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ABSTRACT

The foreland Claromeco Basin, located in the south-western sector of Buenos Aires
province, Argentina, has a relevant economic and energetic interest due to the
presence of coal layers contained in the Permian Tunas Formation, which might
be considered effective source rock for gas resource generation. This study aims to
reconstruct the diagenetic evolution of the Tunas Formation at the Claromecé Basin
(PANG 0001 and PANG 0003 wells) and determine how the diagenesis affected
the reservoir quality. To this purpose, core samples of the Tunas Formation were
analysed using a combination of micro petrographic analyses (transmitted light,
QEMSCAN, cathodoluminescence), fluid inclusions studies, and petrophysical
methods (conventional core analysis, CCA). The analysed sedimentary successions
are composed of sandstones interbedded with mudrocks, carbonaceous mudrocks,
tuffs, and coals. Sandstones are medium- to fine-grained, framework-supported,
and moderate-to-well-sorted. Authigenic minerals are calcite and laumontite, with
minor proportions of quartz and feldspar overgrowths and clay minerals (illite,
muscovite, and chlorite). Porosity is of secondary type, generated by fracturing
and dissolution of feldspars and carbonate cement. Porosity determined by optical,
QEMSCAN, and CCA analyses ranges from 0.1 to 4 %, with a permeability varying
between 103 and 10°® millidarcies. Fluid inclusion studies were performed in
sandstone cements and calcite and quartz veins. Primary, pseudo-secondary, and
secondary aqueous and organic fluid inclusions were recognized. Organic fluid
inclusions show green and light blue fluorescence, which indicates the presence
of hydrocarbons. Homogenