have abnormally high concentrations of
Zr (4070 and 1970 ppm). These values may be related to the
abundance of zircon. In this group, the high Nb content is also
notable (up to 625 ppm in sample JDB-0011R), which can be
explained by the presence of trace pyrochlore contents in the
rock. The rocks of groups 1 and 2 are generally impoverished
in TiO,, and the samples from group 2 have a very low modal
proportion or do not contain titanite in their mineralogy, in

contrast to those from groups 1 and 3.
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Figure 6. Total alkali-silica (TAS) diagram (Cox et al., 1979) of SJGS rocks,
divided into three compositional groups
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Figure 7. Alkalinity index (Maniar and Piccoli, 1989) of SJGS rocks
The rock samples mainly belong to the peralkaline field.
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The samples associated with group 3 include rocks satu-
rated and subsaturated with SiO, (56.31-74.20%). They are
mainly classified as syenites and granites (Figure 6). In con-
trast to the rocks from the two previous groups, these rocks are
impoverished in AL,O, (12.63-18.53%) and Na,O (3.30-6.63%)
and enriched in CaO (0.26-3.60%), MgO (0.13-1.82%), and
PO, (0.02-0.53%).

When graphed on primitive mantle-normalized multiele-
ment diagrams (McDonough et al., 1992) (Figure 8), group 1
is homogeneous, showing negative U, Th, and light rare-earth
elements (LREE) anomalies and a slightly positive Sr anomaly.
Group 2 is heterogeneous and shows a pointed pattern, with

negative Ba anomalies and positive U, K, Sr, and Zr anomalies
in some samples. Group 3 shows a relatively coherent pattern,
with negative Sr and Ti anomalies and with some variability in
elements such as Ba, Th, U, and LREE.

In chondrite-normalized REE patterns (Figure 8), group 1
shows enrichment in LREE over middle (MREE) and heavy
rare-earth elements (HREE), and the slope of the curve is rela-
tively gentle (La/Yb) =19.2-23.2. Group 2 displays a “reverse
spoon” pattern, showing a relative impoverishment in MREE
[(La/Sm) =4.0-11.1 (Sm/Yb) =0.2-2.9] compared to LREE
and HREE; some samples show a slight (CAL-0023R and CAL-
0017R) to strong positive Eu anomaly (ENA-0036R), which
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Figure 8. Primitive mantle- (McDonough et al., 1992) (a, b and c) and chondrite- (McDonough and Sun, 1995) (d, e and f) normalized multielement diagrams of

SJGS rocks
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indicates a possible plagioclase accumulation during the mag-
matic history or the inheritance of this pattern from the origi-
nal source. Group 3 is less homogeneous than the other groups
and shows an enrichment in LREE in relation to HREE, with
a relatively gentle slope [(La/Yb) =8.9 - 28.0]; these samples
show a negative Eu anomaly, except two samples (CAL-0008R
and CMR-0013R) had a slightly positive Eu anomaly. Most li-
kely, the REE patterns reflect early differentiation of titanite
and consequent loss of these magmatic elements.

The phase diagram of the NaAlISiO -KAISiO,-SiO, system
(Hamilton and Mackenzie, 1965) (Figure 9) shows that the
Si-subsaturated rocks of the San José de Guaviare Syenite are
defined by a crystallization sequence in which, once the tem-
perature decreases, two pathways occur: one in which nephe-
line crystallizes first, and another in which potassium feldspar
crystallizes first, as shown by the textural relationships of eu-
hedral nepheline inclusions in feldspar crystals, whereas other
samples exhibit feldspar crystals in nepheline. In both cases,
the residual liquid corresponds to nepheline syenite magma.

Si-saturated magmas (especially in group 3), which are
found at the top of the Ab-Or line, when the temperature de-
creases, initially crystallize alkali feldspar or quartz. As the
temperature decreases, the liquid increases or decreases in Si.
The final outcome of the fractionation corresponds to granite
magma. These paths are reflected in granitic rocks in which
quartz is the last crystallization phase.

o Group 1
m Group 2
m Group 3

Rocks with intermediate compositions between both com-
positions, which correspond to syenites, should tend towards
either of the previous two during the fractional crystallization
process, meaning the abundance of these rocks results from
magma mixing (Storey et al., 1989), assimilation of continental
crust (Motoki et al., 2010), or absorption of previously preci-
pitated cumulus feldspar material by new magma inside the
magma chamber (Wolft, 2017).

The Silica Saturation Index (SSI) vs. (K*Na)/Al diagram
(Figure 10a) shows that the rocks from groups 1 and 2 are
classified as alkaline rocks, whereas the rocks from group 3
primarily belong to the nonalkaline field. In general, the sam-
ples define a linear pattern, especially those of group 3, in
which (K*Na)/Al does not decrease when transitioning from
a S§iO,-subsaturated (SSI<0) to a SiO,-saturated (SSI>0) mag-
ma, which indicates crust assimilation, possibly alkaline. The
patterns observed in the Rb/K vs. Nb/Y diagram (Figure 10b)
suggest that the samples from group 1 are the least evolved
and the closest to the original composition of the magma and
that the samples from groups 2 and 3 were mainly formed by
fractional crystallization and assimilation of continental crust,
respectively.

The fractioning of titanite and zircon is noticeable in the
diagrams of Figure 10c, d, e, in which the samples of the three
groups are clearly separated. The anomalies observed in the
REE patterns are also expressed in the diagrams of Figure 10f,
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Figure 9. a) Rock composition in the Q-Ne-Ks system; b) Equilibrium phase diagram for the NaAlSiO,-KAISiO,-SiO, system at 1 kbar

Source: adapted from Hamilton and Mackenzie (1965).
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Figure 10. Compositional variation diagrams of SJGS rocks

a) Silica saturation index (SSI) vs. (K+Na)/Al; b) Rb/K vs. Nb/Y; ¢) Zr/TiO, vs. K,0/(K,0+Na,0); d) Zr/TiO, vs. (K+Na)/Al; e) Zr/TiO, vs. SSI; f) (Sm/Sm*)* vs.

Total REE; g) Eu/Eu* vs. Total REE; h) Eu/Eu* vs. SSI. Source: adapted from Motoki et al. (2015). The diagram also shows data from Arango et al. (2012).
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g, h, which show the effect of assimilation processes of the con-
tinental crust in addition to fractional crystallization proces-
ses. In the latter, the samples of groups 1 and 2 are connected
by trends of fractional crystallization, albeit opposite to those
observed in Figure 10b.

Field relationships showed the presence of metamorphic
xenoliths partly absorbed in syenites in the southern section of
the body. These xenoliths comprise rocks rich in SiO,, which
include the Si-saturated rocks of group 3. However, the rela-
tionship between the rocks of groups 2 and 3 is not limited
to a simple assimilation model. The patterns observed in the
diagrams presented by Motoki et al. (2010, 2015) indicate com-
bined processes of fractional crystallization in groups 1 and 2
and assimilation in group 3.

In the Rb vs. (Y+Nb) tectonic discrimination diagram
(Pearce et al., 1984), all rocks are placed in the within-plate
granite (WPQG) field (Figure 11), which corroborates the fin-
dings of other studies on the same unit, conducted north of the
study area (Arango et al., 2011, 2012).

The comparison analysis of syenite rocks identified to the
south and those to the north of SJGS reported in the study by
Arango et al. (2011, 2012) shows that the compositional va-
riation is higher in the southern SJGS rocks, which include
nepheline syenites, syenites, and granites, whereas the nor-
thern SJGS rocks consist of only nepheline syenites (Figure 6).

In the multielement and REE diagrams (Figure 12), the
northern SJGS (Arango et al., 2011, 2012) shows geochemical
patterns similar to those of groups 2 and 3, defined for sou-
thern SJGS rocks; three samples show geochemical patterns si-
milar to those of group 2, and the other three, to those of group
3. Sample 5000421 is deviates slightly from the pattern because
it is impoverished in HREE relative to the group 3 field.

Although the composition of northern SJGS rocks is res-
tricted to nepheline syenites, the main geochemical characte-
ristics are similar to those of southern SJGS rocks, as are the
concave-upward REE patterns, resulting from the impoverish-
ment in MREE, slightly positive Eu anomaly, and positive Sr

Table 1. Sm-Nd and Sr isotopic data of the SJGS
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Figure 11. Tectonic discrimination diagram (Pearce et al., 1984) of the SJGS
The samples belong to the field of within-plate granites (WPG)

and Zr anomalies in group 2 and the relative enrichment in
LREE in relation to the other groups, slightly negative Eu ano-
maly, and negative Sr and Zr anomalies in group 3.

4.4 |sotopes

The results from the Sm-Nd and Sr isotope analyses of two
nepheline syenite (CAL-0014R, group 1, and JDB-0011R,
group 2) and one syenogranite sample (JDB-0024R, Grupo 3)
are outlined in Table 1. Based on geochronological data (An-
nex 3), a crystallization age of 604 Ma was used to calculate the
€,,(T) and the initial ¥’Sr/*Sr ratio of the samples.

The samples have positive values of ¢ ,(604), ranging from
+0.8 to +1.8, with T model ages ranging from 920 to 1000
Ma (Figure 13a). The e, values of the two nepheline syenite
samples are very similar (+1.8 and +1.6) and slightly higher
than that of the syenogranite sample (+0.6). In turn, the T
model ages of the nepheline syenite samples are consistent

Sample Sm (ppm) Nd (ppm) 13Nd/4Nd 17Sm/14Nd £, (T) T,x(Ga) Rb(ppm) Sr(ppm) 87Sr/%6Sr 87Rb/%6Sr 7Sr/%6Sr, T(Ga)
CAL0014R 15.77 100.06 0.512320(+13) 0.0952 +1.6 0.93 1135 4710.0 0.70536 (+1) 0.0699 0.70477 0.604
JDB-0011R 5.17 32.86 0.512329 (+17) 0.0952 +1.8 0.92 149.5 1220.0 0.70836 (+1) 0.3556 0.70536 0.604
JDB-0024R 14.44 90.41 0.512272 (+16) 0.0966 +0.6 1.00 157.5 249.0 0.72218 (+5) 1.8378 0.70665 0.604

The uncertainties in the last two digits of the *Nd/***Nd ratios and in the last digit of the *’Sr/*Sr ratio are 20. The values of the "*Nd/***Nd,,; and *’Sm/***Nd
ratios used in the calculations were 0.512638 and 0.1966, respectively (Jacobsen and Wasserburg, 1980, 1984). Ty,,, model ages according to the depleted mantle model
of DePaolo (1981). The concentrations of Rb and Sr were determined by ICP-MS analysis (Annex 1). The ¥Rb/*Sr ratio was calculated according to the procedure

described by Faure and Mensing (2005).
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Figure 13. Isotope characteristics of the samples analyzed in this study
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(0.92 and 0.93 Ga), whereas the model age of the syenograni-
te sample is slightly older (1.0 Ga). With initial Sr/%Sr ratios
ranging from 0.7048 to 0.7067, the isotope signatures of these
samples range from those of typical mantle-derived magmas
within the mantle array region until reaching decoupled sig-
natures to the right of this field, characterized by high initial
ratios of ¥Sr/*Sr (Figure 13b). The latter is the case for the sye-
nogranite sample, which has an initial ¥Sr/*Sr ratio of 0.7067,
whereas the nepheline syenite samples have lower ratios of
0.7048 and 0.7054.

4.5 Geochronology

Geochronological analyses were performed using the LA ICP-
MS U-Pb zircon method in two syenite samples (Annex 3), one
located in the El Capricho body (JDB-0001R) and the other
located in the Cerrito body (OPP-0074R) (Figure 14).

Authors such as Pinson et al. (1962), Arango et al. (2011,
2012), Franco et al. (2018), and Mufoz Rocha et al. (2019)
have reported ages ranging from the Ordovician to the Neo-
proterozoic for syenite rocks, calculated using different me-
thods (Table 2). By K-Ar and Rb-Sr isotope dating of biotites,
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Figure 14. Ages of the different rock bodies that form the San José de Guaviare Syenite
Source: 1) Pinson et al. (1962); 2) Arango et al. (2011, 2012); 3) Maya et al. (2018); 4) Franco et al. (2018); 5) Mufioz Rocha et al. (2019); and 6) the present study.
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Table 2. Ages of SJGS rocks assessed by different authors

Sample Lithology Reported age (Ma) Recalculated age (Ma) Method/material Reference
B3592 Syenite 445 + 22 457 23 K-Ar/Biotite (1) Pinson et al. (1962)
B3592 Syenite 460 + 23 472 £ 24 K-Ar/biotite (1) Pinson et al. (1962)
B3635 Syenite 445 £ 22 457 £ 23 K-Ar/biotite (1) Pinson et al. (1962)
B3636 Syenite 460 + 23 472 + 24 K-Ar/biotite (1) Pinson et al. (1962)
B3637 Syenite 485 + 25 498 + 26 K-Ar/biotite (1) Pinson et al. (1962)
B3637 Syenite 495 + 25 508 + 26 Rb-Sr/biotite (1) Pinson et al. (1962)
IGM500410 Nepheline syenite 49415 Ar-Ar/biotite (2) Arango et al. (2011, 2012)
IGM500410 Nepheline syenite 396.4 % 4.2 Ar-Ar/biotite (2) Arango et al. (2011, 2012)
IGM500412 Nepheline syenite 577.8+6.3 U-Pb/zircon (2) Arango et al. (2012)
JDB-0001R (IGM5075537) Nepheline syenite 6047 U-Pb/zircon (3) Maya et al. (2018)
OPP-0074R (IGM5075695) Syenite 621+7 U-Pb/zircon (3) Maya et al. (2018)
- Nepheline syenite 608+ 1 U-Pb/zircon (4) Franco et al. (2018)
SNG-1 Nepheline syenite 602+3 U-Pb/zircon (5) Muiioz Rocha et al. (2019)
SNG-1 Nepheline syenite 608.5+ 1.0 U-Pb/zircon (5) Mufioz Rocha et al. (2019)
JDB-0001R (IGM5075537) Nepheline syenite 6047 U-Pb/zircon (6) Present study
OPP-0074R (IGM5075695) Syenite 620.5+7.5 U-Pb/zircon (6) Present study

The ages calculated by Pinson et al. (1962) are corrected according to the constants of Steiger and Jager (1977) and to data published by Maya (1992).

Pinson et al. (1962) assessed ages ranging from 445 to 495 Ma
for the La Pizarra body, which were considered ages of cooling
by uplift followed by erosion or metamorphism, processes pla-
ced between the early and the Late Ordovician. A similar age
0f494.1 £ 5 Ma, assessed in the same La Pizarra body using the
“Ar/*Ar biotite method, was reported by Arango et al. (2011,
2012). This age corresponds to the late Cambrian (Furongian)
and was interpreted as a cooling age. Another age reported by
Arango et al. (2011, 2012), using the U-Pb zircon method, is
577.8 + 6.3-9 Ma (Ediacaran), which would be considered the
age of crystallization. Other, more recent studies have yielded
crystallization ages, assessed using the U-Pb zircon method,
of 602 + 3 and 608 + 1 Ma (Ediacaran) for El Jordan syenite
(Franco et al., 2018; Muiioz Rocha et al., 2019), which is found
the southern section of the Cerritos body (Figure 14).

4.5.1 Nepheline syenite (JDB-0001R)

Zircons are in general anhedral and irregular, with a coarse
concentric zoning of dark centers and lighter edges (Figure 15a,
Annex 4). In dark zones, the uranium content is high, and the
igneous fine oscillatory zoning is well defined. In contrast, in
light zones, the uranium content is low, and the zoning is less
perceptible or completely absent. The origin of this coarse zo-
ning is not defined and could be associated with patchy zoning,
attributed to local recrystallization along microfractures, accor-
ding to Corfu et al. (2003). This characteristic is observed in one
of the crystals with light veinlets that penetrate the dark zone
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Figure 15. Cathodoluminescence images of SJGS zircons analyzed by LA-ICP-
MS
a) Nepheline syenite (JDB-0001R); b) Syenite (OPP-0074R).
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with good igneous fine zoning. The dark, uranium-rich areas
may have begun to grow in a magma with a high content of this
element, but the amount of uranium decreased due to assimila-
tion of host rocks, as shown by the geochemical analysis.

The weighted-average **Pb/**U age of this rock is
604.3 +2.2/7.0 Ma (20, n=45, MSWD=1.6), where the first level
of uncertainty represents only internal analytical uncertainties,
and the second level of uncertainty includes propagation from
systematic and standard sources. This dating is interpreted as

o data-point error symbols are 2a
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Figure 16. SJGS sample JDB-0001R

the age of the magmatic event (Figure 16a) and corresponds to
the Ediacaran period of the Neoproterozoic. The **Pb/>*U age
that should be cited is 604 + 7 Ma because this value was calcu-
lated considering all sources of uncertainty, both internal and
systematic, as well as standardization. Two (inherited) zircon
xenocrysts yielded individual 2°Pb/**U ages of 647 + 14 and 662
+ 19 Ma (Figure 16b, blue ellipses), and their ages support the
assumption of a lengthy magmatism because the area shows no
known igneous or late Neoproterozoic metamorphic events.
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4.5.2 Syenite (OPP-0074R)

The zircons in this sample are euhedral and prismatic, with
well-defined igneous oscillatory zoning along the grain boun-
daries, whereas cores with concentric, sectorial, and chaotic
zoning, homogeneous light and dark textures, and inclusions
are observed at the center in some crystals (Figure 15b, Annex
5). Other zircons have radial fractures, which are attributed to
marked differences in uranium content within the zircon, ac-
cording to Corfu et al. (2003).

The weighted-average **Pb/>*U ages of this sample is
620.5 £ 3.6/7.5 Ma (20, n=14, MSWD=1.2), which is interpre-
ted as the crystallization age of this intrusive body during the
Ediacaran (Figure 17a). For sample JDB-0001R, the **Pb/>5U
age that should be cited is 620.5 £+ 7.5 Ma, which includes all
sources of uncertainty. Besides the zircons from the magma-
tic event, two inherited zircons yielded older 2°Pb/**U ages of
648 + 10 and 685 + 15 Ma (Figure 17b). Four analyses with
apparently younger **Pb/>*U ages are clearly discordant (gray
ellipses in Figure 17b); these values are affected by Pb loss and
were therefore disregarded when calculating the crystallization
age of this sample.

5. DiscussioN

The petrological evidence, the geochemical data, and the isoto-
pic compositions of the nepheline syenite samples analyzed in
this study (Figure 13b) indicate that the SJGS rocks derive from
anorogenic and mantle-derived alkaline magmas subjected to
magmatic differentiation and crustal assimilation.

Some of the magmas underwent fractional crystallization,
resulting in Si-subsaturated compositions, which formed nephe-
line syenites. Others possibly reacted at the crustal level with the
host rock, metamorphic rocks of the Guaviare Complex of va-
ried compositions (Maya et al., 2018), producing some silica-sa-
turated magmas, such as syenogranite. Such a contamination
process is reflected in the isotope composition of a syenogranite
sample, with an anomalously high initial ¥Sr/*Sr ratio (0.7067,
in contrast to the ratios of 0.7048 and 0.7054 of the nepheline
syenite samples), which could have resulted from crustal assimi-
lation of host rocks and/or rocks with low Rb/Sr ratios. Simulta-
neously, this contamination would also produce a lower ¢, va-
lue, assessed in syenogranite (+0.6), and an apparently older T |
model age of 1000 Ma, in contrast to the model ages of 920 and
930 Ma assessed in the nepheline syenite samples. A similar ori-
gin has been suggested in other regions of the world where rocks

are simultaneously subsaturated and saturated in silica (Foland
etal, 1993; Zhu et al., 2016).

U-Pb zircon ages reported by different authors, such as
Arango et al. (2012), Franco et al. (2018), and Muioz Rocha et
al. (2019), and those assessed in this study indicate that syenite
was intruded in the Ediacaran period of the Neoproterozoic, in
a magmatic age range of at least 30 Ma, between 621 — 7 and
577.8 + 6.3 Ma, which would indicate that the syenite magmas
were not all intruded simultaneously but rather that multiple
intrusions occurred during that period. The samples dated in
this study contain inherited zircons with a minimum age of
662.3-19.2 Ma, that is, 643.1 Ma (Annex 3), and these zircons
may be “antecrysts” formed in initial magma chambers of the
syenites because no rocks of those ages are known in the area.
Thus, the alkaline magmatism would have lasted approxima-
tely 59 million years. In the state of Bahia, Brazil, the alkaline
magmatism associated with rifting lasted at least 58 million
years (Rosa et al., 2007).

The Ar-Ar, K-Ar, and Rb-Sr biotite ages of intrusive rocks
generally correspond to cooling ages. However, the large inter-
val between the most recent U-Pb age (577.8 + 6.3 Ma) and the
oldest K-Ar age (508 + 26 Ma) (Table 2) indicates a cooling age,
below 300 °C, of 37 million years. Considering that hornfels
were formed in the contact between syenite and regional me-
tamorphic rocks, with injection migmatites, and not regional
anatectic migmatites, the intrusion would have occurred at a
depth of a few kilometers. Accordingly, cooling to 300 °C unli-
kely lasted 37 million years. Moreover, data presented by Arango
et al. (2012) show that stepwise-extracted Ar fractions do not
plateau well, which may result from excessive recoil during the
¥K(n,p)*Ar reaction produced by irradiation, a complex ther-
mal history, or the combination of both factors. The two possi-
ble events that may have generated a complex thermal history
and that may have disturbed the K-Ar/*Ar-*Ar systems are:
1) the Cambro-Ordovician sedimentary cover in the area may
have been quite thick, which would have resulted in a complex
cooling history of the syenites or allowed the syenites to reheat
during tectonic burial; and 2) an important thermal event may
have affected the western margin of the Amazonian Craton du-
ring the Cretaceous, as suggested by the presence of basaltic di-
kes dated at 102 Ma in the Araracuara region (Ibafiez-Mejia and
Cordani, 2020). Although these rocks have not been reported
in the Guaviare region, currently available data prevent us from
ruling out the presence of a recent thermal event (for example,
Cretaceous) in the area. Thus, the thermal and post-Ediacaran
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tectonic burial history of the zone should be further studied to
address these unanswered questions in the future.

The following model is proposed for the zone: At the end
of the Neoproterozoic, a series of rifts enabled the disintegra-
tion of the Rodinia supercontinent into new continents. Du-
ring this rifting period, at approximately 600 Ma, the northern
zone of the Amazon was separated from Laurentia and Baltica,
forming the Iapetus ocean (Condie, 2011; Cawood and Pisare-
vsky, 2017). Some of the rifts in the NW Amazon could have
favored the intrusion of alkaline silica-subsaturated magmas,
most likely generated by partial melting of mantle-derived ig-
neous rocks during previous magmatic events, as indicated by
the T model ages of 920 and 930 Ma assessed in the nepheli-
ne syenite samples. These ages suggest that the source rocks of
the SJGS magmas were likely formed during the Putumayo tec-
tono-magmatic event, whose thermal and lithological record
is common in several crustal segments of the northern Andes
(Kroonenberg, 1982; Restrepo-Pace et al., 1997; Ramos, 2010;
Cardona et al.,, 2010; Ibafiez-Mejia et al., 2011, 2015). Based
on the isotope characteristics described in this study, an alter-
native origin of nepheline syenites related to juvenile mantle
magmas (separated from the mantle at ~600 Ma) contami-
nated with older crust can also be ruled out; if such an origin
were true, this contamination should have produced Si-satu-
rated magmas, and therefore nepheline syenites would not
have been formed in the first place, and their isotope signature
would also be altered, moving away from the mantle array, as
in the case of syenogranite.

Other authors have proposed different origins, such as
crustal anatexis (Arango et al,, 2011, 2012; Toussaint, 1993) or
intraplate magmatism associated with Pan-African orogeny
(Franco et al., 2018), which are not supported by isotope or re-
gional geological data. Furthermore, Si-subsaturated magmas
most likely cannot be derived from partial melting of common
crustal rocks, which are typically saturated in quartz. Most
data on alkaline magmatism reported in the literature indicate
mantle sources with isotope signatures similar to those found
in this study (Fitton and Upton, 1987; Winter, 2001).

6. CONCLUSIONS
U/Pb zircon dating of SJGS rocks places the unit in the Edia-
caran, between 604 *+ 7 and 620.5 + 7.5 Ma. The SJGS derives

from anorogenic magmatism in an intraplate setting, most li-

kely resulting from rift-like stretching during the fragmenta-
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tion of Rodinia at the end of the Neoproterozoic. The sources
of the SJGS magmas would have been magmatic rocks directly
formed by partial mantle melting during the Putumayo tecto-
no-magmatic event.

The different syenite bodies consist of nepheline syenites,
nepheline-bearing alkali-feldspar syenites, syenites, and sye-
nogranites. The coexistence of nepheline- and quartz-bearing
rocks could have resulted from the reaction between syenite
magma and crustal rocks, which would have produced some
silica-saturated magmas, such as the syenogranites that occur
in southern SJGS bodies (El Capricho and Cerritos).

The southern SJGS syenite bodies tend to have broader
compositions than the northern SJGS bodies, where the recor-
ded rocks exclusively comprise nepheline syenites.

The SJGS is subdivided into three geochemical groups with
contrasting characteristics that denote processes associated
with the magmatic evolution of the igneous body, which inclu-
de crustal differentiation and assimilation.

The intrusion of the SJGS generated a thermal metamor-
phism, in amphibolite and pyroxene-hornfels facies, in the
host rocks of the Guaviare Complex, which allowed the re-
crystallization of minerals and the formation of hornfels and
injection migmatites. A history of slow cooling, or a more re-
cent thermal event not yet identified, affected the K-Ar/*Ar-
¥ Ar systems of the syenites, yielding significantly younger ages
than those assessed using the U-Pb zircon dating method.
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ANNEXES

ANNEX 1. GEOCHEMICAL DATA FOR THE SAN JOSE DEL GUAVIARE SYENITE

Group 1 Group 2
Sample CAL-0013R CAL-0014R JDB-0002R CAL-0017R CAL-0019R CAL-0023R CAL-0024R ENA-0036R JDB-0011R
IGM 5075307 5075308 5075538 5075316 5075318 5075322 5075323 5075503 5075547
Oxide (%)
Sio, 55.40 53.58 55.03 58.69 57.00 57.16 60.03 56.35 56.79
Tio, 0.72 1.54 0.71 0.24 0.46 0.20 0.52 0.24 1.30
ALO, 22.80 20.81 22.08 21.87 22.23 22.76 19.04 22.67 19.26
Fe,0, 2.47 5.32 3.43 2.83 3.72 2.01 5.55 2.39 4.77
MnO 0.07 0.18 0.10 0.06 0.13 0.05 0.13 0.05 0.26
MgOo 0.21 0.80 0.34 0.08 0.29 0.06 0.04 0.03 0.46
Ca0 0.44 1.04 0.50 0.19 0.13 0.22 0.24 0.45 0.49
Na,0 8.98 7.51 8.93 9.56 9.02 9.38 6.10 8.74 8.14
K,0 6.87 6.78 6.15 4.68 5.92 6.08 7.55 7.34 5.28
BaO 0.10 0.32 0.20 0.02 0.03 0.05 0.11 0.05 0.17
SrO 0.20 0.49 0.21 0.02 0.02 0.13 0.18 0.13 0.12
Zr02* 0.01 0.03 0.01 0.55 0.13 0.04 0.02 0.05 0.27
PO, 0.01 0.02 0.04 <0.01 0.01 0.01 0.01 0.01 0.09
Cr,0, 0.02 <0.01 0.03 <0.01 0.04 0.04 <0.01 0.03 <0.01
LOI 0.85 0.69 0.63 0.50 0.58 1.34 0.31 1.05 0.67
Total 99.15 99.11 98.39 99.29 99.71 99.53 99.83 99.58 98.07
Element (ppm)
Ba 791.00 3110.00 1830.00 152.00 97.80 379.00 843.00 301.00 1670.00
Rb 110.00 113.50 98.70 198.00 309.00 222.00 211.00 126.50 149.50
Sr 1870.00 4710.00 1990.00 124.00 119.00 1255.00 1665.00 1260.00 1220.00
Cs 0.50 0.58 0.38 0.56 1.69 1.11 1.01 0.28 1.02
Ga 19.40 23.10 20.70 37.00 28.70 28.00 23.30 23.10 29.80
Ta 14.30 23.70 8.50 20.40 16.10 9.80 7.50 4.00 32.10
Nb 139.50 312.00 111.00 223.00 244.00 186.00 140.00 71.20 625.00
Hf 3.50 7.30 1.90 77.40 16.20 7.00 2.50 7.80 36.60
Zr 110.00 259.00 61.00 4070.00 933.00 267.00 134.00 384.00 1970.00
Y 20.50 38.90 16.20 9.70 5.40 5.00 7.40 4.20 15.60
Th 1.34 3.73 0.94 16.75 17.20 12.95 6.94 5.72 16.30
U 0.32 1.00 0.24 74.20 25.10 9.55 13.25 4.06 22.40
Cr 20.00 40.00 20.00 20.00 20.00 20.00 40.00 20.00 20.00
Ni <1 2.00 1.00 <1 1.00 <1 <1 <1 <1
Co <1 2.00 <1 1.00 2.00 <1 <1 <1 1.00
Sc 0.80 1.50 1.10 1.20 1.40 0.80 0.60 0.80 1.10
\ 15.00 59.00 20.00 16.00 11.00 12.00 40.00 12.00 27.00
Cu <1 2.00 2.00 7.00 1.00 1.00 1.00 3.00 <1
Pb 2.00 24.00 <2 25.00 13.00 8.00 9.00 12.00 9.00
Zn 46.00 107.00 72.00 56.00 106.00 43.00 104.00 36.00 139.00
Ti 0.18 0.18 0.15 0.49 0.72 0.50 0.16 0.24 0.17
Bi <0.01 <0.01 <0.01 0.01 0.01 0.01 0.01 <0.01 0.01
Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sn 1.00 3.00 1.00 1.00 2.00 1.00 2.00 1.00 3.00
W 3.00 6.00 3.00 3.00 3.00 2.00 3.00 3.00 5.00
Li <10 10.00 <10 10.00 20.00 10.00 10.00 <10 10.00
Mo <1 <1 <1 <1 <1 <1 <1 <1 <1
Hg 0.02 0.02 0.03 0.01 0.06 0.03 <0.005 0.04 0.02
As 0.10 0.10 <0.1 0.20 0.20 0.20 0.50 0.30 0.20
Se <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Sb <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
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In 0.01 0.03 0.01 0.01 0.01 0.01 0.02 0.01 0.03
Te 0.02 0.01 0.03 0.03 0.05 0.03 <0.01 0.02 0.02
La 36.20 76.40 34.20 8.00 11.90 14.40 32.90 15.30 29.80
Ce 118.50 216.00 96.60 14.20 22.40 24.40 51.20 25.60 74.20
Pr 17.20 28.80 12.65 1.29 2.26 2.30 476 2.36 8.42
Nd 69.00 113.50 48.20 4.30 7.20 6.90 15.00 7.70 30.10
Sm 10.90 17.50 7.93 0.67 1.01 0.93 2.09 112 4,65
Eu 3.19 5.41 2.42 0.31 0.30 0.37 0.67 0.77 1.50
Gd 7.58 13.15 5.37 0.64 0.65 0.72 1.45 0.75 3.30
Tb 1.09 1.92 0.84 0.16 0.13 0.14 0.24 0.13 0.54
Dy 571 9.95 4.24 0.98 0.78 0.84 1.26 0.71 3.16
Ho 0.85 1.65 0.72 0.35 0.18 0.17 0.28 0.12 0.64
Er 212 4,09 1.66 1.59 0.63 0.57 0.83 0.52 191
Tm 0.24 0.50 0.20 0.36 0.14 0.11 0.12 0.08 0.36
Yb 1.24 271 1.00 3.08 1.09 0.75 0.78 0.56 2.20
Lu 0.15 0.32 0.11 0.65 0.19 0.15 0.10 0.09 0.43
Group 2 Group 3
Sample OPP-0064R CAL-0008R CMR-0013R CMR-0027R-1 JDB-0024R OPP-0061R OPP-0065R OPP-0073R-] OPP-0074R
IGM 5075674 5075302 5075382 5075396 5075560 5075671 5075675 5075694 5075695
Oxide (%)
Sio, 63.86 59.14 56.31 61.25 66.07 67.68 69.70 74.20 64.09
Tio, 0.18 0.99 1.35 0.85 0.63 0.55 0.49 0.13 0.85
ALO, 18.53 18.53 17.12 17.22 16.75 15.18 14.42 12.63 16.38
Fe,0, 2.07 4.08 5.54 421 3.27 3.03 3.04 2.57 3.88
MnO 0.06 0.13 0.15 0.14 0.14 0.03 0.07 0.05 0.11
MgO 0.16 0.64 1.82 0.77 0.44 0.44 0.34 0.13 0.68
Ca0 0.04 1.24 3.60 1.84 0.61 0.26 0.70 0.33 1.24
Na,0 6.76 6.36 6.63 6.42 5.74 5.08 495 3.30 5.79
K,0 6.47 5.95 4.40 558 6.03 5.50 5.40 5.44 5.82
BaO 0.10 0.26 0.39 0.11 0.15 0.05 0.09 0.07 0.10
SrO 0.07 0.18 0.33 0.09 0.03 0.03 0.05 0.01 0.06
Zro2* 0.11 0.06 0.06 0.11 0.17 0.08 0.07 0.08 0.08
PO, 0.01 0.15 0.53 0.17 0.10 0.10 0.09 0.02 0.16
Cr,0, <0.01 <0.01 <0.01 <0.01 0.01 0.01 0.01 0.01 <0.01
LOI 0.27 0.69 113 0.11 0.60 0.43 0.26 0.46 0.31
Total 98.69 98.40 99.36 98.87 100.74 98.45 99.68 99.43 99.55
Element (ppm)
Ba 945.00 2270.00 3800.00 855.00 1185.00 439.00 744,00 529.00 713.00
Rb 166.50 163.00 122.00 173.00 157.50 278.00 146.00 322.00 229.00
Sr 644.00 1690.00 3100.00 752.00 249.00 306.00 472.00 115.00 474.00
Cs 0.42 1.09 1.50 0.50 0.38 2.19 0.55 1.46 1.57
Ga 30.40 20.90 23.80 25.50 22.90 25.70 19.90 21.90 23.10
Ta 1.70 10.60 6.40 9.90 4.50 14.00 9.90 5.70 16.90
Nb 46.60 147.50 112.50 152.50 114.00 185.50 128.00 67.10 219.00
Hf 15.50 7.50 9.60 16.30 26.70 14.70 12.00 21.70 14.70
Zr 798.00 416.00 457.00 821.00 1280.00 607.00 487.00 622.00 619.00
Y 8.90 3430 44.40 38.70 141.00 31.50 45.90 31.40 102.00
Th 6.93 5.10 12.70 30.30 10.65 24.80 16.30 180.00 22.40
u 4.01 1.10 4.75 8.38 2.20 571 3.04 68.00 5.08
Cr 20.00 20.00 20.00 40.00 20.00 20.00 30.00 20.00 30.00
Ni <1 <1 <1 <1 <1 <1 <1 1.00 3.00
Co 1.00 1.00 2.00 2.00 1.00 2.00 1.00 3.00 4.00
Sc 0.70 1.20 2.40 1.10 2.50 1.90 1.20 1.00 1.60
\ 19.00 37.00 91.00 46.00 7.00 35.00 28.00 17.00 43.00
Cu 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 15.00
Pb 16.00 14.00 15.00 18.00 18.00 10.00 14.00 19.00 30.00
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Zn 52.00 83.00 106.00 104.00 86.00 37.00 44,00 14.00 86.00
Ti 0.06 0.24 0.17 0.06 0.11 0.11 0.10 0.07 0.10
Bi 0.01 <0.01 0.02 0.02 0.01 0.06 0.02 0.14 0.08
Cd <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
Sn 1.00 3.00 3.00 4,00 2.00 5.00 4,00 1.00 6.00
w 5.00 5.00 7.00 1.00 1.00 5.00 5.00 8.00 6.00
Li <10 20.00 10.00 <10 10.00 20.00 <10 <10 20.00
Mo <1 <1 2.00 <1 <1 3.00 3.00 1.00 2.00
Hg 0.01 0.02 0.01 <0.005 0.01 0.02 <0.005 0.01 0.01
As 0.20 <0.1 0.30 0.50 <0.1 <0.1 0.30 0.50 0.30
Se <0.2 <0.2 <0.2 0.30 <0.2 <0.2 <0.2 <0.2 0.40
Sb <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.09 <0.05
In 0.01 0.03 0.02 0.02 0.04 0.02 0.02 0.01 0.04
Te <0.01 0.02 0.03 0.01 0.01 <0.01 0.02 0.02 0.02
La 33.10 99.10 144,00 122.00 326.00 70.70 73.10 71.00 175.50
Ce 49.30 209.00 275.00 220.00 195.50 225.00 186.00 61.30 269.00
Pr 4.70 23.70 29.90 22.90 53.20 18.00 18.10 13.10 41.30
Nd 14.40 84.20 108.00 78.10 200.00 58.80 62.20 44,00 146.50
Sm 1.86 12.40 16.50 11.40 30.60 8.97 9.93 6.39 23.10
Eu 0.69 3.42 5.30 2.57 7.13 1.55 1.95 1.67 4.13
Gd 1.45 9.00 11.65 8.75 28.60 5.80 7.73 5.10 18.35
Tb 0.24 1.33 1.65 131 3.76 0.97 1.29 0.86 2.77
Dy 1.35 7.25 8.96 6.82 20.50 5.79 7.77 4.89 15.85
Ho 0.31 1.35 1.59 1.37 4.19 1.16 1.53 1.06 3.20
Er 1.02 3.39 4.33 443 11.15 392 4.77 3.29 10.30
Tm 0.17 0.50 0.61 0.69 1.42 0.66 0.76 0.54 1.58
Yb 1.27 2.59 4.01 4,50 7.90 4.88 5.60 4,01 9.93
Lu 0.18 0.35 0.64 0.61 1.21 0.79 0.81 0.70 1.38
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ANNEX 2. MODAL COMPOSITION OF ROCKS OF THE SAN JOSE DEL GUAVIARE SYENITE

Petrographic

Sample IGM Qz Nph PL Fsp Px Arf  Hbl Bt Ms And Opq Zrn Ttn Cal Ser Ccn Other classification Subdivision
Nepheline-bearing
CAL-0008R 5075302 6.70 16.00 45.80 12.50 170 210 590 380 100 280 170 alkali feldspar Cerritos
syenite
Nepheline-bearing
CAL-0011R 5075305 6.90 11.10 58.70 0.70 13.20 210 070 240 1.60 2.80 0.00 alkali feldspar Cerritos
syenite
CAL-0013R 5075307 20.30 12.30 62.30 3.70 1.00 001 001 1.00 001 0.00 Nepheline EL Capricho
. . . . . . . i . . monzosyenite P
CAL-0014R 5075308 22.50 1.00 49.50 12.30 250 1.00 550 290 1.80 1.00 0.00 Nephelinesyenite ElCapricho
CAL-0015R 5075309 1570 4.00 70.30 4.00 170 030 300 1.00 0.01 0.01 0.00 Nephelinesyenite ElCapricho
CAL-0017R 5075316 19.00 20.00 45.80 8.10 0.60 1.60 1.00 1.60 230 0.02 Nepheline syenite Cerritos
Nepheline .
CAL-0019R 5075318 28.30 11.00 54.30 4.70 1.70 0.01 0.01 0.01 0.01 monzosyenite Cerritos
CAL-0023R 5075322 23.60 1.30 43.90 12.90 0.30 2.60 6.40 9.00 0.00 Nephelinesyenite  ElTurpial
Nepheline-bearing
CAL-0024R 5075323 500 3.30 85.30 4.00 230 0.01 0.01 0.01 0.01 0.00 alkali feldspar El Turpial
syenite
CMR-0013R 5075382 11.00 1.00 73.00 11.30 330 0.01 0.01 0.01 0.30 0.00 Nepheline syenite Cerritos
CMR-0014R 5075383 17.90 0.70 58.90 8.40 490 070 0.01 110 320 420 0.00 Nepheline syenite Cerritos
CMR-0015R 5075384 16.00 4.30 70.70 7.70 0.30 0.70 0.70 0.01 0.00 Nepheline syenite Cerritos
CMR-0016R 5075385 18.70 3.00 70.90 5.70 1.70 0.01 0.01 0.00 Nepheline syenite Cerritos
CMR-0028R 5075397 18.30 0.60 64.70 2.00 2.60 0.60 230 330 5.60 0.00 Nepheline syenite Cerritos
ENA-0036R 5075503 22.30 3.00 72.00 1.00 1.30 0.01 0.01 0.01 0.02 Nephelinesyenite El Capricho
JDB-0001R 5075537 18.70 4.70 65.00 9.70 1.00 030 030 030 0.01 0.01 0.01 Nephelinesyenite ElCapricho
JDB-0002R 5075538 25.20 2.00 58.60 4.00 3.00 040 030 3.00 170 1.80 0.00 Nephelinesyenite ElCapricho
Nepheline .
JDB-0003R 5075539 19.00 15.00 56.70 7.00 230 0.01 0.01 001 0.01 0.00 monzosyenite El Capricho
Nepheline-bearing
JDB-0011R 5075547 10.00 9.00 70.30 7.00 200 1.00 030 001 0.01 0.30 0.00 alkali feldspar El Capricho
syenite
JDB-0013R 5075549 28.00 2.30 61.70 7.30 0.01 0.70 0.01 0.01 0.00 Nephelinesyenite ElCapricho
Nepheline-bearing
OPP-0064R 5075674 330 3.00 92.00 1.30 0.30 0.01 0.01 0.01 0.00 alkali feldspar Cerritos
syenite
CMR-0027R-1 5075396 3.30 13.00 62.80 0.01 4.30 14.30 030 0.01 200 0.01 o0.01 Syenite Cerritos
JDB-0024R 5075560 19.40 8.90 46.20 11.80 4.20 450 290 0.30 1.00 0.81 Syenogranite El Capricho
OPP-0026R 5075632 9.30 10.30 66.30 7.70 4.00 230 0.01 0.01 0.01 Quartz-syenite Cerritos
Quartz-rich
OPP-0058RD-1 5075668 68.90 15.20 11.10 1.90 0.40 0.90 040 1.20 Franitoid Cerritos
(silicification)

-~ Quartz alkali .
OPP-0061R 5075671 7.70 470 85.30 1.30 1.00 0.01 0.01 0.01 feldspar syenite Cerritos
OPP-0065R 5075675 20.00 19.70 48.30 1.70 5.30 1.30 1.70 0.01 2.00 0.01 Syenogranite Cerritos
OPP-0073RG 5075691 37.70 13.70 44.70 3.70 0.30 0.01 0.01 0.01 Syenogranite Cerritos
OPP-0073R] 5075694 29.00 8.70 59.30 1.70 0.01 1.70 0.01 0.01 Syenogranite Cerritos
OPP-0074R 5075695 4.70 11.10 67.60 2.90 3.60 290 030 4.90 1.30 0.70 Syenite Cerritos

Muscovite bearing
OPP-0058RA 5075665 40.00 22.00 4.30 31.30 1.00 1.30 0.01 0.01 0.01 feldspar-biotite- Pelitic
quartz hornfels
Sillimanite-
andalusite bearing i
OPP-0058RC 5075667 0.40 60.60 3.20 13.80 2.80 2.50 3.90 0.01 11.70 112 biotite-feldspars Pelitic
hornfels
Muscovite bearing
OPP-0073RA 5075685 46.30 8.00 4.00 39.70 0.01 2.00 0.01 0.01 0.01 feldspar-biotite- Pelitic
quartz hornfels
Biotite bearing
-~ feldspars-diopside- s
OPP-0058RB 5075666 17.70 3.00 8.00 14.30 5470 0.01 0.01 2.30 0.01 0.00 quartz-homblende Mafic
hornfels
Diopside-
OPP-0058RD-2 5075668 53.30 16.00 470 6.70 1470 470 0.01 0.01 0.01 001 001 . formblende- Mafic
. . . . : . . . . . . feldspars-quartz
hornfels
Quartz-hornblende-
OPP-0073RC 5075687 10.00 12.70 16.00 25.00 22.30 12.00 0.01 2.00 0.01 0.00 diopside-feldspars Mafic
and hornfels
Sillimanite bearing (4 0o
OPP-0073RB 5075686 13.70 57.40 9.10 13.00 390 001 0.01 0.01 292 biotite-quartz- feldspathic
feldspar hornfels P
Biotite-quartz- Quartz -
OPP-0073RD 5075688 22.90 5430 4.90 11.30 0.70 320 001 0.01 2.70 feldspar hornfels _ feldspathic
Epidote bearing Ouartz
OPP-0073RE 5075689 29.00 31.00 29.90 6.00 2.00 0.01 0.01 2.30 biotite-quartz- feldspathic
felspar hornfels P
-~ Quartz-feldspars Quartz -
OPP-0073RF 5075690 8.00 75.60 8.00 0.70 0.70 200 130 0.70 0.01 0.70 231 hornfels feldspathic
Sillimanite bearing (4 0o
OPP-0073RH 5075692 18.00 63.30 2.70 8.70 0.70 330 030 0.01 0.01 270 0.32 biotite-quartz- feldspathic
feldspar hornfels P
Muscovite bearing Quartz -
OPP-0073RI 5075693 10.30 51.10 27.70 6.70 170 230 0.01 0.30 0.01 0.01 biotite-quartz-

feldspar hornfels

feldspathic

Qz: quartz; Nph: nepheline; Pl: plagioclase; Fsp: feldspar; Mc: Microcline; Px: pyroxene; Arf: arfvedsonite; Hbl: hornblende; Bt: biotite; Ms: muscovite; And: anda-

lusite; Opq: opaque mineral; Zrn: zircon; Ttn: titanite; Cal: calcite; Ser: sericite; Ccn: cancrinite. Abbreviations according to Whitney and Evans (2010)
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ANNEX 3. ANALYTICAL DATA FOR THE U/PB AGE oF THE SAN JosE DEL GUAVIARE SYENITE

JDB-0001R (nepheline syenite)

Isotope ratio Apparent age (Ma)

Analysis u Th/U  206Pb*/ S 207Pb*/ S 206Pb*/ E error  206Pb*/ S 207Pb*/ S 206Pb*/ S Conc
(ppm) 207Pb* (%) 235U%* (%) 238U (%) corr. 238U* (Ma) 235U (Ma) 207Pb* (Ma) (%)

JDB_0001R_15 21 1.4 15.8983 5.4 0.8339 5.8 0.0962 2.0 0.34 592.1 11.2 615.8 26.6 704.9 1151 84.0
JDB_0001R_13 246 0.2 16.2602 1.8 0.8162 2.4 0.0963 1.7 0.68 592.7 9.4 605.9 111 656.7 38.4 90.2
JDB_0001R_37 206 0.5 16.3399 21 0.8122 2.8 0.0963 1.9 0.66 592.7 10.6 603.7 129 646.3 457 91.7
JDB_0001R_38 45 0.9 17.0940 31 0.7764 39 0.0963 2.4 0.61 592.7 135 583.4 17.3 548.6 67.2 108.0
JDB_0001R_44 7 2.1 15.5280 10.6 0.8556 111 0.0964 3.4 0.31 5933 19.4 627.7 52.0 754.8 223.4 78.6
JDB_0001R_24 14 1.2 15.5763 6.4 0.8547 7.0 0.0966 2.8 0.40 594.5 15.9 627.2 32.6 748.2 135.1 79.5
JDB_0001R_04 12 1.9 15.4799 79 0.8618 8.4 0.0968 2.8 0.33 595.6 15.9 631.1 39.4 761.3 166.7 78.2
JDB_0001R_47 12 17 17.1821 79 0.7780 8.3 0.0970 2.4 0.29 596.8 135 584.4 36.7 537.3 173.2 1111
JDB_0001R_20 90 0.7 16.6667 3.0 0.8029 35 0.0971 1.8 0.50 597.4 10.0 598.5 15.7 603.6 64.9 99.0
JDB_0001R_17 8 1.6 15.3139 7.8 0.8757 8.2 0.0973 2.4 0.29 598.6 135 638.6 38.7 784.0 164.3 76.3
JDB_0001R_42 78 0.7 15.5039 33 0.8649 37 0.0973 1.7 0.47 598.6 10.0 632.8 17.4 758.0 68.7 79.0
JDB_O001R_14 181 0.5 15.8228 17 0.8484 23 0.0974 15 0.66 599.2 8.8 623.8 10.8 715.0 37.0 83.8
JDB_0001R_27 65 0.7 16.2075 2.9 0.8282 35 0.0974 2.0 0.56 599.2 11.2 612.6 16.1 663.7 62.5 90.3
JDB_0001R_16 8 2.0 15.5039 8.4 0.8667 9.1 0.0975 35 0.38 599.7 20.0 633.8 42.8 758.0 176.9 79.1
JDB_0001R_43 71 1.0 16.3132 33 0.8254 3.6 0.0977 15 0.43 600.9 8.8 611.1 16.6 649.8 70.1 92.5
JDB_0001R_10 256 0.4 16.4474 18 0.8187 2.4 0.0977 15 0.65 600.9 8.8 607.3 10.8 632.2 38.9 95.1
JDB_0001R_22 132 0.9 16.2602 2.4 0.8289 31 0.0978 1.8 0.60 601.5 10.6 613.0 14.1 656.7 52.3 91.6
JDB_0001R_18 15 1.4 16.6389 6.2 0.8101 6.7 0.0978 2.6 0.38 601.5 14.7 602.5 30.3 607.2 133.2 99.1
JDB_0001R_31 195 0.4 16.5017 1.8 0.8176 23 0.0979 1.4 0.62 602.1 8.2 606.7 10.6 625.0 39.1 96.3
JDB_0001R_48 7 2.0 16.9779 9.7 0.7947 10.2 0.0979 33 0.32 602.1 18.8 593.8 46.0 563.4 211.3 106.9
JDB_0001R_02 39 1.6 16.4474 4.1 0.8212 4.5 0.0980 19 0.43 602.7 11.2 608.7 20.8 632.2 88.6 95.3
JDB_0001R_29 33 11 16.7785 5.5 0.8058 5.8 0.0981 1.8 0.31 603.3 10.6 600.1 26.4 589.1 120.2 102.4
JDB_0001R_28 55 0.8 16.5289 35 0.8188 39 0.0982 1.7 0.45 603.9 10.0 607.4 17.7 621.5 749 97.2
JDB_0001R_05 10 1.7 16.1551 8.9 0.8394 9.4 0.0984 32 0.33 605.0 18.2 618.8 437 670.6 190.5 90.2
JDB_0001R_36 264 0.6 16.5837 2.0 0.8177 2.5 0.0984 15 0.61 605.0 8.8 606.8 115 614.3 43.0 98.5
JDB_0001R_50 18 15 15.5763 5.6 0.8715 6.0 0.0985 2.1 0.36 605.6 123 636.4 28.4 748.2 118.5 80.9
JDB_0001R_07 12 1.6 16.5017 8.7 0.8226 9.0 0.0985 2.2 0.25 605.6 129 609.5 41.4 625.0 188.9 96.9
JDB_0001R_03 30 11 16.3132 5.2 0.8338 5.5 0.0987 1.7 0.31 606.8 10.0 615.7 25.4 649.8 112.2 93.4
JDB_0001R_46 14 15 16.8350 6.4 0.8080 6.8 0.0987 2.4 0.36 606.8 14.1 601.3 31.1 581.8 139.1 104.3
JDB_0001R_01 43 1.6 17.3010 3.8 0.7870 4.2 0.0988 1.7 0.41 607.4 10.0 589.5 18.7 522.2 83.5 116.3
JDB_0001R_45 19 1.1 16.8634 7.3 0.8083 7.6 0.0989 21 0.28 608.0 123 601.5 34.3 578.1 157.8 105.2
JDB_0001R_33 19 12 159744 53 0.8541 5.6 0.0990 2.0 0.36 608.5 11.7 626.9 26.4 694.7 112.4 87.6
JDB_0001R_39 32 1.4 16.2602 4.1 0.8400 4.5 0.0991 19 0.43 609.1 111 619.1 20.8 656.7 87.2 92.7
JDB_0001R_08 11 1.7 16.1290 7.7 0.8476 8.3 0.0992 31 0.37 609.7 18.2 623.4 389 674.1 165.8 90.5
JDB_0001R_32 10 2.0 15.5039 7.1 0.8827 7.5 0.0993 23 0.31 610.3 135 642.4 35.7 758.0 150.6 80.5
JDB_0001R_09 169 0.5 16.9205 2.2 0.8096 2.8 0.0994 17 0.61 610.9 10.0 602.2 127 570.8 479 107.0
JDB_0001R_34 153 0.5 16.5837 23 0.8277 2.7 0.0996 1.4 0.52 612.1 8.2 612.3 125 614.3 50.2 99.6
JDB_0001R_30 316 0.3 16.7224 2.0 0.8209 2.6 0.0996 1.6 0.62 612.1 9.4 608.5 11.8 596.3 43.5 102.6
JDB_0001R_26 9 19 16.8067 9.1 0.8176 9.6 0.0997 3.2 0.33 612.7 18.8 606.7 44.0 585.5 197.3 104.6
JDB_0001R_12 9 1.9 15.6986 8.8 0.8770 9.2 0.0999 2.8 0.30 613.8 16.4 639.4 43.8 731.7 186.6 83.9
JDB_0001R_23 9 19 14.8588 7.1 0.9275 7.5 0.1000 2.4 0.32 614.4 14.1 666.3 36.8 847.1 148.5 72.5
JDB_0001R_35 34 15 16.0000 4.6 0.8648 51 0.1004 2.1 0.41 616.8 123 632.7 24.0 691.2 99.0 89.2
JDB_0001R_21 15 1.2 15.6495 7.2 0.8868 7.6 0.1007 2.4 0.31 618.5 14.1 644.7 36.2 738.3 152.5 83.8
JDB_0001R_40 135 0.7 16.7785 2.0 0.8271 2.6 0.1007 17 0.64 618.5 10.0 612.0 121 589.1 437 105.0
JDB_0001R_06 42 1.2 16.5837 4.8 0.8385 5.2 0.1009 2.1 0.40 619.7 123 618.3 24.3 614.3 103.9 100.9
JDB_0001R_25 15 2.2 15.7729 6.0 0.9227 6.4 0.1056 2.3 0.35 647.1 14.0 663.8 31.2 721.7 127.3 89.7
JDB_0001R_11 32 1.2 16.7785 5.2 0.8887 6.0 0.1082 3.0 0.51 662.3 19.2 645.7 28.8 589.1 112.9 112.4
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Supplementary Data. San José de Guaviare Syenite, Colombia: Repeated Ediacaran intrusions in the northwestern Amazonian Craton

OPP-0074R (syenite)

Isotope ratio Apparent age (Ma)
Analysis V) Th/U  206Pb*/ S 207Pb*/ + 206Pb*/ + error  206Pb*/ S 207Pb*/ S 206Pb*/ S Conc
(ppm) 207Pb* (%) 235U% (%) 238U (%) corr. 238U% (Ma) 235U (Ma)  207Pb*  (Ma) (%)

OPP_0074R_11 599 13 16.0411 1.2 0.8188 1.8 0.0953 13 0.72 586.8 7.1 607.4 8.0 685.8 26.0 85.6
OPP_0074R_08 312 0.7 16.1031 2.3 0.8276 2.7 0.0967 1.4 0.54 595.0 8.2 612.3 123 677.6 48.2 87.8
OPP_0074R_35 190 1.0 15.9236 2.5 0.8387 33 0.0969 2.2 0.65 596.2 123 618.4 155 701.5 54.2 85.0
OPP_0074R_10 679 13 16.0154 1.4 0.8356 2.0 0.0971 1.4 0.72 597.4 8.2 616.7 9.3 689.2 29.7 86.7
OPP_0074R_23 699 1.4 16.2338 18 0.8337 2.6 0.0982 19 0.73 603.9 11.2 615.7 12.2 660.2 38.3 91.5
OPP_0074R_22 441 13 16.2866 1.8 0.8394 2.4 0.0992 1.6 0.67 609.7 9.4 618.8 11.2 653.3 38.5 93.3
OPP_0074R_30 473 1.4 16.3666 2.0 0.8370 29 0.0994 21 0.73 610.9 123 617.5 133 642.8 42.2 95.0
OPP_0074R_36 441 1.4 16.4745 2.1 0.8382 3.1 0.1002 2.2 0.72 615.6 129 618.2 14.2 628.6 46.1 97.9
OPP_0074R_44 522 13 16.0000 2.2 0.8665 33 0.1006 2.5 0.74 617.9 14.6 633.7 15.8 691.2 47.8 89.4
OPP_0074R_43 493 0.7 16.0514 1.6 0.8681 2.3 0.1011 1.7 0.72 620.9 10.0 634.5 11.0 684.4 34.3 90.7
OPP_0074R_04 242 21 16.3399 2.0 0.8527 29 0.1011 21 0.73 620.9 123 626.1 13.3 646.3 421 96.1
OPP_0074R_21 333 1.0 16.4935 1.6 0.8448 2.2 0.1011 1.6 0.71 620.9 9.4 621.8 10.4 626.1 34.1 99.2
OPP_0074R_31 415 13 16.4123 1.6 0.8498 2.1 0.1012 1.4 0.66 621.4 8.2 624.5 9.8 636.8 339 97.6
OPP_0074R_17 291 1.6 16.1031 1.8 0.8678 2.7 0.1014 2.1 0.76 622.6 123 634.4 129 677.6 37.8 91.9
OPP_0074R_25 290 1.2 16.3934 21 0.8525 3.0 0.1014 21 0.70 622.6 123 626.0 139 639.3 45.8 97.4
OPP_0074R_48 234 2.2 15.8228 2.2 0.8841 3.1 0.1015 2.2 0.70 623.2 129 643.2 14.8 715.0 47.1 87.2
OPP_0074R_02 430 1.2 16.0256 19 0.8755 3.2 0.1018 2.6 0.80 624.9 15.2 638.5 15.2 687.8 41.0 90.9
OPP_0074R_39 407 13 16.4204 2.0 0.8569 2.7 0.1021 19 0.69 626.7 111 628.4 12.7 635.7 42.4 98.6
OPP_0074R_19 121 1.2 16.5563 2.8 0.8607 35 0.1034 2.0 0.59 634.3 123 630.5 16.3 617.9 60.8 102.7
OPP_0074R_26 122 11 16.6113 2.2 0.8778 2.7 0.1058 17 0.62 648.3 10.5 639.8 13.0 610.7 46.7 106.1
OPP_0074R_33 405 13 16.2075 23 0.9541 3.2 0.1122 23 0.71 685.5 15.1 680.2 16.1 663.7 48.6 103.3

Servicio Geolégico Colombiano

77



Amaya Lépez / Weber Schar{f / Ibdiiez Mejia / Cuadros Jiménez / Restrepo Alvarez / Botelho / Maya Sénchez / Pérez Parra / Ramirez Cdrdenas

ANNEX 4.
47
© O
46
48 450
(@)
44
(@)
50o
10 o)
90
11
12 O
(@)
5o
0
20
(@)

78 Boletin Geolégico 48(1)

42

43

40

39
38

15
o

19

16

170
18

JDB-01R
30um spots
32 o
33 o
340
350
31 o
30
22 o
o
29
23o 028
@)
270
24
o
®0
o



ANNEX 5.

48

43

390

Supplementary Data. San José de Guaviare Syenite, Colombia: Repeated Ediacaran intrusions in the northwestern Amazonian Craton

O 44

33

310

30

O2
4O
26
o Os

o5 O

047

19 fe)

023
O 22

O 21

OPP-74R
30um spots

Servicio Geolégico Colombiano

79






I Geologico - (©

Boletin Geologico, 48(1), 81-122, 2021,
https://doi.org/10.32685/0120-1425/bol.

Geological-structural mapping
i and geocronology of shear zones:

© Author(s) 2021. This work is distributed under

the Creative Commons Attribution 4.0 License. A m et h o d o lo gi Ca l p ro p o sa l

Received: June 2, 2020

Revised: September 7, 2020
Accepted: February 15, 2021 Mapeo geologico-estructural y geocronologia de zonas de
Published online: July 12, 2021 cizalla: Una propuesta metodolégica

Anny Julieth Forero Ortega?, Julidn Andrés Lopez Isaza’, Nelson Ricardo Lopez Herrera?, Mario Andrés Cuéllar Cardenas?, Lina
Mara Cetina Tarazona’, Luis Miguel Aguirre Hoyos*

1. Group of Tectonics, Direccién de Geociencias Basicas, Servicio Geolégico Colombiano, Bogotd, Colombia
Corresponding author: Anny Julieth Forero, ajforte056@gmail.com

ABSTRACT

The deformation registered in rocks in the field can be characterized based on the structures preserved in outcrops, which can
related be to wide discontinuity zones named faults and shear zones. The geological-structural mapping and the geochronology
of these tectonic structures are a topic of great interest not only for tectonic modeling but also for reconstruction of the geological
evolution of the national territory. The methodology suggest for the analysis of faults and shear zones is based on eight steps, in-
cluding: 1) definition of the geological context in which the structure was developed; 2) photointerpretation, image geoprocessing,
and geological-structural mapping of the structural and lithological characteristics of the faults and shear zones; 3) petrographic
analysis of field-oriented samples; 4) quantification of strain orientation and geometry through 3D finite strain analyses and quan-
tification of non-coaxiliaty of deformation through vorticity analyses; 5) SEM-TEM-EBSD microanalysis; 6) quantification of the
P-T conditions of deformation through phase-equilibria modeling or conventional geothermobarometry; 7) dating of syn-ki-
nematic minerals phases and mylonitic rocks through Ar-Ar analyses, in order to determine the reactivation and deformation ages
of the structure, respectively, as well as the implementation of the U-Pb technique in syn-kinematic calcite crystals developed in
the fault planes; and 8) dating of geological elements adjacent to the structure, such as syn-kinematic intrusive bodies associated
with the deformation event using zircon U-Pb dating, rocks hydrothermally altered through Ar-Ar method, and zircon and apatite
fission-tracks dating of the blocks adjacent to the faults for determining exhumation ages.

Keywords: Shear zones, fault rocks, brittle regime, brittle-ductile transition, ductile regime, mapping, geochronology.

RESUMEN
La deformacion registrada en las unidades geoldgicas en campo se puede caracterizar a partir de las estructuras encontradas en
afloramientos, las cuales se relacionan, generalmente, con amplias zonas de discontinuidad denominadas fallas y zonas de cizalla.

Citation: Forero-Ortega, A. ], Lopez-Isaza, J. A, Lopez Herrera, N. R, Cuéllar-Cérdenas, M. A, Cetina Tarazona, L. M., & Aguirre Hoyos, L. M. (2021). Geological-
structural mapping and geocronology of shear zones: A methodological proposal. Boletin Geoldgico, 48(1), 81-122. https://doi.org/10.32685/0120-1425/bol.
geol.48.1.2021.524
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El mapeo geoldgico-estructural y la geocronologia de estas estructuras tectonicas es un tema de gran interés, no solo para el mo-
delamiento tectdnico, sino para la reconstruccion de la evolucion geoldgica de un territorio. Metodolégicamente, para el mapeo
geoldgico-estructural y la geocronologia de fallas y zonas de cizalla se sugieren ocho fases, que incluyen: 1) definicion del contexto
geologico en el cual se desarrolld la estructura; 2) fotointerpretacion, geoprocesamiento de imagenes y mapeo geoldgico-estructu-
ral de las caracteristicas estructurales y litologicas de las fallas y zonas de cizalla; 3) analisis petrografico de muestras orientadas en
campo; 4) cuantificacion de la orientacion y geometria de deformacion mediante analisis de deformacion finita 3D y cuantificacion
de deformacion no-coaxial por medio de analisis de vorticidad; 5) andlisis submicroscépico SEM-TEM-EBSD; 6) cuantificacion
de condiciones de deformacién P-T por medio de modelamiento de equilibrio de fases o geotermobarometria convencional; 7)
datacion de minerales sincinematicos y rocas miloniticas por el método Ar-Ar, con el fin de determinar las edades de reactivacion
y deformacién de la estructura, respectivamente, asi como, la implementacion de la técnica U-Pb en cristales sincinemdticos de
calcita desarrollados en los planos de falla y en cristales de apatito con la finalidad de entender la evolucion temporal de las zonas
de cizalla; y finalmente, 8) fechamiento de elementos geoldgicos adyacentes a la estructura, tales como: intrusivos sincinematicos
asociados al evento deformacional por el método U-Pb en circdn, rocas alteradas hidrotermalmente mediante el método Ar-Ar,
y datacién por trazas de fision en circén y apatito de los bloques adyacentes a las fallas para determinar edades de exhumacion.

Palabras clave: Zonas de cizalla, rocas de falla, régimen fragil, transicion fragil-dactil, régimen ddctil, mapeo, geocronologia.

1. INTRODUCTION

The Geological-structural data acquisition for mapping of
faults and shear zones is important as basic technical input in
the formulation of engineering projects and territorial and na-
tional development plans, for the design and layout of road in-
frastructure with large civil works such as dams, viaducts and
tunnels, among others, exploration of water, geothermal, mi-
neral and hydrocarbon resources, for the reconstruction of the
deformational evolution of an area, and for studies of regional
tectonics (cf. Cox et al., 2001; Sausgruber and Brandner, 2001;
Vega Granillo et al., 2009; Mejia et al., 2012; Jiang et al., 2020).

In this regard, it is necessary to develop a unified methodo-
logy facilitating fractal qualitative analysis of the pattern of the
trace of the shear zone and segments of associated faults (cf.
Turcotte, 1989, 1997; Cello, 1997; Park et al., 2010; Bardo et al.,
2018), from analysis on different scales by photointerpretation,
mapping of outcroppings, hand samples and microscopy. This
allows establishment of the structural level of the crust repre-
sented by the structures, the types of related fault rocks and
their distribution, the amplitude over which the movement is
distributed, geometry and its respective kinematics, the esta-
blishment of structural patterns, and the timing of the defor-
mation.

A shear zone is defined as a high-deformation planar or
curviplanar surface, along which the movement is distribu-
ted, it presents definite limits characterized by the presence
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of structures and fault rocks included in centimetric to kilo-
metric areas, according to the scales of deformation (Ramsay,
1980 a, b; Rutter, 1986; Ramsay and Huber, 1987; Jiang and
White, 1995; Fossen and Cavalcante, 2017). The shear zones
focus the deformation heterogeneously (both coaxial and
non-coaxial), arranged as subparallel or conjugate sets (anas-
tomosed) in response to the rheology of rocks and minerals
that they affect, and usually are surrounded by lithologies
showing low deformation (Ramsay, 1980 a, b; Rutter, 1986;
Ramsay and Huber, 1987; Jiang and White, 1995; Fossen
and Cavalcante, 2017).

Considering that the deformation is heterogeneously dis-
tributed throughout the rock body (Ramsay, 1980 a, b; Ram-
say and Huber, 1987; Fossen and Tikoff, 1997; Carreras et al.,
2013), it is essential that interpretation of the timing of any
deformative event and the analysis of the tectonic evolution of
a shear zone is based not only on evaluation of the isotopic
dating of the fault rocks (cf. Schneider et al., 2013), but also on
the integration of cartography, microstructural analysis, ages
of intrusion igneous bodies related to the shear zone, and ages
of uplift and exhumation of blocks adjacent to the structure are
integrated (cf. Oriolo et al., 2018).

This review presents a methodology for the identification,
mapping and analysis of the nature of faults and shear zones.
For this, it is suggested to characterize the structures and fault
rocks, define the structural level observed, determine the mo-
vement’s distribution and kinematics, and assign the relative
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and absolute ages of deformation. In order to propose some
minimum parameters necessary to perform geological-struc-
tural studies for acquiring basic information that aids unders-
tanding of the tectonic evolution.

2. PHASES FOR GEOLOGICAL-STRUCTURAL MAPPING OF FAULTS AND
SHEAR ZONES

The characterization of geological-structural faults and shear
zones, as first to measure, requires correct application of con-
cepts and principles related to the study of faults and shear zo-
nes. Furthermore, as a second measure, one should be clear
about the objective of the analysis, as well as the “for what?” the
structural data are collected, which means being clear about
what one will do with the data and how the subsequent analy-
sis will be conducted. Finally, as a third measure, there must
be broad and detailed knowledge of the methods of mapping,
compilation of structural data, recognition of structures, field
classification of fault rocks, collection of structural data with
statistical representativeness, and determination of the distri-
bution, kinematics (for which it is necessary to know the ki-
nematic indicators) and geometry.

As a starting point, it is necessary to execute photointer-
pretation and geoprocessing analysis of satellite images with
band compositions that highlight the structures. Such analysis
should be complemented by geophysical inputs (e.g., maps of
total magnetic intensity, total-field magnetic anomaly, analyti-
cal signal of the total-field magnetic anomaly, and complete
Bouguer anomaly, among others) and an adequate map base
(with drainage networks and contour lines). These allow iden-
tification and and definition of the preliminary outline of the
structure (cf. Gunn et al., 1997; Betts et al., 2003; Grauch and
Hudson, 2007; Aitken and Betts, 2009; Stewart et al., 2009;
Stewart and Betts, 2010; Kadima et al., 2011; Blaikie et al., 2014;
Armit et al., 2014; Blaikie et al., 2017). This implies the iden-
tification of geomorphological features that define the fault or
shear zone and sites of interest for subsequent campaigns for
tield checking.

For mapping structures, it is recommended to perform a
multiscale analysis of nature and the spatial distribution of
structural elements in the central and marginal areas of the
shear zone (Figure 1), in which one will observe the fractal dis-
tributions, considering similar arrangements of geological cha-
racteristics, independent of the scale of observation (Turcotte,
1989; 1997; Cello, 1997; Park et al., 2010; Fossen, 2013; Baron

et al,, 2018). This allows identification of the timing of the de-
formation events basen mainly on cross-cutting relationships.
For this, it is suggested to do transects perpendicular to the
strike of the structures that limit and constitute the shear zone
(cf. Chetty, 2014; Choi et al., 2016), recording morphotecto-
nic, geometric and kinematic characteristics, and acquiring
structural data on the fabric developed in the main structure,
as well as satellite faults, branches and other secondary struc-
tures (e.g., folds, tension gashes and foliations, among others),
emphasizing the hierarchical structure of the structures.

Another relevant aspect in the mapping of this type of
structure is a description of the associated fault rocks. The-
se are a group of rocks developed in shear zones at different
structural levels of the crust, which originate by heterogeneous
deformation from cataclistic processes, intracrystalline plasti-
city or flow, depending on physical conditions of the defor-
mation and the type of affected lithology (Sibson, 1977; 1983;
Rutter, 1986; Ramsay and Huber, 1987). These are subdivided
into non-cohesive rocks, mainly fault gouge and breccia, and
cohesive rocks such as cataclasites and mylonite, which are
the result of episodes of intense deformation, which reduce
the grain size of the rocks, either by processes of abrasion or
intracrystalline plasticity (Sibson, 1977; 1983; Killick, 2003),
imprinting particular mechanical characteristics on the rocks
(Sibson, 1977; Wise et al., 1984; Spray, 1995; Woodcock and
Mort, 2008; Magloughlin, 2010).

The analysis of structural data acquired along fault planes
and shear zones starts from the register of the orientation and
direction of movement of the fault planes (cf. Petit, 1987; Han-
cock, 1985; Doblas, 1998). Moreover, it includes the categori-
zation of structural data according to their quality determined
in the field (supposed, probable or possible, and true) (Har-
dcastle, 1989; Lopez-Isaza et al., 2021) and the cross-cutting
relationship between the structures and geological units this
affects (cf. Angelier, 1994; Sippel et al., 2009; Sperner et al.,
1993; Tranos, 2009, 2011; Sperner and Zweigel, 2010). With
the fault data, different inversion methods can be used to help
determine the principal axes of deformation and stress, from
kinematic and dynamic analyses, respectively (cf. Twiss and
Unruh, 1998; Zalohar, 2014; Thakur et al., 2020).

The kinematic analysis involves plotting data on different
diagrams, like the tangent-lineation (Twiss and Unruh, 1998)
or Hoeppener (1955), in order to display fault planes as po-
les, including the relative movement of blocks adjacent to the
fault (Sperner and Zweigel, 2010). It is also recommended
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to perform a kinematic compatibility analysis, which allows
the establishment of compatible structures kinematically ge-
nerated or activated under the same deformation event (e.g.,
Santamaria-Diaz et al., 2008). Furthermore, if possible, one
should calculate the principal axes of elongation €1, €2 and
€3 (Sperner and Zweigel, 2010), and it is suggested to use the
Linked Bingham method of distribution, which solves the
axes of shortening and extension of a set of faults (Marrett and
Allmendiger, 1990).

The dynamic analysis is performed based on classification
of the subsets established in the kinematic analysis. With each
subset, it is recommended to test the mechanical coherence of
the data from their distribution on Morh’s circle (cf. Velandia,
2017), followed by use of the inversion method of slickensides
(Sperner and Ratschabacher 1994), to obtain the paleostress
tensors. This method assumes that movement of the fault is
controlled by a stress tensor and that the associated failures
and slickensides were developed under the same deformation
event. Therefore, the direction of the stress field can be deter-
mined from the preferential slips of the fault planes (Twiss and
Unruh, 1998; Lacombe, 2012). This analysis is based on the
following s assumptions: 1) the direction of movement is par-
allel to the maximum shear stress resolved on the plane (Wal-
lace, 1951; Bott, 1959); 2) the rock behaves as a rheologically
linear material (Srivastava et al., 1995); 3) the displacements
on the fault planes are independent and small with respect to
their lengths, and in them there is no rotation of the planes,
obeying the Wallace-Bott criterion; 4) the stress field is homo-
geneous (Twiss and Unruh, 1998). The inversion method is
calculated by graphical (right dihedral method) or mathemat-
ical solutions (numerical dynamic analysis), usually included
in software of structural data processing (e.g, Wintensor 5.8,
TectonicsFP 1.7.7).

On the other hand, considering that the data associated
with slip faults may be heterogeneous, it is proposed to apply a
genetic algorithm method (MGA, for its acronym in English).
This allows direct estimation the states of paleostress from this
type of data and does not require the separation of subsets of
data (Thakur et al., 2020).

The right dihedral method developed by Angelier and
Mecheler (1977) allows one to obtain an optimum orientation
of stress fields from the directions and slip sense. It is based on
graphing an auxiliary plane perpendicular to the slickensides,
which divides the area around each fault plane into four quad-
rants that define compression and tension zones (Ortner et al.,
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2002). From the sum of the areas of solutions for each struc-
tural data is obtained the dihedrals resulting from distension
and compression corresponding to the dataset, in which the
common orientations correspond to the optimal positions of
axes 03 and ol in the dihedrals of extension and compression,
respectively (Angelier, 1979, 1994; Sainz et al., 1990; Casas et
al., 1990; Delvaux and Sperner, 2003; Delvaux, 2012; Delvaux
et al.,, 2012).

2.1 Conceptualization and reference geological
context

To do the geological-structural mapping it is necessary to have
knowledge of the tectonic and geological context in which the
structure developed. Moreover, one should previously consi-
der the concept of shear zones, what characterizes them, their
architecture, what their regimes are, and how they relate to
depth. This is in order to have a theoretical approach to the
depth position in a crustal cross-section or, in other words, the
observed structural level of the crust.

On the surface, shear zones are characterized by morpho-
tectonic features (Bull, 2007) that show the landscape forms
produced specifically by tectonic processes, rather than by
processes of sedimentation and erosion (Keller and Pinter,
2002; McCalpin, 2009; Burbank and Anderson, 2012). These
types of features have been extensively documented in neo-
tectonics studies. Among these features can be found moun-
tain fronts with triangular facet, fault escarp, flexural escarp,
sag pond, fault saddle, positive (pressure ridge) and negative
(pull-apart basin) flower structures, shoulders, shutter ridge,
and forebergs, in addition to the development of interferen-
ce drains, which are very sensitive to changes in the surface,
among others.

The identification of morphological and structural features
associated with the development of shear zones have been wi-
dely characterized by aerial photograph analysis, satellite and
radar images, during phases prior to field work, in order to
identify the location and distribution of the landscape features,
as well as the elevation of the terrain and its composition (Smi-
th and Pain, 2009). These are characteristics that may not be
directly recognizable in the field because of their scale.

In this sense, the photointerpretation is a fundamental
part of any geological study that involves the recognition of
morphological and structural features. Traditionally, aerial
photographs have been used, which facilitate a perception of
the terrain in 3D through stereoscopy, with vertical exaggera-



tion that makes it possible to estimate the slopes, stratification,
and terrain configuration. However, given its optical character,
its usefulness is restricted by cloudiness and thick vegetation
cover, which prevent the assessment of the land (Mendivelso,
2008; Rampal, 1999).

During recent decades, great progress has been made in
satellite and remote sensing technologies (Rao, 2002). The
variety of available satellite images, with differing spatial, ra-
diometric and temporal resolutions, allows their use in re-
cognizing the composition of the earth’s surface, its cover and
temporal evolution. One can distinguish two major categories
of satellite images: those from passive sensors (e.g., Landsat,
Sentinel 1, Aster, SPOT, and others), and those from active
sensors, commonly known as radar images (e.g., Sentinel 2,
ALOS-PALSAR, GeoSAR, RADARSAT-1, and others). The
latter have the advantage of allowing observation of the earth
surface even in overcast conditions and at night. Additiona-
lly, some of them in the L band go beyond the vegetation co-
ver and penetrate layers of soil, snow or ice (Paine and Kiser,
2003). They are therefore the most useful in geological and
geomorphological studies.

Lidar (acronym for light detection and ranging) is another
technology of the active type, like radar, which facilitates topo-
graphic data of high accuracy and density, so it supports the
construction of digital elevation models with high spatial reso-
lution. This technology can be implemented using unmanned
aerial vehicles (UAV- drones), which enables the recognition
of vast areas. Compared with traditional photogrammetry, Li-
dar provides data on terrain covered by vegetation (Paine and
Kiser, 2003), as shown by the detection and characterization of
active faults in wooded areas (e.g., Chen et al., 2015).

To facilitate the detection of fault zones and associated geo-
morphology features, various algorithms and processing tech-
niques have been created, such as the application of spatial fil-
ters that highlight and automatically extract information from
satellite imagery (e.g., Gannouni and Gabtni, 2015; Mallast et
al., 2011). However, despite the quality and utility of remote
sensing tools, field testing is always necessary (Marchionni and
Cavayas, 2014) to fully recognize and characterize faults and
shear zones.

The architecture, both longitudinal and transverse to the
trace of the shear zones, is distributed in three main elements
(Caine et al., 1996; Ganerod et al., 2008): core, transition and
damage zones (Figure 1). The core corresponds to a zone pa-
rallel or semiparallel to the direction of the main fault and is a
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product of high strain and focused shear, accommodating dis-
placement through one or more surfaces. It is made up of shear
zones, sets of conjugate fractures with different orientations,
geometry, and morphology (Caine et al., 1991; Caine et al,
1996; Gabrielsen and Braathen, 2014). It also includes lenses or
areas of sheared rocks (e.g., foliate cataclasites and mylonites),
locally fractured or crushed (e.g., ultracataclasites, breccia and
fault gouge), with evidence of processes of precipitation and
geochemical alteration (Sibson, 1977; Anderson et al., 1993;
Chester and Logan, 1986; Childs et al., 1996; Wibberley et al.,
2008; Gabrielsen et al., 2008; Bastesen and Braathen, 2010). Its
width can vary from a few centimeters to hundreds of meters
(Gabrielsen and Braathen, 2014).

The transitional zone is mainly composed of elongated
fragments of protocataclasites and/or protobreccia (Lindan-
ger et al., 2007; Gabrielsen and Braathen, 2014). It also inclu-
des fracture corridors, shear and gouge zones of minor faults,
arranged in a subangular manner with respect to the general
trend of the main fault plane, cross-cutting locally previously
formed structures (Gabrielsen and Braathen, 2014). This zone
also has of greater cohesion and is generally less affected by
processes of hydrothermal alteration, as compared to the fault
core (Berg and Skar, 2005; Faulkner et al., 2010; Gabrielsen and
Braathen, 2014; Choi et al., 2016).

The damage zone, which surrounds the previous zones, co-
rresponds to the volume of rock that is around the fault core
and transitional zone, and preserves the original lithological
properties of the deformed rocks (Chester et al., 1993; McGra-
th and Davinson, 1995; Beach et al., 1999; Storti et al., 2003;
Billi et al., 2003; Chester et al., 2004; Berg and Skar, 2005; Jo-
hansen and Fossen, 2008; Mitchell and Faulkner, 2009; Gud-
mundsson et al., 2010; Riley et al., 2010; Hausegger and Kurz,
2013; Lin and Yamashita, 2013; Choi et al., 2016). The damage
zone is characterized by thin bodies with rhombuses-shapes,
with low deformation intensity (Gabrielsen and Braathen,
2014), as well as by structures of second order, synthetic and
antithetic fractures, joints, veins and folds. These are related
to the kinematics of the structure, being less representative in
relation to increasing distance to the fault core (Chester and
Logan, 1986; Smith et al., 1990; Berg and Skar, 2005; Faulkner
et al., 2010; Gabrielsen and Braathen, 2014).

Inside the crust, the shear zones present structural levels
characterized by the deformation regimes and structures pro-
duced in response to the distribution of the deformation, ca-
lled brittle, brittle-ductile and ductile (Ramsay, 1980 a, b; Rutter,
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1986; Ramsay and Huber, 1987; Fossen and Cavalcante, 2017).
In conditions of average geothermal gradient (between 25 °C
and 30 °C per kilometer), these structural levels are demarca-
ted by limits depending on the rheological characteristics of
quartz and the feldspar (Figure 1), which respond to fractu-
ring deformation by abrasive processes (cataclastic) or flowing
by accommodation processes (frictional sliding), respectively
(Hills, 1972; Sibson, 1979; 1983; Knipe, 1989; Hatcher, 1995;
Snoke et al., 1998; Blenkinsop, 2002).

In this regard, the brittle or elastic-frictional regime (Sib-
son, 1977; 1983; Ramsay, 1980 a, b; Rutter, 1986; Ramsay and
Huber, 1987; Hanmer, 1988; Fossen and Cavalcante, 2017) is
characterized by fault zones (Sibson, 1979; Chester et al., 1993;
Chester and Chester, 1998; Kim et al., 2003; Chester et al., 2004;
Loépez et al., 2008; Hausegger and Kurz, 2013; Choi et al., 2016;
Ostermeijer et al., 2020) and include interconnected and close-
ly spaced subparallel structures that from fracturing, abrasion,
grain-boundaries Sliding, pressure-dissolution and grain size

decrease processes favor the development of breccia or gouge
fault zones between them (Higgins, 1971; McClay, 1987; Davis
and Reynolds, 1996). The fault zones include domains with di-
fferent deformation intensity, distributed in the fault core and
damage zone (Figure 1), characterized by structural elements
defined by the variation in fracturing intensity. Furthermore,
the development of fault rocks (fault gouge, breccia and cata-
clasites) and kinematic indicators (major fault -Y, -P shear, rie-
del shear R, conjugate riedel shear R; tensile fracture -T, cres-
centic marks, slickenside, congruous and incongruous steps,
trailed material, asymmetric protruding grains, carrot-shape,
trains of inclined planar structures, asymmetric elevations,
mineralogical/crystallographic orientation, among others.)
allows definition of the kinematics and type of structure, plus
the associated stress field (cf. Hancock, 1985; Petit, 1987; Célé-
rier, 1988; Doblas et al., 1997; Doblas, 1998; Fry, 2001).

Under conditions equivalent to the brittle-ductile regime or
elastic-frictional/quasi-plastic transition, in a normal geother-
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Figure 1. 3D architecture of shear zone, which includes transition from brittle, brittle-ductile and ductile deformation to depth, and their relationship with deformation

mechanisms and associated fault rocks

Source: Constructed using information from Sibson (1979; 1983); Wise et al. (1984); Scholz (1988, 2006); Swanson (1992); Passchier and Trouw (2005); Chester et al.

(2004); Lopez et al. (2008), Fossen (2013), and Choi et al. (2016).
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mal gradient (Sibson, 1977; 1983; Ramsay, 1980 a, b; Rutter,
1986; Ramsay and Huber, 1987; Hanmer, 1988; Scholz, 1988;
Fossen and Cavalcante, 2017), rocks undergo a transition that
is registered in the behavior of quartz, which goes from a brittle
fracture mode to plastic flow (Rutter, 1986; Duba, 1990). Shear
zones developed under this regime show a complex behavior
related to processes of granular flow, cataclastic mechanisms
and intracrystalline plastic deformations, which result in hete-
rogeneous deformation of the rock with partition in stronger
and weaker domains. Under these conditions, the behavior de-
pends on temperature, pressure, rheology, previous anisotro-
pies, and angular and linear geometric relationships in which
the structure was generated (Sibson, 1977; Blenkinsop and Ru-
tter, 1986; Scholz, 1988; Schmid and Handy, 1991; Babaie et al.,
1991; Hadizadeh and Tullis, 1992; Passchier and Trouw, 2005;
Balsamo et al., 2010; Fossen, 2013; Moreira and Dias, 2018;
Kjenes, 2018; Nicchio et al., 2018; Barao et al., 2020). Moreover,
it includes the development of fault rocks such as cataclasites
S-C, phyllonites and protomylonites (Chester et al., 1985; Lin,
1999a; Passchier and Trouw, 2005; Passchier and Coelho, 2006;
Trouw et al., 2010; Torgersen and Viola, 2014).

Another term commonly used for this deformation region
is semi-brittle shear zones. These are areas of brittle shear in-
fluenced by mechanisms of plastic deformation, a situation
in which the elements in the structure are intrisically brittle
but mechanically resistant to stop the propagation of fractures
(Gumbsch, 2001; Fossen, 2013). The fault rocks in semi-bri-
ttle shear zones show mineral fragments embedded in a fine
matrix of crushed and fractured minerals, veins with mineral
precipitation, and evidence of cataclastic flow product of hy-
drothermal processes, tension gashes, intergranular and trans-
granular microfractures domino type, and shear bands, the
latter contribute to the development of intracrystalline plastic
processes (Hodgson, 1989; McClay, 1991; Hadizadeh and Tu-
llis, 1992; Babaie and La Tour, 1993; Gumbsch, 2001; Pec et al.,
2012; Prigent et al., 2017; Papeschi et al., 2018; Reber and Pec,
2018; Barao et al., 2020).

In the ductile or quasi-plastic regime (Figure 1) with a nor-
mal geothermal gradient (Sibson, 1977; 1983; Ramsay, 1980
a, b; Rutter, 1986; Ramsay and Huber, 1987; Hanmer, 1988;
Fossen and Cavalcante, 2017), shear zones are dominated by
the mechanical response of feldspar and are generated at dee-
per levels in the crust, where metamorphic conditions prevail
(Sibson, 1983; Riedmiiller et al., 2001; Lopez et al., 2008). In
these zones, the processes of plastic flow are distributed homo-
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geneously and involving reduction of grain size. These zones
are also characterized by the development of protomylonites,
mylonites, ultramylonites, blastomylonites, ribbon mylonites,
stripped gneiss, and mylonite gneiss (Sibson, 1980; White et
al., 1980; Snoke et al., 1998; Killick, 2003; Passchier and Trouw,
2005; Trouw et al., 2010; Fossen, 2013).

2.1.1 Fault rocks

Initially, fault rocks were classified according to the level of pri-
mary cohesion and planar fabrics developed (Higgins, 1971;
Hills, 1972; Sibson, 1977; Marshak and Mitra, 1988). However,
this classification does not consider that under certain condi-
tions cataclastic rocks can present foliation and that the de-
formation mechanisms that affect fault rocks can be different
(cf. Bell and Etheridge, 1973; Ramsay and Huber, 1987; Lin,
1999a).

For the description of fault rocks, it is recommended to
consider guidelines of the Subcomission on the Systematics
of Metamorphic Rock (SCMR) of the International Union
of Geological Sciences — IUGS (Brodie et al., 2007), supple-
mented by recent reviews that describe the characteristics of
fault rocks and classify some of their types (cf. Woodcock and
Mort, 2008; Magloughlin, 2010; Fossen and Cavalcante, 2017).
The following describes fault rocks according according to the
structural level they generate (cf. Figure 1), starting with the
brittle regime and ending with the ductile regime. It should be
noted that the type of fault rock generated inside the crust also
depends on the prevailing geothermal gradient at the time of
their formation, which is directly related to depth.

2.1.2 Fault breccia

This is a product of the brittle shear zones of the upper crust,
and they are developed from the surface to a few kilometers
deep in the crust (~0-6 km; cf. Sibson, 1977) and vary between
non-cohesive and cohesive, foliated and non-foliated (Figure
2a) (Higgins, 1971; Sibson, 1977, 1986; Woodcock and Mort,
2008). Based on their cohesion, matrix or cement concentra-
tion, and clast size (> 2 mm), they are classified as: a) crackle
breccia (75% to 100% of large clasts), with clasts with little ro-
tation, separated by thin cement or matrix sutures; b) mosaic
breccia (60% to 75% of large clasts) with adjacent clasts that
fit together, but with more separation and rotation; ¢) chaotic
breccia (30% to 60% of large clasts), with strongly rotated clasts
and loss of geometric fit to each other (Woodcock and Mort,
2008; Magloughlin, 2010).
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2.1.3 Fault gouge

This is a non-cohesive rock with less than 30% large clasts (>
2 mm), formed in the first kilometers of the upper crust (~0-4
km; cf. Sibson, 1977) from cataclassic processes dominated by
fracturing and rotation of the rigid body of grains and frag-
ments. It is restricted to shear fractures and slip planes in fault
zones (Figure 2b) and it is composed by a material rich in clay,
which can present foliation and plastic response in the presen-
ce of moisture (Higgins, 1971; Engelder, 1974; Wu, 1978; Ches-
ter et al., 1985; Scholz, 1987; 1988; Snoke et al., 1998; Killick,
2003; Vannucchi et al., 2003; Woodcock and Mort, 2008; Mag-
loughlin, 2010; Haines et al., 2013; Vrolijk et al., 2018).

2.1.4 Cataclasite

This denomination classifies a cohesive rock with or without
foliation (figure 2c), developed in the upper crust at depths
shallower than those of the ductile-brittle transition (~4-1 0
km) (Figure 1). It is characterized by angular porphyroclasts
in a fine-grained matrix of similar composition, which are de-
formed by mechanisms associated with processes of cataclastic
and granular flow, fracturing, rotation and frictional sliding
of particles (Higgins, 1971; Sibson, 1977; 1979; Scholz, 1988;
Blenkinsop and Rutter, 1986; Babaie et al.,, 1991; Hadizadeh
and Tullis, 1992; Snoke et al., 1998; Woodcock and Mort, 2008;
Magloughlin, 2010; Balsamo et al., 2010; Moreira and Dias,
2018; Kjenes, 2018; Nicchio et al., 2018; Barao et al., 2020).
According to the degree of proportion of the matrix (cf. Sib-
son, 1977; 1979; Snoke et al., 1998; Woodcock and Mort, 2008;
Magloughlin, 2010), it is classified as: a) protoclasite, in the
which the matrix makes up less than 50% of the rock volume;
b) mesocataclasite, for which the matrix comprises more than
50% and less than 90 % of the rock volume; ¢) ultracataclasite,
in which the rock volume consists of more than 90% matrix
and is restricted to fault cores where the shear concentrates (Fi-
gure 1); d) S-C cataclasites, which are characterized by a shape
orientation of some mineral phases (S planes) and the gene-
ration of micro-shear planes or shear bands (C planes), with
quartz and feldspar crystals developing brittle deformative mi-
crostructures with no dynamically recrystallized grains in con-
ditions of temperatures between 150 °C and 250 °C (Chester et
al., 1985; Lin, 1999a).

2.1.5 Phyllonite

Cohesive rock with phyllitic appearance, formed by processes
of aseismic creep (drag) (Higgins, 1971; Sibson, 1977; Pass-
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chier and Trouw, 2005; Trouw et al., 2010; Torgersen and Viola,
2014) or by syndeformational fluid circulation and flow during
its generation (cf. Spruzeniece and Piazolo, 2015). It may be
related to cataclasites and mylonites and develops transitional
contacts with protomylonite in some shear zones, locally with
complete lateral variation of the structure, or hosting quartz
tension cracks (cf. Hippertt and Massucatto, 1998).

2.1.6 Mylonite

This designation includes cohesive rocks with mineral-stret-
ching lineations (Figure 2d), strongly deformed in a ductile
shear zone, surrounded by less deformed rocks, developed at
depths equivalent to the middle-lower crust (Figure 1), un-
der a normal geothermal gradient. It is characterized by two
types of well-defined foliation, called S-C structures (Figure
2e), which result from a reduction in grain size from plastic
processes. They are also constituted by lithic fragments or
porphyrioclasts of type o, §, fish or sigmoidal, in addition to
porphyroclastic systems with the development of mantle-core
structures, quarter structures, reaction rings, and deformation
shadows that, generally, have a composition similar to that of
a fine-grained matrix (Bell and Etheridge, 1973; Lister and
Snoke, 1984; Hooper and Hatcher, 1988; Hanmer, 1989; Ten
Grotenhuis et al., 2003; Passchier and Trouw, 2005; Brodie et
al., 2007; Trouw et al., 2010; Bario et al., 2020). Classification
is based on the proportion of its original grains (size) and
the recrystallized matrix (Sibson, 1977, 1979; Scholz, 1988;
Snoke et al., 1998; Brodie et al., 2007; Woodcock and Mort,
2008; Magloughlin, 2010; Fossen and Cavalcante, 2017), and
includes: a) protomylonite, in which less than 50% of the rock
has been subjected to grain-size reduction processes and has
greater development on C planes; b) (meso)mylonite, in which
more than 50% and less than 90% of the rock shows grain-si-
ze reduction processes; ¢) ultramylonite (Figure 2f), in which
more than 90% of the rock shows grain-size reduction; d) blas-
tomylonite, corresponding to rocks that once deformation has
ceased, increase the grain size due to processes associated with
static recrystallization. However, this term is sometimes used
to describe mylonites with a coarse-grained recrystallized ma-
trix (Passchier and Trouw, 2005).

Besides the above descriptions of mylonites, other terms
are also used, such as augen mylonite, used to describe rocks
generated from a combination of cataclastic and crystallo-
blastic processes that show crystals or lithic fragments, gene-
rally of lenticular shape (larger than 0.5 mm), embedded in a
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0 O SQ O Foult gouge

C'-Plane

C'-Plane

SPlane \

Figure 2. General appearance of a fault rock outcrop
a) Cohesive and non-foliated fault breccia; b) fault plane with fault gouge; c) foliated cataclasite; d) Mylonite with mineral orientation defined by the presence of milky
quartz porphyroclasts; e) S-C structure characteristic of mylonites; f) ultramylonite with porphyroclasts of mafic minerals and oxides; g) pseudotachylite injection veins.
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fine-grained matrix (recrystallized or neoformed), which
shows deformation in solid state (Passchier and Trouw, 2005;
Mukherjee, 2014). These rocks generally form symmetric or
asymmetric anastomosed planar structures, consisting main-
ly of felsic minerals (Higgins, 1971; Brodie et al., 2007). The
term ribbon mylonite is also used to describe strongly foliated
rocks, mainly constituted by parallel monomineralic lenses
(Passchier and Trouw, 2005; Trouw et al., 2010), common in
high-grade shear zones that are transitional deformed to stri-
pped gneisses. The stripped gneisses correspond to rocks in-
terpreted as mylonites with gneissic structure defined by pla-
nar compositional, formed under high-grade metamorphism
(Hippertt, Rocha et al., 2001; Passchier and Trouw, 2005;
Trouw et al., 2010).

Table 1. Recommended synoptic table for the textural classification of fault rocks

2.1.7 Pseudotachylites

These originate from (paleo)seismic movements producing
melting during rapid frictional sliding and are mainly charac-
terized by evidence of a a precursor melt phase (Magloughlin,
2010; Kirkpatrick and Rowe, 2013). The pseudotachylites oc-
cur as phases included within veinlets and veins with thick-
nesses from millimetric to centimetric (Figure 2g). They may
consist of glass, devitrified glass, oxides, carbonates, chlorite
and even epidote, as veins of the main fault plane, generation
veins or injection veins, with sharp contacts, locally corroded,
and cooling margins (cf. Lin, 2008; Lopez et al., 2008; Mag-
loughlin, 2010; Kirkpatrick and Rowe, 2013; Altenberger and
Lopez, 2014). They are constituted by fragments of broken
crystals from host rock embedded in a matrix ranging from

Non-foliated

p Foliated

crackle breccia
75 - 100%

Fault breccia
Percentagem of large clasts >2 mm

mosaic breccia
60-75%

Foliated fault breccia

>30% visible fragments with >2 mm

chaotic breccia
30-60%

Fault gouge

Incohesive

Visible fragments < 30%

Foliated fault gouge
Visible fragments < 30%

Phyllite
appearance,
mylonite rich
in fine-grained

micas

Phyllonite

Protocataclasite / Foliated protocataclasite

Protomylonite

Cohesive

Mesocataclasite / Foliated mesocataclasite

50%

Mesomylonite

structures

90%

Cataclasite series

Nature of the matrix and deformation
Fracturing processes and frictional

<30% visible fragments with >2 mm

Tectonic reduction in the size of grain
and grain growth by recrystallization
and neomineralization
sliding prevail, clasts <0.1 mm

Ultracataclasite / Foliated ultracataclasite

Mylonite series
Plastic processes dominate in
recrystallization of crystals, generation
of sigmoids and development of S-C
Matrix percentage

Ultramylonite

Glass or
devitrified
glass

Pseudotachylyte
Present glass injections in its sidewalls

Foliated Pseudotachylyte

§ - mé# - Mylonite

ccs . . . [ T with gnesic

EN Blastomvlonite Lenticular eye-shaped mineralin | Augen | & SZYS3| Ribbon mylonite structare and | Stripped gneiss
g &g, Y planar fabric mylonite § e gp_o« G y high grade of ppeds

£ g o metamorphism

Source: Prepared with information from Sibson (1977; 1979); Scholz (1988), Snoke et al. (1998), Killick (2003), Woodcock and Mort (2008), and Magloughlin (2010).
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cryptocrystalline to aphanitic, which develop structures due
to flow, compositional banding, and spherulites caused by ra-
pid cooling and devitrification (Philpotts, 1964; Sibson, 1975;
Snoke et al., 1998; Lin, 1999b; 2008; Wenk et al., 2000; Winter,
2001; Passchier and Trouw, 2005; Lopez et al., 2008; Maglou-
ghlin, 2010; Fossen, 2013; Kirkpatrick and Rowe, 2013; Alten-
berger and Lépez, 2014).

2.1.8 Classification of fault rocks in the field

For fault rock classification in the field, it is suggested to use
a tabular summary (Table 1) that synthesizes the previously
described features, which includes the minimum classification
parameters based on descriptions of the lithologic, physical,
mineralogical, structural and textural characteristics of the
rocks to be classified.

S: Foliation
L: Lineation

Oriented sample

Labelled slab

Thin section with the information recorded

during its sampling

Figure 3. Schematic illustrating the orientation of the sample in the field
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2.2 Petrography and microtectonics
Before performing the petrographic and microtectonic analy-
ses, it is suggested to have control over the orientation of the
sample collected in the field (Figure 3), indicating in the sam-
ple basic information related to the attitude of the plane, which
should be orientated by specifying the strike of the reference
surface according to the right-hand rule. It is also necessary
to mark geographic North, the base (lower plane) and the top
(upper plane), and the free faces of the sample (cf. Turner and
Weiss, 1963; McClay, 1987; Passchier et al., 1990; Hopgood,
1999; Passchier and Trouw, 2005).

In the preparation of thin sections, one should consider
that the tectonically deformed rocks can develop planar and
linear fabrics, which are associated geometrically with the de-

formation ellipsoid, in which the greater mineral linetion is

Cutting slab

parallel to the
lineation and
perpendicular
to the foliations

planes

A

The direction of geographic North (—N), structural data, free face, and top and base are indicated. The cut oriented to obtain the labelled slab must be parallel to the
mineral linetation and perpendicular to the foliation. Finally, on the thin section for petrographic and microtectonic analysis, the information recorded in the field is
indicated as a reference for interpretation of the kinematics in relation to the sample orientation. Source: Prepared with information from Passchier and Trouw (2005),

and Garcia (2011).
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generated along the X direction and the foliation correspond to
the XY planes of the ellipsoid (Flinn, 1979; Ramsay and Huber,
1983; Passchier and Trouw, 2005; Fossen, 2013). To make a cut
that reveals the greatest deformation, and additionally, the geo-
metry and direction of movement registered by the kinematic
indicators is observed, a section normal to the axis of deforma-
tion symmetry must be defined (XZ section of the deformation
ellipsoid). This corresponds to the direction perpendicular to
the foliation and parallel to the mineral lineation or direction
of stretching of the linear fabric elements of interest (Figure 3)
(Lister and Hobbs, 1980; Schmid and Casey, 1986; Law, 1990;
Hippertt, Lana et al., 2001; Passchier and Trouw, 2005; Trouw
et al,, 2010; Rutter et al., 2011; Parsons et al., 2016; Goswami et
al., 2018). A thin section normal to the mineral direction and
parallel to the planes of foliation do not reflect the geometry of
the kinematic indicators, because in this cut will be observed
® and 0-type porphyroclasts and porphyroblasts. These do not
exhibit deformation shadows, and thereforethey do not allow
the establishment of a kinematic sense (Passchier and Trouw,
2005; Trouw et al., 2010; Davis et al., 2011). It is important also
that the thin section replicates the information registered for
the rock during sampling, i.e., which show the coordinate axes,
geographic north and indications of top and base, among other
aspects.

According to the mechanical response of the minerals, the
conditions of pressure, temperature, differential stresses and
deformation rate under the deformation occurs it is possible
microscopically observe the following deformation mechanis-
ms (Blenkinsop, 2002; Passchier and Trouw, 2005).

1. Brittle fracturing - a cataclastic flow, in which fragmenta-
tion, rotation and frictional sliding occurs between grain
boundaries through inter and intragranular or transgra-
nular microfractures, whether those microfractures are
between the grains, affect one grain, or pass through seve-
ral grains, respectively (Passchier and Trouw, 2005). This
mechanism occurs mainly in brittle conditions of low tem-
perature (~150 through ~400 °C) (Blenkinsop and Rutter,
1986; Hadizadeh and Tullis, 1992; Picazo et al., 2013; Baron
et al., 2020) and high deformation rates.

2. Intragranular deformation, assisted by dissolution-pre-
cipitation processes, responsible for accommodating de-
formation along the contact surface between the grains
or minerals, under semi-brittle regime and brittle-ductile
transition conditions.
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3. Intracrystalline deformation, which orders point defects
and linear distortions along the lattice planes of the crystal,
in conditions of brittle-ductile transition, developing de-
formation lamellae, twinning, undulatory extinction, and
microkinks.

4. Processes of recovery and recrystallization, mechanism ge-
nerating displacement and organization of dislocations, to
be accumulated in the form of planes subsequently gene-
rate subgrain limits along the edges of larger crystals. One
can identify three deformation mechanisms in dynamic re-
crystallization: bulging (BLG) (Figure 4a), subgrain rotation
(SGR) (Figure 4b) and grain boundary migration (GBM)
(Figure 4c), developed in ranges of deformation tempera-
tures ~300-410 °C, 410-520 °C and > 520 °C, respectively
(Zulauf, 2001; Stipp et al. 2002; Faleiros et al., 2010). At low
temperatures (< 400 °C), the calcite is deformed by crys-
talloplastic processes along the twinning planes, called “e
planes” (Despaigne and Caceres, 2009). According to the
geometry in which the twinning planes develop, it is possi-
ble to estimate the deformation temperature conditions of
the calcite crystals. These are classified as: a) type I, deve-
loped at temperatures of 170 °C (Burkhard, 1993; Passhier
and Trouw, 2005; Despaigne and Caceres, 2009); b) type I,
which occur at 150-300 °C (Ferrill, 1991; Ferrill et al., 2004;
Despaigne and Caceres, 2009); c) type III, which develop
at temperatures > 200 °C (Burkhard, 1993; Despaigne and
Caceres, 2009), d) type IV, developed at temperatures > 250
°C (Burkhard, 1993; Ferrill et al., 2004; Despaigne and Ca-
ceres, 2009).

5. Solid-state diffusion creep, which occurs mainly at high
temperatures, and is related to the transfer of atoms along
grain boundaries. It generates curved contacts and chemi-
cal zonations.

2.3 3D finite deformation and kinematic vorticity
analysis

The 3D finite deformation analysis is based on the calculation
of the deformation ellipsoid, which characterizes the planar
and linear fabrics of the deformed rocks (corresponding to the
XY planes and X axis of the finite deformation ellipsoid, res-
pectively) (Passchier and Trouw, 2005) and quantifies its sca-
lar parameters of magnitude and shape (T parameter, Jelinek,
1981; Flinn parameter or K value, Ramsay and Huber, 1983;
degree of anisotropy, Ramsay and Huber, 1983; Borradaile
and Werner, 1994; Lagroix and Borradaile, 2000; Nakamura



Figure 4. Microphotographs of samples showing intercrystalline plasticity pro-
cesses evidenced by deformation mechanisms

a) Bulging; b) Subgrain rotation; c) Grain boundary migration. Yellow arrows in-
dicate sites where one observes the dynamic recrystallization previously des-
cribed (see text).
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and Borradaile, 2004). This analysis usually implements the
inertial tensor (cf. Launeau and Cruden, 1998) and quadratic
tensor (cf. Robin, 2002; Launeau and Robin, 2005) methods.
It assumes that the deformation was homogeneous and that
the crystals initially had equidimensional shapes. Therefore,
the quantification of the geometric properties of the defor-
mation ellipsoid and orientations of its main axes reflect the
planar and linear structures developed in the rock body (Lau-
neau and Robin, 2005; Passchier and Trouw, 2005). From the
shape geometry and the orientation of the ellipsoid obtained,
it is also possible to determine the nature of the deformation
(coaxial vs. non-coaxial shear, and constructional vs. flattening
deformation) and the stress regime under which the shear zone
developed (transtension, transpression, shearing, tension and
compression) (cf. Sanderson and Marchini, 1984; Fossen and
Cavalcante, 2017; Riberio et al., 2019; Forero-Ortega et al,,
2020).

The vorticity analysis determines and quantifies the ki-
nematics of the flow in the shear zones (Xypolias, 2010). It
focuses on the interpretation of structural fabrics in terms of
the degree of noncoaxiality, i.e., evaluating the relationship
between rotation and flow stretching components via nume-
rical modeling (cf. McKenzie, 1979; Means et al., 1980; Lister
and Williams, 1983), which quantifies the values of kinematic
vorticity (W,) (Truesdell, 1953), sectional kinematic vorticity
(W ) (Passchier, 1997), and mean kinematic vorticity (W _).
This analysis implements 2D methods on surfaces parallel to
the XZ plane of the finite deformation ellipsoid, in order to
estimate the spatial contribution of the simple and pure shear
components in deformation zones in terms of W_or W, va-
lues, such as the distribution of linear materials (dikes or sets of
deformed veins) (cf. Wallis, 1992; Kumerics et al., 2005; Short
and Johnson, 2006), rotation of rigid objects (cf. Johnson et al.,
2009; Langille et al., 2010, Thigpen et al., 2010; Forero-Orte-
ga et al,, 2020), inclusion patterns in porphyroblasts (cf. Beam
and Fisher, 1999; lacopini et al., 2007), R /B method (cf. Sar-
karinejad et al., 2010; Law, 2010; Xypolias et al., 2010), 6/3 me-
thod (cf. Xypolias, 2009; Ribeiro et al., 2019) and others (cf.
Xypolias, 2010).

2.4 Submicroscopic SEM-TEM-EBSD analysis

The Scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) analyses with electron backs-ca-
ttering diffraction (EBSD) are performed to evaluate textures
and compositions (number of phases), based on quantitative
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microstructural analysis of crystallographic disorientation an-
gles (characteristics of the boundary mineral) and the average
shape and size distribution. These analyses also characterize
crystallographic textures, intracrystalline deformation, dyna-
mic recrystallization mechanism, and preferential crystallo-
graphic orientation (cf. Behrmann and Mainprice, 1987; Prior
et al,, 1999; Maitland and Sitzman, 2007; Mariani et al., 2008.
Chen and Thomson, 2010; Kilian et al., 2011; Oliot et al., 2014;
Platt, 2015; Desbois et al., 2016; Vrolijk et al., 2018; Cavalcante
et al,, 2018; Goswami et al., 2018; Scheiber et al., 2019; Bella
et al., 2019; Ribeiro et al., 2019; Ault, 2020; Conte et al., 2020).

These analyses are carried out on fine-grained minerals in
mylonites (mainly quartz and feldspar crystals), which define
the transitions of structural levels and rheological conditions
of the crust, as well as the location of deformation and develo-
pment of the shear zone, depending on the prevailing geother-
mal gradient. These analyses are also performed on clay mine-
rals in fault gouge and iron oxide precipitates developed along
the sliding planes, for which it is not possible to easily observe
the deformation mechanisms generated, the geometry, and the
direction of movement registered by the kinematic indicators.

2.5 Geothermobarometry and thermodynamic

modeling
Geothermobarometry has wide applications in the study of
pressure and temperature conditions of the various phases and
associations of mineral phases. These include establishing the
emplacement depth of plutonic bodies (cf. Hammarstrom and
Zen, 1986; Bohlen and Lindsley, 1987; Schmidt, 1992; Moazzen
and Drop, 2005; Bernet et al., 2019; Cetina et al., 2020), deter-
mination of the metamorphic peak of metamorphic rocks, and
definition of pressure-temperature-time path (cf. Bohlen and
Lindsley, 1987; Essene, 1989; Spear, 1993). The objective of
geothermobarometry is to infer the pressure and temperature
conditions under which a sample has reached equilibrium (cf.
Spear, 1993). The description of geothermometers and geo-
barometers, as well as the analytical methods used, is beyond
the scope of this review, therefore, the interested reader can
consult Essene (1989), Spear (1993), and Powell and Holland
(1994, 2008) for the basis, and Moecher and Brearley (2004),
Grujic et al. (2011), Cross et al. (2015) and Cao et al. (2017),
among others, for specific applications to fault rocks.

Starting from petrographic and microtectonic analyses,
the aspects that must be considered when conducting geo-
thermobarometry studies in fault rocks involve: 1) recognition
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of the main deformation structures and kinematic indicators;
2) determination of the paragenesis and equilibrium mineral
assemblage present in the rock related to the structures and
kinematic indicators; 3) definition of minerals susceptible to
microanalysis, in order to obtain compositional data for geo-
thermometry (e.g., chlorite, quartz and mullite) and geoba-
rometry (e.g., white mica or fengite, plagioclase + garnet); 4)
calculation of pressures and temperatures.

It has been considered that the deformation in shear zones
may affect the rates and mechanisms of chemical equilibrium
in different mineral phases (cf. Steffen and Selverstone, 2006;
Richard et al., 2014). The combination of metamorphism and
deformation causes transient changes in the speed of the reac-
tions and kinetic pathways that generate mineral associations
in chemical equilibrium. These processes, therefore, affect the
accuracy and uncertainty of results obtained from geothermo-
barometers analysis, thus evidencing the presence of hetero-
geneities or chemical imbalances (cf. Steffen and Selverstone,
2006).

To minimize uncertainties caused by chemical imbalances,
another method used to obtain pressures and temperatures is
thermodynamic modeling. This method allows the prediction
of mineral phases in equilibrium within certain pressure and
temperature ranges, based on a given chemical composition,
and aims to understand the evolution of mineral associations
(Spear, 1993). The diagrams that include mineral associations
distributed in stability fields are called pseudosections, and
correspond to maps or sections of phase diagrams that show
the mineral equilibrium that can be used to predict the pres-
sure-temperature conditions in which the major mineral as-
sociations are generated (Tinkham, 2007; Vernon and Clarke,
2008), from specific compositions of total rock (Powell et al.,
1998; Zuluaga et al., 2006; Tinkham, 2007).

Starting from petrographic analysis, the aspects that must
be considered to do thermodynamic modeling of fault rocks
include: 1) defining the mineral phases to be modeled; 2) es-
tablishing the chemical components of the system; 3) determi-
ning the chemical system that defines the phase equilibrium
(e.g., KFMASH, which corresponds to K,O, FeO, MgO, AL,O3,
S§iO,, H,0); 4) finding the intensive variables or degrees of
freedom of the system to be modeled by application of the pha-
se rule; 5) running the Gibbs free energy minimization routine
(e.g., Perple_X); 6) constructing the P-T (pressure-temperatu-
re) pseudosection. Additionally, if geothermobarometry data
are available, the P-T trajectories can be reconstructed.
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Construction of a pseudosection is done using software,
among which Thermocalc (Powell and Holland, 2001 and
2005; Zuluaga et al., 2006; Tinkham, 2007; https://hpxeosan-
dthermocalc.org), Theriak Domino (De Capitani and Pe-
trakakis, 2010; https://titan.minpet.unibas.ch/minpet/theriak/
theruser.html), and Perple_X (Connolly, 2005; 2009; http://
www.perplex.ethz.ch) stand out. The software description is
beyond the scope of this review, so the reader is referred to the
links cited above. Pseudosections are used in the modeling of
faulting controlled by fluid infiltration in mylonites at diffe-
rent structural levels (cf. Selverstone et al., 2012; Précigout et
al., 2017), of seismically coupled and uncoupled segments in
subduction interfaces (cf. Angiboust et al., 2015) and the me-
tamorphic rocks that host the shear zones (cf. Forero-Ortega
et al., 2020). The pseudosections also demarcate deformation
histories evidenced in most cases by prograde and retrograde
segments of P-T paths owing to shear (cf. Steffen and Selvers-
tone, 2006).

3. ESTIMATION OF THE DEFORMATION AGE OF FAULTS AND SHEAR
ZONES

Fault and shear zones control the distribution of deformation
throughout the lithosphere and play a fundamental role in the
emplacement of magmas and circulation of fluids (Ramsay,
1980b; Sibson, 1990; Brown and Solar, 1998; Micklethwaite et
al., 2010; Vauchez et al., 2012; Clerc et al., 2015; Smeraglia et
al.,, 2016; Précigout et al., 2017). Therefore, understanding of
the timing of activity in the fault and shear zone is essential
to comprehend the tectonic evolution in a specific geological
context. For this, it is necessary to integrate the mapping and
analysis of structures at macro and micro-scales, geochrono-
logical and thermochronological data that help determine di-
rectly and indirectly the thermal history of a shear zone over
time, related to processes of exhumation, uplift and sedimenta-
tion associated with evolution of the structure (Bossi and Cam-

pal, 1992; Oyhantcabal et al., 1993; Oyhantcabal et al., 2001;
Zwingmann and Mancktelow, 2004; van der Plujim et al., 2006;
Lobens et al., 2011; Davids et al., 2013; Hnat and van der Plui-
jm, 2014; Viola et al., 2016; Oriolo et al., 2016 a, b; Ring et al,,
2017; Stissenberger et al., 2017).

3.1 Geochronology of fault rocks

In order to delimit the deformation age in shear zones, de-
termined in a relative way from field observations such as
cross-cutting relationships between the structures and the
geological units, generation of zones or surfaces erosion and
discontinuities, among others, the use of geochronological and
thermochronological methods is recommended for fault rocks
or lithological units that constitute blocks adjacent to the shear
zones (Table 2). The most relevant isotopic systems and dating
methods for the study of shear zones are highlighted in certain
reviews (cf. Ohtani et al., 2004; Oriolo et al., 2018; Hueck et
al., 2020; and references cited therein). In brittle deformation
conditions, methods such as K-Ar and Ar-Ar in neoformed
phyllosilicates, such as chlorite, white mica, sericite, muscovi-
te and illite have been implemented (cf. Crone, 1996; Chan et
al., 2000; Jefferies et al., 2006; McWilliams et al., 2007; Vinas-
co, 2001; Lobens et al., 2011; Oyhantcabal et al., 2012; Wang
et al,, 2016), in fault gouge (cf. Vrolijk and van der Plujim,
1999; van der Pluijm et al., 2001; Zwingmann and Manckte-
low, 2004; Haines and van der Plujim, 2008; Duvall et al., 2011;
Fitz-Diaz and van der Plujim, 2013; Viola et al., 2016; Schei-
ber et al., 2019) and in the pseudotachylite matrix (cf. Crone
and Omdahl, 1987; Sherlock and Hetzel, 2001; Magloughlin et
al., 2001; Streepey et al., 2002; Cosca et al., 2005; Reiners and
Brandon, 2006; Whitmeyer, 2008; Cassata et al., 2009; Sherlock
etal., 2009; Wolff et al., 2012; Di Vincenzo et al., 2013; Bense et
al., 2014; Viola et al., 2016; Siissenberger et al., 2017, Vrolijk
et al,, 2018). Likewise, U-Pb and U-Th analyses in veins and
fibres of calcite and opal precipitated on the fault planes have
been performed (cf. Verhaert et al., 2003; Uysal et al., 2007;

Table 2. Synthesis of materials and methods proposed to establish the age under different thermal conditions present in the shear zones, and the probable interpre-

tation of these data

Deformation conditions Material for dating

Proposed dating methods Probable interpretation

Brittle Quartz grains that constitute the fault gouge
Brittle Hematite, magnetite and goethite precipitate
Brittle Veins and fibers of calcite in fault planes
Brittle Neoformed micas

Brittle/Brittle-ductile Neoformed micas, fault gouge, and pseudotaquilite matrix

Ductile Neoformed micas in mylonites

Ductile Pre and synkinematic minerals in mylonites

Electron spin resonance (ESR)

Reactivation age of fault zone

(U-Th)/He and fission track Reactivation age of fault zone

Reactivation age of fault zone or syntectonic

U-Ph precipitation
Ar-Ar/K-Ar Reactivation age of fault zone
Ar-Ar/K-Ar Reactivation age of fault zone
Reactivation age, cooling or isotopic resetting of shear
Ar-Ar
zone
U-Th-Pb Deformation age in shear zone
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Watanabe et al., 2008; Nuriel et al., 2011, 2017, 2019; Roberts
and Walker, 2016; Pagel et al., 2018), in order to establish the
age of reactivation of the shear zones (Kelley, 2002).

The U-Pb geochronology in calcite is proposed because
calcite can register a rapid deformation event at low tempera-
ture in the upper crust, process that would be difficult to dated
radiometrically with other minerals, since they do not have
the time necessary to crystallize and record deformation un-
der these conditions. Therefore, calcite constitutes an effective
chronometer that relates deformation processes (development
of faults and folds) and hydrothermal mineralization (cf. Ro-
berts and Walker, 2016; Goodfellow et al., 2017; Mottram et al.,
2018, Beaudoin et al., 2018; Roberts et al., 2020a). The main
objective is the U-Pb dating of calcite crystals in mineralized
fault planes that show textures filled by fracturing and sealing
(crack-seal) (Nuriel et al., 2011; Robert and Walker, 2016). Li-
kewise, the material to be dated must be present in syntecto-
nic structures upon the brittle deformational event, either as
tension gashes or fault-gouge injection veins, and displaying
some of the following characteristics (Nuriel et al., 2011; Dres-
sel et al., 2018; Miranda et al., 2020; Roberts et al., 2020b): 1)
crack seal textures with sliding in micro pull-apart structures;
2) crack seal textures with growth fiber lineation; 3) crack seal
textures within implosion breccia structures; 4) sigmoidal, in
echelon, and pocket-type shapes with normal kinematics, the
latter associated with discontinuous veins, massive internal
textures, brechoid or sheared.

To guarantee the simultaneity of the calcite and deforma-
tional event that gave rise to its precipitation, i.e., the tempo-
ral relationship between the fault, fracturing, fluid circulation,
and the process of precipitation and growth of calcite (Ramsay,
1980; Barker et al., 2006; Nuriel et al., 2011), geochemical, mi-
crostructural and petrographic analyses should be integrated
into the U-Pb geochronology of calcite minerals (cf. Nuriel et
al.,, 2011; Miranda et al., 2020).

Low-temperature thermochronometers ((U-Th)/He and
fission track) (Table 2) have been used in fault zones that show
fluid circulation along the damage zones and in the core of the
structure, these generally synkinematic upon the deformatio-
nal event and characterized by the precipitation of hematite,
magnetite and goethite in veins, breccias, and as patina along
the sliding planes (cf. Tagami and Murakami, 2007; Wolfler et
al., 2010; Gorynski et al., 2014; Hickey et al., 2014; Reiner et
al., 2014; MacNamee and Stockli, 2015; Ault et al., 2016; Louis
et al., 2019; Tagami, 2019). Under these conditions, the occu-
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rrence of iron oxides is the deformation dating target, these
also record the temperatures in which the displacement of the
structure was induced (cf. Wernicke and Lippolt, 1997; Shuster
et al., 2005; Blackburn et al., 2007; Farley and Flowers, 2012;
Evenson et al., 2014; Monteiro et al., 2014; Farley and McKeon,
2015; Ault et al,, 2015, 2016; Cooperdock and Stockli, 2016;
Miller et al., 2017; McDermott et al., 2017; Moser et al., 2017;
Garcia et al., 2018; Calzolari et al., 2018; Ault, 2020).

Other techniques applied to fault zones that present fluid
circulation and that host mineralizations are dating of U-Th-
Pb in hydrothermal monazite (cf. Bergemann et al., 2017, 2018;
Ricchi, Bergemann et al., 2020; Ricchi, Gnos et al., 2020; Prent
et al., 2020), Rb-Sr in feldspar crystals (cf. Tillberg et al., 2017;
Tillberg et al., 2020), and Re-Os in hydrothermal sulfides (Ver-
non et al., 2014; Lawley et al., 2013; Dichiarante et al., 2016).

For fault gouge, the method of dating by electron spin reso-
nance (ESR) has been used for quartz grains that make up this
non-cohesive rock (Table 2) (cf. Ikeya et al. 1982; Ikeya, 1993;
Lee and Schwarcz, 1994; Lee and Yang, 2007). The technique is
based on the ability to analyze damage caused by natural radia-
tion in geological and biological materials such as shells, corals,
bones and fossilized teeth, by detecting alpha, beta and gamma
radioactivity from the sample and its environment (Duval et
al., 2011; Duval, 2018). This radiation produces defects in the
crystal lattice that can trap electrical charges that eventually
form a “paramagnetic center” that produces a detectable signal
in ESR spectrometry. The height (intensity) of the spectrum
obtained is proportional to the number of electrons trapped in
each paramagnetic center, the radiation dose and its duration
(Ikeya et al., 1982; Ikeya, 1993, Griin, 1989; Lee and Schawarcz,
1994; Lee and Yang, 2007; Qju et al., 2018; Duval, 2018).

In shear zones that exhibit deformations of the brittle-duc-
tile transition, which include associations of cataclasites,
phyllonites, protomylonites and pseudotaquilites (Sibson, 1983;
Simpson, 1986), as well as mineral reactions and fluids, the Ar-
Ar isotopic system in micas and the pseudotaquilite matrix is
the most widely used tool for absolute dating of deformational
activity (Crone, 1996; Vinasco, 2001; Oyhantgabal et al., 2012;
Bense et al., 2014; Stissenberger et al., 2017). This is because
of substantial retentiveness of Ar in the structure of neofor-
med minerals (closed isotopic system) (Purdy and Jéger, 1976;
Reddy and Potts, 1999; Harrison et al., 2009) in intervals of
low-to-medium temperature, conditions in which the reactiva-
tion of structures normally occurs (Grégoire et al., 2009; Webb
et al., 2010; Bonamici et al., 2004; Oriolo et al., 2016a). When
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pseudotaquilites are processed, it is recommended to exclude
clasts present in the matrix, since they can contribute foreign
Ar derived from preexistent rock, which can yield ages without
geological sense (Di Vincenzo et al., 2004).

The deformation age under middle crust conditions, main-
ly affected by the ductile regime, is traditionally determined
by fine muscovites and neoformed biotites (cf. Freeman et al.,
1998; Fossen and Dunlap; 1998; Miiller et al., 2000; Vinasco,
2001; Whitmeyer, 2008, Vinasco and Cordani, 2012), and re-
crystallized minerals (cf. Kligfield et al., 1986; Oriolo et al.,
2015, 2016b) (Table 2), which provide information on tectonic
activation from cooling ages or isotopic resetting, given the low
closure temperature of these isotopic systems (cf. van der Plui-
jm et al., 1994).

Nevertheless, there are debates about the meaning of the
geochronological data of these isotopic methods when diffu-
sion, dissolution and precipitation processes by creep proces-
ses and fluid-assisted recrystallization have developed in the
fault rocks. This is because the age intervals obtained would
be related to cooling processes of the system and not be direct-
ly related to the deformation timing (cf. Harrison et al., 1985;
Jenkin, 1997; Carreras et al., 2013; Eberlei et al., 2015; Vissers
et al., 2016; Druguet et al., 2018). For these conditions, in or-
der to constrain the thermal history in the shear zone, in-situ
Rb-Sr and Ar-Ar micas and U-Th-Pb zircon, monazite, titani-
te, rutile and apatite have been integrated. The latter are resis-
tant to physical and chemical alterations of the system, and in
which the reported ages are related to crystallographic defor-
mation process@, since the migration and formation of crysta-
lline faces are subject to development without incorporation of
radiogenic Pb in the crystal lattice (Dahl, 1997; Lee et al., 1997;
Cherniak and Watson, 2000; Santos et al., 2003; Cherniak et al.,
2004; Cocherie et al., 2005; Dahl et al., 2005; Harley et al., 2007;
Reddy et al., 2007; Timms et al., 2011; Oyhantcabal et al., 2012;
Bonamici et al., 2015; Erickson et al., 2015; Oriolo et al., 2016a;
Kirkland et al., 2018 a, b; Giraldo et al., 2019; Odlum and Stoc-
Kkli, 2020; Ribeiro et al., 2020 a, b; Van Daele et al., 2020).

3.1.1 Considerations for mineral dating of fault rocks

For analysis and application of different isotopic systems is ne-
cessary to consider the closure temperatures of the minerals.
This is because once the isotopic system has reached a specific
temperature range, the host mineral does not exchange isoto-
pes with the system (a closed isotopic system), so negligible
diffusion rates are obtained, as therefore precise chronologi-

cal information on the deformation event (cf. Dodson, 1973;
Villa, 2002; Braun et al., 2006). Closure temperatures depend
on physical factors such as grain size, mineral composition,
cooling rate, and pressure, among others (cf. Dodson, 1973;
Hames and Bowring, 1994; Grove and Harrison, 1996; Cher-
niak, 1995; Farley, 2000; Jenkin et al., 2001; Braun et al., 2006;
Harrison et al., 2009). For this reason, to date fault rocks, it is
necessary to rely on the reconstruction of geothermobarome-
tric diagrams (P-T-t), geochemical analysis, thermodynamic
modeling, and microstructural studies (cf. van der Plujim et
al., 1994; Stbnitz, 1998; Steffen and Selverstone, 2006; Villa et
al., 2014; Odlum and Stockli, 2020; Ribeiro et al., 2020 a, b).

The temperature reached during the deformation pro-
cess must be less than or equal to the closure temperature of
the isotopic system of the geochronological method used.
Otherwise, the age obtained will be a cooling age of the isoto-
pic system and not of the deformation (Vinasco, 2001). This
is because dynamic recrystallization, neo-crystallization, me-
tamorphic reactions and fluid circulation (dissolution-precipi-
tation processes) take place during deformation, which modify
the physical properties (reset) of the isotopic system of mine-
rals in fault rocks (cf. Dunlap, 1997; Villa, 2002; Mulch et al,,
2002; Mulch and Cosca, 2004; Harley et al., 2007; Cosca et al.,
2011; Tagami, 2012; Harlov, 2015; Oriolo et al., 2016a).

In the case of U-Pb dating of carbonates (e.g., calcite), once
the event of interest has been identified through field observa-
tions, petrography, cathodoluminescence and electron micros-
copy, one should confirm that: 1) the carbonate is contempo-
rary or synchronous, or very close, to the geological event of
interest; 2) the carbonate formed rapidly and under conditions
that allowed enrichment in U and exclusion of Pb; 3) there is
no evidence of dissolution,recrystallization, or alteration (e.g.,
diagenetic); 4) there are no different generations of carbona-
te; 5) there are optimal concentrations of U in the mineral to
ensure accurate dating, which can be determined by composi-
tional maps (cf. Rasbury and Cole, 2009; Roberts and Walker,
2016; Roberts, 2019; Roberts et al., 2020a).

3.2 Radiometric dating of geological features
adjacent to shear zones

Given the different geological processes (deformation, meta-

morphism, and fluid-rock interaction) related to the evolution

of a shear zone, it is necessary to integrate geochronological

and thermochronological studies of syntectonic elements of

the structure, in order to constrain the age of deformation in
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shear zones (Fossen and Tikoff, 1997; Xypolias and Kokkalas,
2006; Vitale and Mazzoli, 2008; Carreras et al., 2013; Pennac-
chioni and Zucchi, 2013; Ribeiro et al., 2020b). These studies
include:

a) Intrusive synkinematic (Table 3), which correspond to ig-
neous bodies emplaced during reactivation episodes of fault
systems, in which magmatic units are transported through
the crust by shear zones that behave as channels connec-
ting magma generation areas with the upper crust (D’Le-
mos et al., 1992; Reavy, 1989; Clemens and Mawer, 1992;
Rosenberg, 2004). The emplacement of granitoids thus
marks a direct relationship between tectonic deformation
and magmatic bodies (D’Lemos et al., 1992; Druguet and
Hutton, 1998; Brown and Solar, 1999; Grocott and Taylor,
2002; Vinasco and Cordani, 2012; Avila et al., 2019) and de-
limits strongly deformed areas in which igneous bodies fill
open spaces within brittle-ductile transition zones, mainly
associated with transtensional deformations and limited by
the traces of regional faults. To date these intrusives, it is
necessary to perform a priori detailed analysis of magma-
tic fabrics (cf. Romn-Berdiel et al., 1997; Blumenfeld and
Bouchez, 1988; Paterson et al., 1989; Bouchez et al., 1992;
Paterson and Vernon, 1995; Paterson et al., 1998), in order
to discriminate between pre-, syn- and postkinematic ig-
neous bodies (Steenken et al., 2000; Rosenberg, 2004; Sie-
gesmund et al., 2004; Wang et al., 2009; Oyhantcabal et al.,
2009). Once determined from the magmatic fabric that the
igneous body is synkinematic, the igneous units are dated
by U-Pb dating of zircon, in order to obtain the age of em-
placement of the igneous body, information directly related
to reactivation periods of the shear zone.

b) Hydrothermally altered rocks related to shear zone activi-
ty (Table 3), for which the Ar-Ar dating method is mainly
used for neoformed white micas, which provide informa-
tion on tectonic reactivations, because they are related to
fluids generated during deformational events in the shear
zones (Vinasco, 2001; Vinasco and Cordani, 2012).

¢) Blocks adjacent to the structure (Table 3) in which the ex-
humation ages are related to periods of deformation or re-
activation of the fault zone, because low-temperature ther-
mochronology dates the cooling ages, which in shear zone
contexts are widely related to timing of the fault slip (cf.
van der Pluijm et al., 1994; Stockli et al., 2002; Wells et al.,
2000; Echler and Farley, 2003; Colgan et al., 2008; Bidgoli
et al,, 2015; Curry et al., 2016; Oriolo et al., 2016b; Abbey
and Niemi, 2018; Collett et al., 2019; Heineke et al., 2019;
Amaya-Ferreira et al., 2020). Exhumation ages are deter-
mined using low-temperature thermochronology methods
(surface conditions of the lithosphere at ~10-km depth, for
a normal geothermal gradient), including thermochrono-
meters such as apatite fission track (AFT) and zircon fis-
sion track (ZFT), which give closing temperatures between
~110-120 °C and ~230-240 °C, respectively, under condi-
tions of constant cooling and relatively rapid exhumation
(Zaun and Wagner, 1985; Hurford, 1986; Laslett et al., 1987;
Brandon and Vance, 1992, Ketcham et al., 1999; Bernet et
al., 2002; Bernet et al., 2019).

4. CONCLUSIONS AND RECOMMENDATIONS

For geological-structural mapping of shear zones, it is su-
ggested to perform an analysis of photointerpretation and
geoprocessing of images in which the trace of the structure is
preliminarily delimited. Once defined, field transects must be
made perpendicular to the strike of the deformed area in or-
der to collect structural data with statistical representativeness
and determine the distribution, kinematics and geometry of
the central and marginal areas of the principal structure in the
shear zone, as well as of satellite faults, branches and secondary
structures, in order to define the timing of deformation events
and rank the developed structures.

To classify fault rocks in the field, it is recommended to
adopt the modified proposal of Sibson (1977; 1979), Scholz
(1988), Snoke et al. (1998), Killick (2003), Woodcock and
Mort (2008) and Magloughlin (2010), which differentiated be-
tween cohesive and non-cohesive rocks, categorizes the rocks

Table 3. Synthesis of the material and proposed method for dating geological elements adjacent to the shear zone, as well as the information obtained thereby

Material for dating

Proposed methods for dating

Informaction obtained

Zircons of synkinematic intrusive

Neoformed micas of hydrothermally altered rocks

Fission tracks in apatite and zircon of blocks adjacent to the
structure

AFT and ZFT

Age of emplacement
Age of reactivation of shear zone, cooling or isotopic resetting

Exhumation ages

Boletin Geoldgico 48(1)



according to the percentage of original and matrix grains, and
describes the characteristics and deformation mechanisms de-
veloped during the deformation event.

The proposed methodology to determine and constrain the
period of deformation in shear zones uses technical differences
according to the deformational regime in which the fault rocks
were generated, implements materials and methods of geologi-
cal elements adjacent to the shear zone, and it is constituted by
the following activities: 1) submicroscopic analysis of minerals;
2) dating of neoformed micas, fault gouge, and pseudotakylite
matrix by the Ar-Ar method, and of calcite fibers and iron pre-
cipitates by the U-Pb and (U-Th)/He systems, respectively, un-
der conditions of brittle/brittle-ductile deformation; 3) in-situ
K-Ar dating of micas and U-Th-Pb of pre- and synkinematic
minerals in mylonite rocks; 4) dating of synkinematic intrusi-
ves, adjacent blocks, and hydrothermally altered rocks by the
U-Pb, AFT/ZFT and Ar-Ar methods, respectively.

The minerals that make up fault rocks are formed in the
presence of fluids and conditions of varying pressure and tem-
perature, and can be isotopic resetting during the evolutionary
history of shear zones. Considering that the dating of fault roc-
ks depends on the deformation temperature, it is suggested to
establish the temperature from geothermometers and micros-
copic analysis of the microstructures. However, the presence
of retrograde, recrystallization or dissolution-precipitation
processes must be determined, since these processes substan-
tially affect the closure temperature of the minerals used in
the geochronological and thermochronological methods im-
plemented and do not guarantee a closed isotopic system with
negligible diffusion rates.
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ABSTRACT

The description of the fabric elements represented by the linear and planar structures present at different scales is a key component
of fieldwork. A scheme is proposed for the systematic registration of planes and lineations, coded as S (planar surfaces), F (folds),
and L (lineations), among others, that allows for the orderly storage of the measurements taken. This scheme includes informa-
tion related to the kinematics, the kinematic indicators, and the certainty or reliability ascribed to the assigned movement. In the
fieldwork, the graphic representation of the structural measures in modified projection nets includes concentric circles for each
dip. Direct drawing of the outcrop data is undertaken, dispensing with the use of tracing or transparent paper. The stereograms
resulting from the graphic representation in the modified Wulff stereographic projection net, and the modified Schmidt equal-
area net, can be complemented by rose diagrams for visualization of the spatial ordering. During field campaigns in the outcrops,
it is essential to visualize the spatial orientation of the data in the diagrams to determine the main structural trends, the vergence,
the kinematic nature of faults and shear zones, paleo-stress tensors, and to differentiate structural domains, among others. This
information supports the reconstruction of geological and tectonic history and the establishment of relationships between the
different geological processes.

Keywords: Structural analysis, structural data, stereographic projection, equal-area projection, rose diagram, fabric elements.
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RESUMEN

La descripcion de los elementos de fabrica representados por las estructuras lineales y planares presentes a diferentes escalas es
uno de los aspectos més relevantes del trabajo de campo. Asi, para el registro sistemético de planos y lineaciones, codificados como
S (superficies planas), F (pliegues), L (lineamientos), entre otros, se propone un esquema que permite el almacenamiento orde-
nado de las mediciones realizadas. Este esquema incluye informacioén relacionada con la cinematica, los indicadores cinematicos
y la certeza o confiabilidad que se otorga al movimiento asignado. Durante el trabajo de campo, la representacion grafica de las
mediciones estructurales se realiza en redes de proyeccién modificadas que incluyen circulos concéntricos para cada buzamiento,
y permiten dibujar al trazo los datos estructurales en el afloramiento, prescindiendo del uso de papel de calco o transparente.
Como tal, los estereogramas resultantes de la representacion grafica en la red de proyeccion estereografica de Wulff modificada,
y la red de igual drea de Schmidt modificada, deben complementarse con diagramas rosa para la visualizacién del ordenamiento
espacial. Durante las camparfias de campo, en los afloramientos es fundamental visualizar la orientacion espacial de los datos en
los diagramas para determinar las principales tendencias estructurales, la vergencia, el sentido cinematico de fallas y zonas de
cizallamiento, los tensores de paleo-esfuerzo, y diferenciar dominios estructurales, entre otros factores. Esta informacién apoya la
reconstruccion de la historia geoldgica y tectdnica y el establecimiento de las relaciones entre los diferentes procesos geologicos.

Palabras clave: Registro de datos estructurales, red de proyeccion modificada, proyeccién estereografica, proyeccién de igual drea, diagrama rosa,

elementos de fabrica.

1. INTRODUCTION

Analysis of the spatial location of geological structures acqui-
red in the field using graphical techniques during mapping
campaigns is of vital importance for determining the direction
of tectonic drag, the kinematics of shear zones and paleostress
tensors, and axes of elongation and shortening; and to defi-
ne the deformation phases recorded by lithological units. This
makes it possible to reconstruct geological and tectonic history
as well as establish relationships between different geological
processes (Turner and Weiss, 1963; McClay, 1987; Passchier et
al., 1990; Hatcher, 1995; Hopgood, 1999; Passchier and Trouw,
2005; Babin and Gémez, 2010a; Fossen, 2010; Lopez and Zu-
luaga, 2012; Compton, 2016; Fossen et al., 2019; Fossen, 2019).
Traditionally, to determine the spatial orientation of fabric
elements, the horizontal and vertical angular relationships of
geological structures are measured using analog geological
compasses, and the data thus acquired are recorded in field
notebooks.

The acquisition and storage of structural data is possible
with the use of different mobile devices subject to connec-
tion availability, through the implementation of applications
(apps) such as Stereonet Mobile, eGEO Compass Pro, GeoClino
for iPhone, Geological Compass Full, Lambert, and Structural
Compass. This makes it possible to obtain a quick record of the
orientation of geological structures and to evaluate the uncer-
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tainty, from the visualization of the spatial distribution of the
data in stereograms. It is also possible to obtain the location
of the points or stations where the structural data are taken
on digital map platforms, by means of positioning systems in-
cluded in mobile devices, and their visualization is possible in
viewers, such as Google Earth, or apps compatible with geo-
graphic information systems, such as Mobile Data Collection,
CartoDruid, MAPit, Nextgis and Qfield for Qgis, and ArcGIS
Explorer and Collector for ArcGIS. Describing each of the afore-
mentioned applications is beyond the scope of this article, but
the interested reader is referred to Allmendinger et al. (2017),
Novakova and Pavlis (2017), Lee et al. (2018), and Whitmeyer
et al. (2019), among others, as well as the respective descrip-
tions provided by the developers.

For the discrimination, recording, and description of data
pertaining to different structures, basic concepts are used and
applied from different structural geology texts (Hills, 1972;
Hobbs et al., 1976; Blés, 1977; Bartlett et al., 1981; Hancock,
1985; McClay, 1987; Marshak and Mitra, 1988; Price and Cos-
grove, 1990; Hatcher, 1995; Ragan, 2009; Babin and Gdémez,
2010b and ¢; Allmendinger, 2019). However, it is important
to keep in mind the methodical and orderly recording of the
data acquired in the field, since, particularly when they are not
measured with mobile devices (which by default integrate the
data in tables), they should allow differentiating the types of
data and structures measured (e.g., foliation, cleavage, fault
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plane, mineral lineation, striation, and fold axes), as well as
including parameters for rating certainty or reliability (quan-
titative or qualitative) vis-a-vis kinematics of faults and shear
zones. Whether and the extent to which data logging is under-
taken appropriately depends on the nature and extent of the
geologist’s experience as well as the complexity of the task. If
it is assumed that the data will be analyzed using some spe-
cialized software (such as Tectonics FP written and developed
by Reiter, F. and Acs, P. http://www.tectonicsfp.com, Ortner et
al. (2002); TectonicVB written and developed by Ortner, H.
https://www.uibk.ac.at/geologie/tvb/front.html, Ortner et al.
(2002); Stereonet written and developed by Allmendinger, R.
https://www.rickallmendinger.net, Allmendinger et al. (2012)
and Cardozo and Allmendinger (2013); GEOrient written and
developed by Holcombe, R. https://www.holcombe.net.au/sof-
tware/georient.html, Holcombe (2015); Faultkin written and
developed by Allmendinger, R. https://www.rickallmendinger.
net, Marrett and Allmendinger (1990) and Allmendinger et
al. (2012); Win-Tensor written and developed by Delvaux, D.
http://damiendelvaux.be/Tensor/WinTensor/win-tensor.html,
Delvaux and Sperner (2003); and T-Tecto written and deve-
loped by Zalohar, J. https://quantectum.com/t-tecto/, Zalohar
and Vrabec (2007)), then parameters for assigning certainty to
kinematics must be taken into account.

There are different notations and conventions for the recor-
ding of structural data taken in the field (McClay, 1987), among
which the azimuthal conventions or azimuth of dip, right hand
rule, quadrants, and the convention given by dip (inclination
of the plane)®azimuth of dip (direction of inclination) or dip
direction stand out. Additionally, to gauge the representative-
ness of the structural data acquired in the field, the following
should be described: the types of structures investigated, the
shear relationships between them, the lithology analyzed, and
the uncertainties generated by the surface irregularities of the
structure planes. Some questions that are very common among
students, researchers, and other professionals faced with carr-
ying out work with emphasis on structural geology, especially
at sites where it is not possible to use mobile devices, are as
follows. What structural variables should be measured? How
should data be recorded during a field campaign? How much
data should be acquired on average? To answer some of these
questions, in this paper we present a proposal for the rapid re-
cording and graphical visualization of structural data acquired
in the field directly in the outcrop. To this end, we propose
a scheme (either by means of analog compasses or with mo-

bile devices to complement the information) that allows their
arrangement by type of fabric element (planar or linear), inclu-
ding a qualitative rating of the certainty or reliability of the ki-
nematics assigned to the direction of movement of shear zones
(Delvaux and Sperner, 2003; Zalohar, 2020).

In addition, during the field campaign, spatial visualization
of strike-dip relationships of geological structures directly in out-
crops is realized by plotting structural data from the application
of conventional methods facilitated by stereographic projection
grids, as a graphical alternative to represent three-dimensional
data in a two-dimensional way (Bucher, 1944; Ramsay, 1967;
Sander, 1970; Chica, 1984). This implies the dedication of time
in the field to obtain a sufficiently representative amount of data
for the stereograms. A stereographic projection network allows
representing orientations of planes and lines with respect to the
center of a sphere on an equatorial projection plane, combining
spherical and azimuthal projections (Phillips, 1973; Lisle and
Leyshon, 2004; Babin and Goémez, 2010a).

For conventional graphical representation of structural data
in the field, especially in areas where it is not possible to use
mobile devices for data visualization purposes, it is necessary to
have a stereographic grid at hand (available in many structural
geology textbooks) and paper (transparent or tracing) which is
rotated over the fixed grid to plot the data (Phillips, 1973; All-
mendinger, 2019). This process can be streamlined by using a
modified stereographic template that allows the data to be plot-
ted directly, i.e., dispensing with paper that must be rotated over
the stereographic template. Taking into account the need to en-
sure that the graphical representation of structural data directly
in the outcrop is done effectively and efficiently, in this article we
propose the use of a modified stereographic projection grid that
facilitates the direct plotting of the data, dispensing with the use
of transparent / tracing paper. This is complemented with the
elaboration of rose diagrams or histograms of circular frequen-
cies that allow visualizing the main trends of the structures in
the field. This makes it possible to establish the direction of tec-
tonic drag (among other important considerations for accurate
interpretation in the field), to formulate hypotheses, and to have
a general understanding of the paleo-stress field.

2. RECORDING OF DATA ACQUIRED IN THE FIELD
Structural characterization in deformed areas includes the study

of fabric elements represented by linear structures (e.g., mineral
lineations, axial axes of folds or microfolds, and slickenside linea-
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tions or slickenlines) and planar structures (e.g., stratification,
joints, cleavages, and fault planes), which are described during
fieldwork, in addition to the establishment of the relationships
between them, the mechanics of the deformation, their tempora-
lities, and the structural level of the crust in which they developed
(Turner and Weiss, 1963; Roberts, 1982; Wilson, 1982; Passchier
et al., 1990; Price and Cosgrove, 1990; Hatcher, 1995; Hopgood,
1999; Van der Pluijm and Marshak, 2004; Fossen, 2010). A fact
of particular importance for descriptions of geologic structures
is that one should have control, as far as possible, of the three-di-
mensional layout of the structure. The most accepted convention
for the recording of structures generated from progressive de-
formation, deformation phases, and superposition of deforma-
tion events classifies structures by type, discriminating the fabric
elements (planes and lineations) including the relative temporal
order of the formation of the structures (Turner and Weiss, 1963;
Marshak and Mitra, 1988; Passchier and Trouw, 2005).

In this sense, the fabric elements are distinguished as S’ for
planar surfaces, ‘F’ for folding, ‘L for lineations, T for joints,
‘V’ for veins and veinlets, ‘D’ for deformations, and ‘M’ for
metamorphic events (Sander, 1911; Turner and Weiss, 1963;
McClay, 1987; Marshak and Mitra, 1988; Passchier and Trouw,
2005). The temporal order between the developed structures is
defined according to their shear relationships, and in this sen-
se, they are recorded from oldest to most recent, as , (when the
structure is primary) to -n (Turner and Weiss, 1963; Passchier
and Trouw, 2005). Planar structures are denoted S; when they
correspond to layering, and S, to S, when they are overlapping
planes and include foliations, whereas folds, lineations, joints,
veins and veinlets, deformations, and metamorphic events
range from  to  (cf. McClay, 1987; Marshak and Mitra, 1988;
Price and Cosgrove, 1990; Passchier and Trouw, 2005).

Since exact determination of structure types is fundamental
for the visualization of the structural data in the field, a scheme
for recording the different fabric elements, planar or linear, is
proposed, so that the information can be properly ordered (Ta-
ble 1). This scheme considers the ordered recording of the planar
and linear fabric elements, differentiating the main data groups,
which include the different types of planar structures and linea-
tions. The proposed model includes two columns for recording
planar structures and lineations, one for the structural data, re-
gardless of the notation used, and another for the type of structu-
re, either planar or lineation. It is suggested that, where required,
the recording of lineations should always be undertaken in front
of the datum of the plane containing them, which is essential
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when recording striations that demarcate the direction of dis-
placement (e.g., slickenside lineations or slickenlines) associated
with fault planes, or when recording lineations associated with
foliations (e.g., mineral lineation). On the other hand, it is also
important, as far as possible, to specify the frequency, intensity,
and spacing between fault planes. Additionally, for faults, it is
necessary to include the data corresponding to the kinematics
or direction of movement, including the indicators that support
the kinematics, and an assessment of the certainty or reliability
of the kinematics assigned to the direction of movement.
Among the fabric elements, planes (or planar surfaces) in-
clude layering (S,), cleavage (S1 - S,), compaction cleavage, dis-
solution pressure (stylolites and slickolites), disjunctive, pencil,
slate, hinge or axial plane, phyllitic, crenulation, as well as other

types of foliations (S,,, - S,,,), such as schistosity, gneissic folia-

n+1
tion, banding, transposition and/or mylonitic foliation, shear
band cleavage (C), deformation bands, joints (J), magmatic or
flow foliation, shears and fault planes, friction or slickensides,
contacts, and veins and dykes. Lineations (L) can be discrete
structural or stretching (oriented pebbles, ooids, fossils, and
alteration spots), constrained structural (intersections, char-
nels, boudins, mullions, and slip), or polycrystalline mineral
lineations (rods, mineral aggregates, mineral slickenlines, and
non-fibrous overgrowth), and grain or monomineral (acicular
habit, elongation, and mineral fibers), among others.

For the recording of structural data of faults and shear zones,
different considerations must be taken into account, including
the type of shear (fault planes), the determination of the kinema-
tics or direction of movement, with their respective indicators,
and the assignment of the level of certainty or reliability of the
kinematics. The latter is of particular importance for subsequent
data processing in specialized software. The shear types (and fai-
lure planes) included in brittle shear zones can be described as
principal shears (Y), which accommodate most of the displace-
ment and are parallel to the main direction of motion in a shear
zone, synthetic Riedel shears (R) oriented with angles equivalent
to half the angle of internal friction, antithetic Riedel shears (R’)
oriented with angles equal to the difference of the subtraction of
90° and half the angle of internal friction, tension fractures (T)
oriented with angles of 45° with respect to the main direction of
motion, and synthetic (P) and antithetic (P’ or X) post-Riedel
shears (Figure 1). On the other hand, the development of step
veins (en echelon), kink bands, and antifractures is also common
in shear zones; and in ductile shear zones the limits of the shear
zone and the foliations contained in them are recorded.
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Table 1. Proposed data recording scheme for measurements undertaken on planar and linear fabric elements during field campaigns.

Plane Lineation Movement direction and Sense of shear
Structural data Planar type! Structural data Lineation type Kinematic Assurance level
Planar fabric elements
So Linear fabric elements
5:=5, Mineral
S.=S.un lineation

Axial surface or hinge plane Hinge line of folds

Dip Direction Crenulation

(Dip—Dir)? Veins

Contacts Plunge — Az. Plunge? Intersection lineation
Quadrants .

Joints (J)

Right

Pitch or Rake and pitching lateral ogr Hextral

Right hand rule

. . Left (I(inemat:_c?vsvupposed)
Strike Azimuth Slickenside plane or fault . . lateral or sinistral
plane Slickenline Normal ' Medium
Riedel shear type Slickenside-related features Reverse (Kmemsrt(l)cb:al;?:)mble or
(Y. RR.PTX Striations Thrust High
Oblique (Kinematic: True)

Kinematic indicators?

1 Includes the designation of the type of plane, i.e., Sn - foliation
2 Notation taken from McClay (1987)
3 The kinematic indicators by which the kinematics or direction of motion is determined should be recorded.

10 cm

Figure 1. Interpretation of Riedel shears in outcrop

a) Distribution of synthetic and staggered antithetic Riedel shears in amphibolite outcrops belonging to the Neis de Macuira, Serrania de Simarua, Alta Guajira. b)
Schematic representation of the distribution of conjugate Riedel shears, which may be associated. R, synthetic Riedel shears. R, antithetic Riedel shears. Y, principal
shears. T, tension fractures. P, post-Riedel synthetic shears. P’ or X, antithetic post-Riedel shears.
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In faults and shear zones, the direction of movement or
kinematics can be defined as normal, reverse, strike or trans-
current, and oblique, and can be determined from kinematic
or shear direction indicators on the friction or fault plane, or
in sections perpendicular to the friction plane (Simpson and
Schmid, 1983; Doblas, 1987; 1998; Hanmer and Passchier,
1991; Mawer, 1992; Passchier and Trouw, 2005). Accordingly,
kinematic indicators are structures that allow determining
the direction of movement or flow of one rock mass relative
to another, both in brittle and ductile shear zones (Petit et al.,
1983; Sugden, 1987; Petit, 1987; Doblas, 1987; 1998; Doblas
et al.,, 1997 a and b; Passchier and Coelho, 2006). The most
common kinematic indicators in faults and brittle shear zo-
nes that have developed on the fault plane are fault grooves,
tectonic channels, slickenlines, congruent and incongruent
steps, growth fibers, ‘V’ or crescentic markings, trails, rolling
grooves, spurs, notches and normal and reverse microfractu-
res, among others (Figure 2). On the other hand, in sections
perpendicular to the friction plane, Riedel shears (T, R, and P
criteria), congruent and incongruent starting steps, crystalliza-
tion steps, accretion steps, tension cracks, normal and inverse
microfractures, fault-produced schistosities and spurs, among
others, can be differentiated. The most common kinematic in-
dicators in ductile shear zones include shear bands and S-C-C’
structures, boudinage, objects (porphyroclasts and porphyro-
blasts) of mantle, sigmoids, pressure shadows, flanking struc-
tures, tension veins, and folds, among others (Figure 2). Howe-
ver, describing the full array of kinematic indicators is beyond
the scope of this paper, so the reader is referred to review the
foregoing references.

Qualitative assessment of the certainty or reliability of the
kinematics assigned to the direction of movement of faults and
shear zones depends on kinematic indicators, which in some
cases can be ambiguous, or, in other words, not all indicators
are reliable, which is why it is necessary to correctly describe
the observed indicators (on types of indicators and their inter-
pretation, see Doblas, 1998). Therefore, robust indicators, such
as steps with crystal fiber development, tension cracks, hy-
brid fractures, Riedel (synthetic and conjugated antithetic), or
slickensides, associated with slickenlines, allow for obtaining
a reliable sense of movement. On the other hand, kinematic
indicators, such as V-shaped notches, congruent and incon-
gruent starting steps, accretionary steps, isolated synthetic or
antithetic microfractures, transposed previous foliations, and
the inclination of microfractures, can lead to ambiguous or
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erroneous interpretations, and result in an unreliable sense of
motion. Similarly, a combination of reliable and unreliable in-
dicators results in interpretations in which a moderately relia-
ble sense of motion is obtained, and, therefore, a medium level
of certainty. Accordingly, we propose that the kinematics in the
data recording table should be qualitatively ascribed as true,
when the level of certainty is high; probable or possible, when
the level of certainty is moderate or the indicators taken into
account for the definition of the kinematics are ambiguous; and
assumed, when the level of certainty is low. However, we con-
sider that the way in which the level of certainty is designated
and recorded depends to a large extent on the user’s preference
for particular software, since numerical or alphabetical codes
may be required. On the other hand, although it is not always
possible, certainty or reliability should ideally be determined
from the identification of an association of different kinematic
indicators that confirm the assigned direction of movement, so
it is necessary to identify both those that are on the friction or
failure plane, as well as those that occur in sections perpendi-
cular to the friction plane.

3. GRAPHICAL REPRESENTATION OF PLANAR AND LINEAR DATA:
MODIFIED STEREOGRAPHIC PROJECTION GRID

To dispense with the use of transparent / tracing paper during
the graphical representation of structural data in the field, the
stereographic projection grid (Figure 3) has been modified
to facilitate the direct plotting of structural data. More spe-
cifically, for the graphical representation of planar and linear
data in the field, the Wulff (Figure 3a) and Schmidt (Figure
3b) grids were modified, including concentric circles for each
inclination value (of 10°) inside the stereographic projection
grid, which allows for direct plotting without rotations; in this
way, visualization of the data in the outcrop is possible. This
methodology simplifies the process that has traditionally been
followed, in which the plotting of structural data is performed
on a stereographic projection grid involving the use of tracing
or transparent paper, and the plotting of the data is undertaken
by rotating the paper on the stereographic projection grid (Fi-
gure 4) (Lisle and Leyshon, 2004; Ghosh, 2013).
Geometrically, stereographic grids represent the equatorial
plane of a sphere viewed from the zenith. These grids are cons-
tituted by major circles, which correspond to north-south pla-
nes with different angles of inclination, passing exactly through
the center of the sphere containing the equatorial plane, and by
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Figure 2. Kinematic indicators of brittle and ductile shear zones

a) Fault or friction plane developed in the Santa Barbara Monzogranite, Los Curos-Guaca road, La Judia creek sector. b) Detail of fault plane with development of fault
grooves (s). The white line is arranged parallel to the direction of the fault grooves, oblique dextral kinematics. c) Slickenlines and step-steps, Perchiquez river fault,
oblique dextral kinematics. d) Beheaded folds (p) with boudinized flanks and development of pinch and swell structures (b) parallel to the transposition foliation, as
evidence of ductile shearing, Neis de Bucaramanga, Rio de Oro sector, Cesar.
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Figure 3. a) Modified Wulff stereographic projection grid, including concentric guiding circles (blue) for dip measurement and great circle plotting. b) Modified Schmidt
equal-area projection grid, including concentric guiding circles (blue) for dip measurement and major circle plotting. ¢) Modified Schmidt equal-area projection grid,
including concentric guiding circles (blue) for dip measurement and major circle plotting.

minor circles, which correspond to vertical planes that, in ge-
neral, do not pass through the center of the sphere containing
the equatorial plane, and form circles with increasing radius; the
maximum radius constitutes the center of the sphere, or east-
west line (Phillips, 1973). The intersection between the arcs re-
presenting the major circles and the arcs representing the minor
circles gives rise to what is known as the stereographic network
(Phillips, 1973). Starting from the construction of the stereogra-
phic net, minor circles parallel to the equatorial plane, projected
from the nadir and similar to a polar stereographic net, can be
included on the equatorial plane (Phillips, 1973). These circles
are at a tangent to the major and minor circles defining the
stereographic grid (Figure 3), and indicate a given inclination,
which in the case of the modified stereographic grid represent
divisions between 0° and 90°. Thus, any major circle arc of ran-
dom bearing with defined inclination can be plotted tangentially

to the equivalent concentric minor circle (Figure 4).

The procedure followed for graphically visualizing the spatial
orientation of structural data acquired in the field depends on the
convention or structural notation used for recording data during
fieldwork (McClay, 1987). Relevant instructions for the stereo-
graphic projection of structural data are taken into account (Phi-
llips, 1973; Marshak and Mitra, 1988; Lisle and Leyshon, 2004),
which, in general terms, places the direction of the dip azimuth
on the outer circle, and the dip or inclination on the inner circles,
increasing the inclination from the edge towards the center. This
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facilitates the graphical representation of structural data acquired
under the convention or notation of quadrants, strike azimuth,
right hand rule, and dip azimuth or dip direction.

3.1 Procedures for graphical representation of data

1. The orientation is measured on the outer circle of the grid
for modified stereographic projection. The circle can be di-
vided into quadrants (northeast, northwest, southeast, and
southwest), or it can be read in azimuth (0 to 360°). Each
major division equals 10°.

2. The dip (inclination of the plane) is read on the inner cir-
cles, taking into account that it increases towards the cen-
ter; that is, the lowest inclinations would be located on the
outer edge, and the highest towards the center.

3. Quadrants. As an example, the notation N 58° E/70 °NW
will be plotted. On the modified stereographic projection
grid the location of the northwest (NW) quadrant is identi-
fied and the bearing is located by counting 58° from north
to west on the outer circle. At 90° from the point where the
bearing was found, in the northeast (NE) quadrant, the dip
is measured on the inner circles towards the center, loca-
ting the circle equivalent to 70°. An arc (or cyclographic
trace) is drawn which joins the notch of the bearing on the
outer circle and the point corresponding to the dip on the
appropriate inner circle (Figure 5a), to represent the spatial
orientation of the plane.
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Figure 4. Traditional graphical representation of field-acquired structural data compared to the modified Wulff stereographic projection graph

a) Wulff stereographic projection grid and paper on which the structural datum 315/50 will be plotted. b) Location of the plane heading datum (315) in azimuth on
the outer circle. ¢) Right turn of the paper until the plane heading (located on the outer circle) coincides with the north-south line of the projection grid or with the
notch of 360°. d) Measurement of the dip or inclination of the plane from the outer circle inward to the notch indicating 50. ) Measurement of the dip or inclination
of the plane from the outer circle inward to the notch indicating 50. f) Measurement of the plane heading (315) in azimuth on the outer circle to the notch indicating
50. Measurement of the dip or inclination of the plane from the outer circle to the inner circle, up to the notch indicating 50°. d) Trace the cyclograph along the major

circle of the stereographic grid. e) Left turn of the paper to the starting point. f) Modified Wulff equal-area projection grid, in which the cyclographic trace and the pole
of the cross-sectioned plane are shown directly; the cyclograph is tangent to the circle representing the 50° inclination.

Servicio Geolégico Colombiano 131




Lopez Isaza / Cuéllar Cérdenas / Cetina Tarazona / Forero Ortega / Sudrez Arias / Mufioz Rodriguez / Aguirre Hoyos / Gutiérrez Lopez

Norte
10
20
30
Oeste e
Sur
G 360
270 HHHEE 90
it
238
230
220
210
200 190 180
e 360
328
320
310
300
290
280
270 HHHHHAT isssaasnarat 90

Figure 5. a) Graphical representation of structural data acquired in the field and recorded as quadrants on the modified stereographic projection grid. Left: modified
Wulff stereographic projection grid. Right: modified Schmidt equal-area projection grid, showing the cyclographic trace and the plane pole. b) Graphical representation
of structural data acquired in the field and recorded as heading azimuth over the modified stereographic projection grid. Left: modified Wulff stereographic projection
grid. Right: modified Schmidt equal-area projection grid showing the cyclographic trace and plane pole. c¢) Graphical representation of structural data acquired in the
field and recorded as Dip Direction (dip—dir) azimuth over the modified stereographic projection grid. Left: modified Wulff stereographic projection grid. Right: modi-
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4. Azimuth of bearing (right hand ruler). As an example, the
notation 238°/70° will be plotted. On the modified stereo-
graphic projection grid, the location of the bearing azimuth
of 238° of a plane on the outer circle is identified. At 90
°and to the right of the point where the bearing was found,
the dip is measured on the inner circles towards the center,
locating the circle equivalent to 70°. An arc (or cyclogra-
phic trace) is drawn which joins the notch of the bearing
on the outer circle and the point corresponding to the dip
on the appropriate inner circle (Figure 5b), to represent the
spatial orientation of the plane.

5. Dip direction azimuth. As an example, the notation
70°—>328° will be plotted. In the modified stereographic
projection network, the location of the dip azimuth of 328°
of a plane on the outer circle is identified. From this point
the dip is measured on the inner circles towards the center,
locating the circle equivalent to 70°. An arc (or cyclogra-
phic trace) is drawn which joins the point corresponding
to the dip on the appropriate inner circle with the notch
of the bearing on the outer circle (Figure 5c¢), to represent
the spatial orientation of the plane. It should be noted that
at 90°, counterclockwise and clockwise, and from the dip
azimuth notch, notches can be located that would represent

the strike of the plane on the outer circle.

4. STATISTICAL DETERMINATION OF MAIN STRUCTURAL DATA TRENDS
AND THEIR GRAPHICAL REPRESENTATION

A rose plot, also known as a polar histogram, is a circular his-
togram of frequencies (Mardia, 1972; Davis, 2002; Borradai-
le, 2003; McKillup and Dyar, 2010; Singhal and Gupta, 2010;
Davis et al. 2012; Sanderson and Peacock, 2020). It allows for
a quick angular graphical display of the data (Marshak and Mi-
tra, 1988; Kutty and Parthasarathi, 1992; Robson, 1994; Twiss
and Moores, 2007) in areas where clarity is needed vis-a-vis the
predominant principal structural trend of the fabric element
of interest. This diagram is constituted by a radial distribution
of lines dividing intervals of ranges of 10°, and concentric cir-
cles representing a percentage of data included in the ranges,
which from the inside increase every 10 % up to the outer cir-
cle, which corresponds to 100 % (Figure 6). In such diagrams,
the data are grouped into frequency intervals, converted to
percentages and plotted as shaded wedge-shaped zones, ca-
lled petals, in which the radius corresponds to the percentage
value, and their orientation represents the predominant trend
of orientation of the geological structures, which are directly
related to the amount of data.

Preferential trends of planes and lines, such as families of
joints, and structural trends of planes of different types, such as

Data table for graphical representation in the strike

Total number of data (N): ¢ {
Az. Range of Dip ; Az. Range of Strike ; Quadrants ; Data ; %

09  180-189 | 90-99 270279 | N81-90W | |
10-19  190-199 | 100-109 280289 | N71-80W | |
20-29  200-209 | 110-119  290-209 | N61-70W | |
30-39  210-219 | 120-129 300-309 | N51-60 W | ‘
40-49  220-229 | 130-139 310-319 | N41-50 W | !
50-59  230-239 | 140-149 320-329 | NGB1-40W | |
60-69  240-249 | 150-159 330-339 | N21-30W | |
70-79  250-259 | 160-169 340-349 | N11-20W | |
80-89  260-269 | 170-179 350-359 | NO1-10W | }
90-99 270-279 | 09  180-189 | NOO-09E | |
100-109 280-289 | 10-19  190-199 | N10-19E | !
110119 200-299 | 20-29 200-209 | N20-29E | |
120-129 300-309 | 80-39 210219 | N30-39E | |
130-139  310-319 |  40-49 220229 | N40-49E | !
140-149  320-329 | 50-59 230-239 | NS50-59E | |
150-159 330-339 | 60-69 240249 | NGO-69E | |
160-169 340-349 | 7079 250259 | N70-79E | }
180 170-179  350-359 | 80-89 260-269 | NB8O-89E | ‘

Figure 6. Template for the graphical representation of structural data in a rose diagram, and an example of a table for the determination of the amount of data per class

or interval, for its schematization by percentage

The structural data are grouped based on 10° intervals, corresponding to dip azimuth (Az. Dip Range), heading azimuth (Az. Heading Range), each with two columns of
data between 0 °and 179°, and 180° and 359°, respectively, and quadrant. The data are grouped by classes in the "Data” column. In the final column, the percentage
(%) is calculated by dividing the amount of data in the class by the total amount of data and then multiplying the result by 100.
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Sy S;toS,and S ,, to S
can be plotted on a rose diagram, and can also be used for the

as well as dikes, veins, and so on

n+l n+n’

graphical representation of the preferential orientation of linea-
ments in remote sensing images. The rose diagram should be
plotted by structural data type (S, S, S , or § ) and include the
amount of structural data represented in the plot. Traditionally,
the construction of rose diagrams is performed using specialized
software and mobile device applications for structural geology,
such as Stereonet (Allmendinger, https://www.rickallmendinger.
net). During fieldwork, it is crucial to visualize the main trends
in strike and/or dip of the geological structure data so as to have
control of the regional spatial distribution of the analyzed struc-
tures among the different rock bodies. Hence why it is important
to construct this type of graph directly in the outcrop, as a com-
plement to the construction of graphs by means of the modified
stereographic projection network. For this purpose, a metho-
dology is presented that facilitates the realization of this type of
graph in the field, from structural data that are recorded by any
of the structural notations.

According to the foregoing, the fieldwork prior to the ela-
boration of rose diagrams begins by grouping the structural
data in classes measured in the outcrop, where the classes, for
practical purposes, correspond to 10° intervals. Thus, the data
are organized by classes in a table in which all possible data
ranges included in the rose plot are included. The data ranges
are included in three groups, which correspond to the structu-
ral notations of data measurement, and which in the table are
equivalent to the dip azimuth (Az. Dip Range) and heading
azimuth (Az. Heading Range) ranges, each with two columns
with data between 0° and 179°, and between 180° and 359°,
respectively, along with quadrants in which the data are orga-
nized in a single column (Figure 6). This grouping is arranged
in such a way as to allow direct visualization of the equivalence
between the types of structural notations, while favoring the
grouping of axial data in 180° modes (Sanderson and Peacock,
2020). Once the data are grouped by classes in the “Data” co-
lumn, the percentage (%) value is calculated by dividing the
amount of data in the class by the total amount of data and
multiplying the result by 100.

To construct the graph, the corresponding ranges are plotted
and shaded in the rose diagram, with their respective percen-
tages. For this, from the columns in the table that make up the
heading azimuth range (Az. Heading Range), each of the classes
with a percentage value is selected and associated with its respec-
tive 10° interval from the outer circle of the graph. Once this is
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done, the percentage value is plotted from the center to the edge
within each interval, thus forming the wedges that correspond
to the petals (Figure 6). One way to validate the diagram is to
sum the plotted percentages, which should correspond to a total
of 100. The rose diagram results in the graphical representation
of the orientation, in which the petal with the highest percentage
corresponds to the range that includes the preferential direction
of the data, and shows trends with random distributions or with
uniform directions. This diagram allows regional comparisons
of the preferential orientation of different data set distributions
(Sanderson and Peacock, 2020).

5. DiscussioN

The description and interpretation of all the fabric elements or
structures present, at all scales, is one of the main inputs for the
reconstruction of the geological and tectonic history of an area.
In this sense, the mapping of structures directly in the field is
conducive to the correct discrimination of the different fabric
elements, either planar or linear, in addition to their measure-
ment (either by using analog compasses or mobile devices) and
visualization. When regional surveys are undertaken using
analog compasses or mobile devices, the visualization of the
data directly in the outcrop is fundamental for differentiating
structural domains, validating tectonic drag directions, paleo-
current directions and structural trends, among others (Potter
and Pettijohn, 1963; Nemec, 1988; Hatcher, 1995; Gabrielsen
and Braathen, 2014; Abdunaser, 2015; Ahmadirouhani et al,,
2017; Han et al., 2018; Rajasekhar et al., 2018). Considering
that it is vital to know the arrangement of geological structu-
res in an area by outcrop or station, the methodological im-
plementation of the modified stereographic network approach
presented herein constitutes a practical and innovative solu-
tion for the graphical representation of structural data when
mapping in areas with broken, canyoned, or difficult to access
topography, where there is no signal for the use of mobile de-
vices to generate stereograms directly using apps. Also, the use
of the proposed modified stereographic network allows the in-
clusion of stereograms and rose diagrams directly in the field
notebook (e.g., if printed on sheets of adhesive paper) and sim-
plifies the use of tracing paper, tables, stereographic projection
diagrams and thumbtacks, which tend to be cumbersome and
even impractical particularly when inclement weather prevails.

The use of analog compasses involves carefully obtaining
readings and approximating each reading to the nearest degree
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(Ragan, 2009). The accuracy of the readings depends on the lo-
cation of the compasses in the correct position to perform the
measurement on a surface, and on systematic errors, which can
be induced by the use of erroneous angles for the correction of
the data with respect to the magnetic declination, the presence
of magnetic materials near or on the reading surface, or due to
the presence of induced electromagnetic fields (Ragan, 2009).
From the orderly and methodical recording of data it is possible
to construct stereograms to verify the accuracy of the measure-
ments made, mainly when developing data surveys of lineations
related to planes, as is the case with structural data of slicken-
lines in faults or brittle shear zones, although there is software
that allows minimizing the error by approximation to the nea-
rest degree in office data processing, as is the case of Tectonics.
The use of mobile devices with different operating systems (iOS
or Android) for structural data acquisition facilitates the recor-
ding and visualization of orientation measurements of geologi-
cal structures (Allmendinger et al., 2017; Novakova and Pavlis,
2017; Lee et al., 2018; Whitmeyer et al., 2019), and additionally
allows many measurements to be taken quickly (Allmendin-
ger, 2017; 2019). In some cases, these devices offer additional
advantages in terms of accuracy in gauging the structural data
and identifying the locations of field stations where the structu-
ral data measurements are taken using the positioning systems
included in mobile devices which can be visualized on digital
mapping platforms (e.g., Google Earth). Whether using analog
compasses or mobile devices, a recording scheme is proposed
that facilitates the direct association between plans and linea-
ments contained in them, from the incorporation of the data
in a table, in which the planar surfaces and lineations will be
distributed in adjacent columns, including the data and type of
structure. This allows standardizing the data recording in an
orderly and methodical way (see Table 1), especially when an-
notations of the measurements are made in notebooks.

Where measurements are taken using mobile devices or
analog compasses, the graphical representation of the spatial
orientation of structures is made on stereographic (Wulff) or
equal-area (Schmidt) grids, using the projection on the lower
hemisphere, which means that the observations are projected to
the horizontal plane passing through the center of the sphere
(Allmendinger, 2019). Visualization on stereograms is not only a
good, but a necessary, practice when performing work involving
the comparison of spatial orientations of structures between sta-
tions for the definition of structural domains or the direction of
tectonic drag, among other factors. As already mentioned, the

use of mobile devices has facilitated the graphic visualization of
structural data. However, it is not always possible to use these
devices in the field, which forces individuals to resort to manual
construction of conventional graphic representations on tracing
or transparent paper, although this is imprecise, and in many
cases cumbersome and frustrating. The use of the stereographic
or equal-area projection for the graphic representation of the
spatial orientation of structures is determined by the data set;
that is, if the densities of the plotted directions are important
for the determination and analysis of preferred orientations, the
equal-area projection should be used, since such a projection
does not show the effect of area distortion (Lisle and Leyshon,
2004). However, the use of one or the other for the realization of
geometric constructions is irrelevant, although the Wulff grid is
more useful for graphical representations involving the cyclogra-
phic trace, and is used to determine the geometric relationships
of structures (Phillips, 1973; Babin and Gémez, 2010d). Another
form of two-dimensional visualization that complements the
applications of stereograms for structural analysis is the repre-
sentation of strike trends in structural data via rose diagrams,
which, in the case of joints, for example, is important because of
its relation to the orientation of the stress field.

The use of a modified network for the direct graphical re-
presentation of structural data in an outcrop, which allows dis-
pensing with tracing or transparent paper, is a simple, efficient,
and effective alternative solution to visualize the geometric re-
lationships of fabric elements (planar and linear) during struc-
tural surveys involving comparisons of the spatial orientations
of structures between stations or outcrops, in areas where it is
not possible to use mobile devices for this purpose. The pro-
cedure proposed here to perform the graphical representation
in the field is useful and innovative, can be applied with any
type of structural notation, and serves as a complement to field
studies in which it is necessary to differentiate structural do-
mains, the direction of tectonic drag, the presence of local and
regional folds, or the preliminary structural analysis, in which
the stress field relationship is identified, among other aspects.
For the visualization of data to determine the geometrical re-
lationship between fabric elements, the Wulff stereographic
network has been modified, while for the visualization of data
involving the determination of preferential directions and
their relationship to the stress field, the Schmidt network has
been modified. Both graphical representations can be used to
perform geometrical constructions and can be complemented
with the representation of orientations in rose diagrams.
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6.CoNcLUSIONS

This article proposes a scheme for recording data acquired in
the field in a table, which allows sorting by type of fabric el-
ement (planar or linear), and the recording of the lineations
always in front of the plane that contains them. In addition,
the recording scheme includes the data corresponding to the
kinematics or direction of movement of faults and shear zones,
the indicators that support the kinematics, and a qualitative
assessment of the certainty or reliability of the kinematics as-
signed to the direction of movement of shear zones; this is es-
sential for determining paleostress tensors through the appli-
cation of software. This logging scheme constitutes a standard
that can be implemented by students, researchers, and other
professionals in geosciences, and has applications in structural
analysis that, depending on the purpose, can be complemented
with data specific to the objective, whether cartographic, geo-
mechanical, geotechnical, or mining, among others.

The direct graphical representation of geological structure
data in the field is realized by a fast method to visualize the
data on modified Wulff and Schmidt grids, which allow the
structural data to be plotted in the outcrop, dispensing with the
use of tracing or transparent paper, regardless of the structural
notation used. The visualization of the spatial orientation of
planar and linear structures in modified stereographic projec-
tion diagrams is complemented with rose diagrams, to reveal
and understand the probable relationships between the struc-
tures, and to facilitate understanding of the different phases of
deformation recorded by the lithological units analyzed.

The use of the methodology proposed herein during field
campaigns, can minimize human errors at the time of recor-
ding and manipulating data in the outcrops. The correct, me-
thodical, and orderly implementation of data recording of the
measurements made concerning the fabric elements (planar
and linear) in the proposed table, whether obtained by using
mobile devices or analog geological compasses, is fundamental
for the analysis of the spatial distribution of the data directly
in the outcrops. Further, implementation of the modified ne-
twork for direct graphical representation and visualization of
data in the field is innovative, and simplifies the use of tra-
cing paper, making this process more effective and efficient.
The use of stereographic or equal-area projection diagrams
allows determining key structural trends and differentiating
between structural domains, as well as determining the direc-
tion of tectonic drag, kinematics of faults and shear zones, and

136 Boletin Geoldgico 48(1)

paleostress tensors, among other considerations, to support
the reconstruction of the geologic and tectonic history of an
area and the establishment of the relationships between diffe-
rent geologic processes.
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ABSTRACT

The proposal of the Quilmes Tectonic Trough (Fosa tecténica de Quilmes — FQ) as the extension of the southern end of the Santa
Lucia basin in Uruguay and its connection to the Salado basin in Argentina suggest the existence of a large sedimentary volume ca-
pable of housing a new aquifer on the La Plata River coast. However, the sedimentary volumes that form the FQ are hidden under
a thick, recently deposited cover, and thus, there is a lack of studies on the nature of this formation. Nevertheless, the Uruguayan
section of the Meso-Cenozoic depocenter of the Santa Lucia basin has been more thoroughly studied for hydrocarbon explora-
tion, which enabled us to estimate the equivalent tectosedimentary characteristics in the FQ. In the Uruguayan territory, three
aquifer systems of the Santa Lucia basin are exploited: the Raigén (Plio-Pleistocene) aquifer, which is the most important source of
groundwater for various uses in the south-central region of Uruguay, and the Mercedes (Upper Cretaceous) and Migues (Lower
Cretaceous) aquifers, which are also used, albeit to a lesser extent, for drinking water, irrigation, and industrial purposes. The
Migues aquifer, the least known of the three, shows a variable depth ranging from 100 to 1500 m and considerable stratigraphic
sequences of porous and permeable sandstones. These sandstones provide the aquifer with very good qualities as a reservoir rock;
as such, the Migues aquifer has been studied for its potential natural gas reserves and geothermal and water resources. Accordin-
gly, if the same sequences with equivalent sedimentary and hydrogeological qualities are present in the FQ, similar aquifers with
interesting properties may remain unidentified along the Buenos Aires coast beneath the intensely explored Puelches, Pampeano
and Parand aquifers. In conclusion, specific exploratory activities may prove the existence and quality of these hydrogeological
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resources, the regional slope toward the southwest from the Uruguayan outcrops, upwelling or semiupwelling conditions and even
geothermal energy associated with the deepest cretaceous aquifers.

Keywords: Hydrogeological resources, Quilmes tectonic trough, Buenos Aires Province, Argentina.

RESUMEN

A partir de la propuesta de la fosa tecténica de Quilmes (FQ) como extension de la prolongacion austral de la cuenca Santa Lucia
de Uruguay, y su conexion con la cuenca del Salado, de Argentina, se puede considerar como hipdtesis de trabajo la existencia de
un gran volumen sedimentario, capaz de albergar un nuevo acuifero sobre el litoral rioplatense. Los volumenes sedimentarios que
constituyen la FQ estdn ocultos debajo de una potente cubierta moderna, por esta razén la falta de estudios de superficie especifi-
cos no permite conocer su verdadera naturaleza. Dado que la continuacion uruguaya del depocentro meso-cenozoico de la cuenca
Santa Lucia estd mejor estudiada, a partir de la exploracion de hidrocarburos, se pueden estimar caracteristicas tectosedimentarias
equivalentes en la fosa de Quilmes. En el territorio uruguayo se explotan tres sistemas acuiferos que se desarrollan en la cuenca
Santa Lucia: el acuifero Raigén (Plio-Pleistoceno), que constituye la fuente de agua subterrdanea mas importante de la region
centro-sur de Uruguay, destinada a diversos usos, y los acuiferos cretacicos Mercedes (Cretacico Superior) y Migues (Cretacico
Inferior), que también son usados, en menor medida, para el suministro de agua potable, riego y usos industriales. El acuifero
Migues es el menos conocido y se desarrolla a profundidades variables (100 a 1500 m), donde exhibe considerables sucesiones de
areniscas porosas y permeables que le confieren muy buenas cualidades como roca reservorio, y es objeto de estudio con fines de
almacenamiento de gas, recursos geotermales e hidricos. Por esta razon, si las mismas secuencias con cualidades sedimentarias e
hidrogeoldgicas equivalentes estan presentes en la fosa de Quilmes, se podria esperar el hallazgo de interesantes acuiferos relacio-
nados, aun desconocidos en el litoral bonaerense, por debajo de los tradicionales Puelches, Pampeano y Parana. De comprobarse
la existencia y calidad de estos recursos hidrogeologicos a partir de la realizacion de actividades exploratorias especificas, la pen-
diente-gradiente regional hacia el sudoeste desde los afloramientos de Uruguay, se podrian esperar condiciones de surgencia o
semisurgencia natural, e incluso geotermalismo asociado a los acuiferos cretacicos mas profundos.

Palabras clave: Recursos hidrogeolégicos, fosa tecténica de Quilmes, Provincia de Buenos Aires, Argentina.

1. INTRODUCTION

The identification and interpretation of the Quilmes Tectonic
Trough (Fosa Tectonica de Quilmes — FQ) as the southern ex-
tension of the Santa Lucia basin in Uruguay and its connection
to the Salado basin in Argentina (Rossello et al., 2011) suggest
the existence of a large sedimentary volume capable of housing
several unknown aquifer systems on the La Plata River coast
(Santa Cruz, 1972; Sala and Hernandez, 1993; Santa Cruz et al.,
1997; Auge, 2005; Amato and Silva Busso, 2006), which is the
working hypothesis of this study.

The area of the western extension of the Santa Lucia basin
(De Santa Ana et al., 1994) remains uncertain due to its lo-
cation on the international boundary between Argentina and
Uruguay and a general lack of data (Figure 1). Nevertheless,
through joint interpretations, studies from both countries have
identified evidence of Meso-Cenozoic infills on the northern
coast of the Buenos Aires province (the FQ), which are consid-
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ered the extension of the Santa Lucia basin into the Argentini-
an territory (Rossello et al., 2017, 2018).

Rossello et al. (2017, 2018) provided potential arguments
that weaken the hypothesis of a first-order tectonic boundary,
originally proposed by the geologist Alberto Mingramm in
Umbral de Martin Garcia [Martin Garcia Swell] (Zambrano,
1974). Since then, most researchers have continued to support
this interpretation, designating the structure as Martin Gar-
cifa High (Alto de Martin Garcia), based on a lack of data for
the Santa Lucia basin in the Argentine territory. This tectonic
feature was assumed to be an uplifted sector of the crystalline
basement from the projection of Martin Garcia Island, the out-
line of which is located in the La Plata River and almost mat-
ches the international boundary between Argentina and Uru-
guay. Thus, the Martin Garcia High became a physical western
boundary in the Mesozoic records of the Santa Lucia basin and
was even projected onto the Atlantic continental shelf as the La
Plata River High (Alfo del Plata).
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Figure 1. Regional location of the study sector on a satellite image of the La Plata River (left) and on a map of South America (right)
Source: Earth Sciences and Image Analysis Laboratory, NASA - https://eol.jsc.nasa.gov/

However, the true nature of the sedimentary volumes that
form the FQ and that may eventually become suitable aquifers
for various uses (drinking water, agricultural-industrial uses,
geothermal purposes and fluid storage) is poorly known due
to the current lack of specific subsurface studies (Rossello et al.,
2017, 2018). This region lacks detailed geophysical surveys and
sufficiently deep exploratory wells because the potential explo-
ration targets are hidden under a deep and modern cover. For
this reason, in this study, assuming that the FQ is the extension
of the depocenter of the Santa Lucia basin into the territory of
Buenos Aires, the possibility of examining and analyzing the
existence of large aquifers located in Cretaceous continental sili-
ciclastic sequences is proposed as a working hypothesis.

Thus, the main objective of this study is to propose a wor-
king hypothesis that will generate interest in promoting explo-
ration activities and basic research to confirm or reject this new
hydrogeological potential located at greater depths and benea-
th the structure commonly known as the Puelches aquifer.

2. MEeTHOD

The geological arguments that support the hypothesis that new
deeper aquifers may be found in the FQ based on gravimetric
and shallow well data available in the literature are summari-
zed in this study.

To compare the possible sedimentological, petrophysical
and hydrogeological characteristics of the deepest aquifers
in the FQ, a general tectono-stratigraphic correlation is per-
formed between the Santa Lucia basin to the east (Veroslavsky,
1999; Rossello et al., 2011; Rodriguez et al., 2020) and the Sala-
do basin to the west (Yrigoyen, 1975; Tavella and Wright 1996;
Yrigoyen, 1999; Tavella, 2005; Raggio et al., 2012).

A review of the sedimentological, petrophysical and hy-
drogeological characteristics of different aquifers located in
the sedimentary infill and basement of the Santa Lucia basin
provides the expected data for the FQ.

The regional structural deepening trend of sedimentary se-
quences capable of supporting upwelling aquifers and the ob-
served geothermal capacity from Uruguay to the Salado basin
is established based on simplified schemes.

3. REGIONAL GEOLOGICAL FRAMEWORK

The waters of the La Plata River divide the Argentinian and
Uruguayan territories, the coasts of which are characterized by
extensive plains covered by recent sediments that have been
partly or fully deposited on pediment areas of the Precambrian
basement, constituents of the La Plata River Craton and the Me-
sozoic depocenters of the Salado and Santa Lucia basins (Ros-
sello et al., 2017, 2018). In the Argentinian territory, excluding
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the outcrops of the Tandilia Mountain Ranges, the only inlier
of this basement on the Martin Garcia Island consists of am-
phibolites, gneisses and schists, which indicates a sedimentary
protolith with a greater overall planar anisotropy in the NE di-
rection (Dalla Salda, 1981), in line with observations for the

southeastern Uruguayan basement (Oyhantcabal et al., 2011).

3.1 Quilmes tectonic trough

Based on a limited number of old wells in Buenos Aires, the
province basement has been located at varying subsurface dep-
ths (Figures 2 and 4), which according to the data available at
the time, were quite shallow (Artaza, 1943; Groeber, 1945). For
example, drilling at La Piedad church (located along the cu-
rrent streets of Bartolomé Mitre and Parand in Buenos Aires)
revealed lithologies attributed to the crystalline basement 283
m below the wellhead (m.b.w.h.) (Figure 2). In the city of Oli-
vos, Buenos Aires Province, the same lithologies were found

at 245 and 401 (when drilling at La Noria Bridge (Groeber,
1945). Farther south, at Vucetich Park, in the city of La Plata,
Groeber (1945) mentioned in a profile of San Nicolds - Monte
Veloz that the basement was found 485.35 m.b.w.h. and inclu-
ded a well in Hudson (10.25 m above sea level (m.a.s.l.)); be-
low approximately 200 m of sediment, gneissic material was
identified at 369.95 m.b.w.h.; further, this formation was ori-
ginally described as el Rojo Mesopotdamico inferior [Red Lower
Mesopotamic] and subsequently termed the Olivos Formation
(Oligocene-Lower Miocene, continental), the Verde Mesopo-
tdmico superior [Green Upper Mesopotamic] and the Parana
Formation (Upper Miocene, marine) and was ultimately over-
lain with the Puelches and Pampeano aquifers and had good
hydrogeological conditions (Gonzalez Bonorino, 1965; Santa
Cruz et al., 1997).

The Hudson well is located on the central axis of the pro-
posed FQ (Figure 2). As in other wells drilled at that time
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Figure 2. Reproduction of the San Nicolds - Monte Veloz profile along the Buenos Aires coast of the La Plata River (see the location in Figure 4)
Location and depth in meters and lithologies crossed by wells drilled in the 1940s to provide drinking water. 1: Querandino; 2: Pampeano; 3: Puelches; 4: Verde
Mesopotamico superior”; 5: “Rojo Mesopotamico inferior”; 6: basement; 7: fault. Source: retrieved from Groeber (1945).
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(Artaza, 1943), the Hudson well ends at the point when the
drill cuttings generated by percussion drilling methods in the
typical crystalline basement lithologies (gneisses, granites and
amphibolites) are recovered. However, these drill cuttings, pre-
sumably derived from the tops of the basement blocks, could
have also been generated by intercalations of conglomeratic
levels formed by granitic clasts. Levels with these petrographic
characteristics form the outcrops of the Caniada Solis and Mi-
gues formations in the western region of Minas and the explor-
atory wells of the Santa Lucia basin (Veroslavsky et al., 2004).
Thus, considering the last alternative, these findings match
the interpretation supported by gravimetry, which suggests a
much deeper sedimentary infill than that supplied by the Hud-
son well (Rossello et al., 2011; Rodriguez et al., 2020). In turn,
Perdomo et al. (2017) performed vertical electrical sounding,
measured gravity values in the Buenos Aires partido [county]
of La Plata and assessed depth variations of up to 200 m in the
basement proposed for the Vucetich Park well (Figure 2), with
a block morphology delimited by extensional faults arranged
in a NE-SW direction.
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Although neither seismic data nor sufficiently deep wells
are available yet in this riparian sector of the La Plata River, in
the province of Buenos Aires, gravimetric data and regional
correlations suggest that the FQ is the western extension of the
Santa Lucia basin into Argentinean territory (Rossello et al.,
2011, 2017). Based on the available tectosedimentary data, the
sedimentary infill has an average depth of approximately 200
m and essentially consists of continental Cretaceous sequences
that merge from the Santa Lucia basin directly into the Salado
basin and are then covered by a Cenozoic sedimentary cover
(Figure 3).

Based on gravimetric data acquired on the NE coast of
Buenos Aires and between Buenos Aires and Magdalena (Gi-
anibelli and Rios, 1989; Gianibelli et al., 1989; Cabassi et al.,
1996) and combined with other data from the geodetic bas-
es of the Argentinean National Geographic Institute (Institu-
to Geogrdfico Nacional de la Repuiblica Argentina — IGN), new
gravimetric models were generated and processed using the
GM-SYS software. These models made it possible to identify
a depocenter occupying approximately 20000 km?* under the
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Figure 3. Bouguer anomaly map of the province of Buenos Aires and gravity cross-sections obtained using data from the Military Geographic Institute (Instituto
Geogrdfico Militar - IGM) collected on the Buenos Aires shore of the La Plata River and from the GM-SYS model

Source: retrieved from Rossello et al. (2011)
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recent sedimentary cover of the continental and fluvial Bue-
nos Aires territories. Rossello et al. (2011) identified first-order
structural features with subparallel highs and lows and match-
ing general ENE-WSW directions in the basement, similar to
those in the Santa Lucia basin, and with extensional tectonics
related to the Gondwana breakup and the early opening of the
Atlantic Ocean (Figure 3). This structuring is considered to be
one of the factors responsible for the 3.8-degree earthquake
recorded approximately 20 km south of Buenos Aires on No-
vember 30, 2018, with an estimated epicenter of approximately
4.5 km (Rossello et al., 2020).

3.2 The Santa Lucia basin

The Santa Lucia basin (CSL, for its acronym in Spanish) covers
an area of nearly 6000 km*in the Uruguayan territory, has a sli-
ghtly triangular geometry and is filled with almost 2500 m of
sequences from the Jurassic to the present day. These sequences
most likely continue in equivalent units in the FQ (Figure 4).

7.
/7'76

The CSL derives from an intracratonic pull-apart depo-
center (Veroslavsky, 1999; Rossello et al., 2001) that is spread
through the main zones of crustal weakness in the crystalline
basement, particularly those that determine the main bounda-
ries of the sedimentary infills and internal highs arranged in
E-NE directions.

As shown by subsurface surveying for hydrocarbon explo-
ration involving gravimetric and 2D seismic surveys with we-
llhead control, the Santa Lucia basin has a morphostructural
conformation typical of a pull-apart rift generated by dextral
transpression, with uplifted basement blocks and intermedia-
te troughs with syn-sedimentary infills (Rossello et al., 2001).
The Santa Lucia basin shows an asymmetric profile generated
by a conjugated system of synthetic and antithetic listric nor-
mal faults defining successive grabens and horsts of different
scales (Figure 5). This arrangement highlights two subbasins

separated by the crystalline Santa Rosa High (Alto de Santa
Rosa) (Veroslavsky et al., 2004).
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Figure 4. Schematic isopach map of Meso-Cenozoic sedimentary records showing the location of the FQ and the Recalada trough and their relationships with the

Salado and Santa Lucia basins

The striped sectors correspond to crystalline basement outcrops. The red dashed A-B line indicates the approximate position of the profile in Figure 2. The red
circles indicate the positions of the 1) General Belgrano, 2) Hudson and 3) Sauce wells. Source: retrieved from Rossello et al. (2017).
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Based on surface information, seismic surveys and several
exploratory wells, Veroslavsky et al. (2004) proved the presence
of pre-rift and rift records, which are assigned to the Upper
Jurassic and Lower Cretaceous (Figure 6). Their rocky records,
which exceed 2300 m in the Sauce 1 well, begin with a few basal-
tic eruptions that correspond to the Puerto Gémez Formation,
which overlays the Precambrian basement in some sectors.
These basalts are interspersed with thick continental sedimen-
tary rocks of the Canada Solis Formation that are interpreted
as alluvial systems and are laterally and vertically related to the
sandstones, conglomeratic sandstones and subordinate pelites
of the Migues Formation. These lithological terms are inter-
preted as deposits of river and lake systems, with some asso-
ciated wind episodes. The Castellanos Formation developed in
the central sector of the basin, particularly in the domain of
the northern subbasin, and consists of a sequence of pelites,
claystones and gray sandstones, with occasional intercalated
levels of anhydrite, the facies associations and paleontological
content of which indicate a primarily lacustrine origin and an
Aptian Albian age (Veroslavsky, 1999; Campos, 1998).

The structural configuration of the basin reveals potential
stratigraphic traps (pinchout) combined with closure against
a fault (particularly against the Santa Rosa high and other
sectors with strong structural compartmentalization, e. g., the
Sauce depocenter of the southern subbasin, Figure 5).

Toward the Upper Cretaceous, the sedimentation changed
to a continental siliciclastic sequence developed in a post-rift
setting that exceeded the boundaries of the basin that contro-
lled the sedimentation during the Lower Cretaceous. In the
geographical area where the Santa Lucia basin developed, these
continental records do not exceed 100 m and essentially ga-
ther fluvial deposits that meet in a) the Mercedes Formation,
which consists of white and pink sandstones and conglome-
ratic sandstones of varied granulometry, with conglomeratic,
pelitic and calcareous intercalations in strongly silicified sec-
tors, and b) the Asencio Formation, which consists of whitish,
fine, massive and laminated sandstones and has been affected
by intense ferrification processes near the top (Figure 6). Some
authors have included the limestone deposits caused by intense
calcretization processes associated with the Mercedes Forma-
tion in the Queguay Formation (Spoturno et al., 2004).

From the Oligocene to the present, the Cretaceous sequen-
ces have been covered by continental and transitional sedi-
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mentary rocks, including pelites, fine-to-coarse sandstones
and clays of the formations shown in Figure 6.

The Fray Bentos Formation is the first Cenozoic deposi-
tional event and is characterized by siliciclastic continental
Oligocene deposits linked to arid and semiarid conditions, in-
terspersed with short humid periods, including the following
main lithologies: fine-to-medium-coarse sandstones, pinkish
and somewhat sandy loessic silts, lutite and conglomerate and
conglomeratic sandstone lenses (Spoturno et al., 2004). The
sandstones and silts are generally cemented by calcium carbo-
nate, which is either pulverulent or in sandstones with irregu-
lar shapes. In the basin, the unit has a thickness ranging from a
few meters to slightly over 100 m and develops as a wedge that
thickens toward the west (Spoturno et al., 2004).

The Camacho Formation corresponds to preserved, Upper
Miocene marine transgressions, which are thicker (30-35 m) in
the southwest region of the CSL, and is traditionally correlated
with the Parana Formation in the Argentinian territory (del Rio
and Martinez, 1998). This formation is represented by silty clays-
tones, claystones with hues ranging from greenish gray to black,
mudstones with a clayey siltitic matrix and sand, gravel and bi-
valve mollusk clasts with hues ranging from greenish dark gray
to black, detrital and biodetrital sediments of lumachelles with a
grayish fine-to-medium-coarse sandy matrix and fine-to-very-
fine sandstones with a clayey matrix and calcareous cement.

The Raigén Formation encompasses fluvial and transitio-
nal continental Plio-Pleistocene sediments of sand and gravel,
different from the Fray Bentos Formation but similar to the
Camacho Formation, which is covered by the Libertad For-
mation. The Raigdén Formation is located in the departments
of Montevideo, Canelones, San José and Colonia in Uruguay,
which support the important homonymous aquifer and dis-
play a gradual subsidence toward the SW (Figure 7).

The depth of the Raigén Formation peaks in the coastal
areas, ranging from approximately 40 to 45 m, and has mi-
nimum values between 5 and 10 m in the continental zones
(Pena et al., 2013). The main lithological compositions of the
Raigén Formation in more than 70 wells include white, felds-
pathic fine-to-medium-coarse sands, thick arkosic sands, chi-
ppings, gravels and polymictic pebbles and boulders, all of
which are interstratified with more or less continuous lenses
of clays and fine clayey sands with hues ranging from brown to
green (Heinzen et al., 1986; Carrio6n et al., 2011).
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3.3 Salado basin

The Salado basin is a Meso-Cenozoic depocenter that develo-
ped both inland and offshore in the province of Buenos Aires,
extends for more than 700 km and has been explored for hy-
drocarbon resources (Tavella and Wright 1996; Yrigoyen, 1999;
Tavella, 2005; Raggio et al., 2012). Among other deep wells, the
General Belgrano well, drilled in 1948, ultimately bottomed
out at 4012 m.b.w.h. in Cretaceous sequences without reaching
the basement. In addition, exploratory seismic data on hydro-
carbons in the domain of the Salado basin show a sustained
and likely gradual deepening toward the Samborombon Bay,
forming its deep Meso-Cenozoic depocenter (Figure 6).

The Salado basin infill shows two characteristic, predomi-
nantly continental lithofacies with maximum recorded thick-
nesses of 886 m: a) the first Neocomian lithofacies, with a sharp
syn-rift character and thick clastic sequences, such as red beds,
is represented by the Salado River Formation, and b) the se-
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cond lithofacies is represented by post-rift levels of the General
Belgrano Formation that are attributed to the Aptian-Santo-
nian and overlay the previous formation with a well-marked
angular unconformity in the seismic sections, albeit the litho-
logical differentiation of the well samples is less pronounced.

These lithofacies are followed by the marine units of the
Las Chilcas Formation (Maastrichtian-Paleocene) that are
gradually overlaid with regressive, continental red beds assig-
ned to the Eocene-Oligo-Miocene of the General Paz and Oli-
vos-Los Cardos Formations, reaching depths of up to 800 m
and transiently becoming deltaic and marine deposits toward
the east and ultimately completely dominant before reaching
the continental slope. The analysis of the offshore seismic sec-
tions shows a conformation that begins with Eocene deposits
of the proximal platform and gradually, upwardly changes to a
set of deltaic facies, which became alluvial plain deposits in the
late Oligocene.
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Another major marine advance occurred between the ear-
ly and mid-Miocene. Similar to the previous marine advance
in the Maastrichtian-Paleocene, this advance also transgresses
deeply into this part of the continent, as represented by the Pa-
rana Formation, with a maximum recorded thickness of 815
m. The Salado basin displays a gradual transition between the
Miocene marine deposits and the underlying units; however,
near the coast, this relationship is pseudoconcordant based on
the clear evidence of a fracturing episode that dislocated the
Olivos Formation without affecting the Parana Formation and
the loosely overlapping boundaries of previous continental de-
posits (Yrigoyen, 1999).

The Cenozoic sedimentary record ends at a depth of
approximately 125 m, as represented by the inland continen-
tal clastic accumulations. There is a gradual marine influence
toward the ocean. Reddish-brown terrigenous deposits (co-
rrelated with the Arroyo Chasicé Formation) have also been
differentiated and assigned to the lower Pliocene for their rich
faunal content, culminating in the upper Pliocene with the
Puelches Formation, which is characterized by a conspicuous
deposit of light and yellowish-brown quartz sands at a depth
of a few tens of meters. Lastly, silts and loesses, assigned to
the Pampeano Formation, top the stratigraphic column in the
Quaternary and broadly cover the edaphic surface that domi-
nates the Buenos Aires plain.

4. HYDROGEOLOGICAL FRAMEWORK OF THE AQUIFERS OF THE
SaNTA Lucia BASIN

The Santa Lucia basin contains three main aquifers that are
used for various purposes, including drinking water, livestock
water, agricultural irrigation and industrial uses (Dinamige,
2009).

The Raigén Aquifer System (Sisterna Acuifero Raigon -
SAR) is the most important system in a wide region of sou-
thwestern Uruguay due to its high levels of extraction (Bes-
souat et al., 2000). This aquifer consists of a Plio-Pliocene
sequence of sandstones, sands and gravels, interspersed by
thin levels of pelites and claystones, which occasionally act as
confining or semiconfining units. The Camacho Formation in
the south region and the Fray Bentos Formation to the north
form the base of this aquifer. Although the Camacho Forma-
tion is considered impermeable, some perforation data suggest
the existence of permeable zones within this formation, which
enables hydraulic connection to the Raigdn aquifer (Instituto

Nacional de Investigacion Agropecuaria, 2019). Therefore, ba-
sed on its lithological and hydraulic characteristics, the Raigén
aquifer may operate as a system of multiple interrelated layers
(Gestion Sostenible del Acuifero Raigon, Uruguay, 2005).

The best aquifer conditions are found in the extreme sou-
thwest of the Santa Lucia basin (San José department) where
the continuity, depth and hydraulic conductivity of the stra-
ta, the existence of considerable recharge and the well-defined
physical boundaries enable the development of the SAR (INIA,
2019). In the region south of the city of San José, the mini-
mum thickness of the aquifer ranges from 0.5 to 2 m, with low
yields (2 to 5 m*/h). The hydrogeological characteristics of the
Santa Lucia basin change in the south-central region, where
the yields reach high values (60-80 m*/h), and the wells pro-
duce up to 10 m*/h. In general, the thickness does not exceed
20 m, and the base of the aquifer is always less than 100 m
from the ground surface. The transmissivity ranges from 100
to 2200 m?/d, with values between 300 and 1400 m?/d prevai-
ling throughout the SAR. The storage coefficient ranges from
1.10-5 to 1.10-2 (Carridn et al., 2011; Gestion Sostenible del
Acuifero Raigén, Uruguay, 2005).

The other two aquifers in the Santa Lucia basin, the Migues
aquifer and the Mercedes aquifer, consist of Cretaceous geolo-
gical units (Dinamige, 2009; Bossi et al., 1999; Montaiio et al.,
2006). Their groundwater layers are the most relevant antece-
dent streams for analyzing the performance of the Cretaceous
aquifer units in the CSL, particularly in the central region of
the department of Canelones.

The Mercedes aquifer is found at the surface and subsur-
face at shallow depths, with variable thicknesses, and has the
characteristics of a free and semiconfined aquifer (Dinamige,
2009). In the central region of the basin, the aquifer consists of
sandstones and conglomeratic sandstones, ranging from con-
solidated to friable and occasionally with strong silicification
and carbonation processes, and acts as a partly porous and
partly fissured aquifer. The Mercedes aquifer shows, in gene-
ral, low discharges, ranging from 2 to 4000 l/h, except in areas
of intense fracturing. According to Montaifio et al. (2006), in
the central region of the department of Canelones, the Merce-
des aquifer performs as a free aquifer, and its average thickness
is approximately 10 m, with mean transmissivity (T) values of
approximately 50 m?/day, ranging from 3 to 100 m?/day, and a
mean permeability (K) ranging from 1 to 10 m/day.

The Migues aquifer develops almost exclusively in the
subsurface, and its main hydrogeological and hydrochemical
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characteristics are only known up to depths of approximately
150-200 m due to the depth limitations of water well drilling
companies; thus, its groundwater potential at greater depths
remains unknown. Bossi et al. (1999) stated that, in some sec-
tors, this aquifer can accumulate large volumes of groundwater,
with discharges reaching 30 m*/h at depths ranging from 40 to
80 m. The quality of this water can be good, although it is occa-
sionally high in salinity. In the Juanicé region, Montafio et al.
(2006) highlighted the presence of a sandy, semiconfined and
multilayer aquifer, with occasional sandy conglomeratic levels
and depths ranging from 30 to 120 m, that essentially consists of
the Migues aquifer and the Mercedes aquifer in the first meters.
In this region, the discharge of most wells ranges from 10 to 15
m?*/h, but several wells have discharges that exceed these values.

Although the hydrogeological characteristics of the Migues
aquifer under shallow, semiconfined and confined conditions

are somewhat known, its economic potential as a reservoir
could be even higher at greater depths. The exploratory wells
drilled in search of hydrocarbons, particularly in the southern
subbasin, show the development of vast and considerably thick
sandy bodies, which display excellent porosity and permeabil-
ity characteristics for reservoir rocks at variable depths (Vero-
slavsky, 1999). Based on the study of well cores, cuttings and
Sauce well logging (2450 m), Tomasini et al. (2019) reported
good reservoir properties in at least three levels, with tops at
depths ranging from 900 to 1500 m. The reservoir levels are
outlined by the sandstones of the Migues Formation, with large
thicknesses (> 100 m), mean porosities of 22% and permeabil-
ity values ranging from 150 to 460 mD. These characteristics
have led to several studies of these deep reservoirs aimed at
analyzing their viability for gas storage (methane, hydrogen
and CO,) and as a geothermal resource (Tomasini et al., 2019).
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Figure 8. Above: three-dimensional diagram of the connection between the Santa Lucia Basin-FQ and the Recalada Trough with the Salado Basin. Below: schematic

cross-section of the regional subsurface through the La Plata River

This cross-section shows the deepening of the Meso-Cenozoic sequences from the Santa Lucia basin (Sauce well 1) to the Salado basin (Gral. Belgrano well). L: distance
between control wells; H: difference in level. Source: Modified from Rosello et al. (2017).
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5. DiscussioN

A schematic correlation of the characteristics of the previously
described sedimentary infills of the Santa Lucia and Salado ba-
sins reveals a regional slope in the pre-Mesozoic basement that
deepens toward the southwest until reaching level differences of
more than 1000 m (Figure 8). In the latter depocenter, excluding
the Cretaceous and Oligocene-Pliocene formations, the sedi-
mentary facies are more distal and are related to other sources
located toward the NW (Rossello, 2018), which are generally
thinner and show evaporitic intercalations. Therefore, given its
unfavorable petrophysical conditions, the FQ is unlikely to have
the hydrogeological conditions expected in the deepest sectors.

If the gravimetric surveys available for the FQ (Rossello et
al., 2011; Perdomo et al., 2017) can be compared with those
described in the Santa Lucia basin (Rodriguez et al., 2020),
block tectonics, expressed as uplifted basement blocks separa-
ted by sedimentary volumes, may be active in the FQ.

If the favorable petrophysical characteristics of the aqui-
fers known in Uruguay continue in the FQ, albeit at greater
depths, conditions of natural upwelling and considerable geo-
thermal temperatures could occur in this trough because the
water from the aquifers of the Santa Lucia basin flows through
saturated porous and permeable materials toward levels that
are deeper than the infiltration levels. Due to the presence of
superimposed sealing units, these discharges could naturally
re-emerge as springs upon well drilling, in line with the ver-
tical flow dynamics in a saturated porous medium established
by Darcy’s law (see definitions in Custodio and Lamas, 1976).
Groeber (1945) recognized the upwelling and partial upwelling
character of the aquifers in the sequences termed “Mesopota-
mico rojo” [Red Mesopotamic] reached by the wells drilled by
Artaza (1943); however, no further petrophysical and hydrod-
ynamic descriptions are available.

In the FQ, the aquifer would likely encompass levels with
more proximal depositional characteristics, correlated with the
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Figure 9. Estimated location of the possible aquifers in the FQ underneath the traditional Puelches and Pampeano aquifers in the metropolitan area of Buenos
Aires
Source: Taken from Rosello et al. (2018).

Servicio Geolégico Colombiano 153



Rossello / Veroslavsky / Santa Cruz

Salado River and General Belgrano Formations, and favorable
petrophysical characteristics for an aquifer.

If the FQ harbors deep aquifers below the well-known
Puelches, Pampeano and Parand aquifers (Santa Cruz, 1972;
Santa Cruz et al., 1997; Amato and Silva Busso, 2006), with
hydraulic, physical and chemical conditions similar to those
of the aquifers of the Santa Lucia basin, these aquifers could
be an excellent supply of alternative or complementary hydro-
geological resources for the metropolitan area of Buenos Aires,
where the trough is located (Figure 9).

6. CoNCLUSIONS

The interpretation of the FQ as a depocenter with Mesozoic
and Cenozoic sedimentary infills that reach an average depth
of almost 900 m suggests the presence of significant sandstone
and conglomeratic intervals that could be suitable for new hy-
drogeologic reservoirs that are deeper than current reservoirs,
when compared to neighboring areas in Uruguay. Currently
available gravimetric surveys allow us to establish a morpho-
tectonic analogy with the Santa Lucia basin, which is much
better known for its subsoil data from the exploration of its
hydrocarbon resources.

New deep aquifers will likely be discovered based on
knowledge of the petrophysical characteristics of the equiva-
lent units of the Santa Lucia basin, the hydrodynamic condi-
tions of which range from 12 to 15% effective porosity, with
stratigraphic traps (pinchout) combined with (closure against
a fault) and overlapped by fine sediments of excellent quality
that can act as seals.

In addition, the FQ connects similar sedimentary sequen-
ces of the Santa Lucia basin with those of the Salado basin at
deeper positions, likely providing favorable conditions for
upwelling aquifers and even hydrothermalism. Based on the
deepening upward sequences that are most likely to form aqui-
fers, a topographic difference of approximately 700 to 900 m
is calculated, which should generate an adequate gradient to
facilitate underground flow from groundwater recharge zones
located in Uruguay.

Considering the arguments described above, a specific hy-
drogeological study supported by noninvasive, rapid, low-cost
geophysical exploration methods, such as magnetotellurics
(MT), audio-frequency MT (AMT), the horizontal-to-vertical
spectral ratio (HVSR) and transient electromagnetics (TEM),
must be performed to complement the knowledge on the geo-
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logical configuration of this region, which has been limited by
the scope of gravimetric models. Drilling the necessary explo-
ratory wells will enable us to determine if the spatial conditions
and geochemical qualities of the deep aquifers can host the FQ.

For this reason, the present working hypothesis is propo-
sed, which justifies the logistical costs of exploratory drilling
in the FQ to verify the existence of thermal groundwater, its
hydraulic, physical, chemical and isotope characteristics and,
consequently, the technical-economic potential of this pro-
posed aquifer system. Locating this aquifer system is very im-
portant given its strategic location below the large population
centers in and around Buenos Aires.
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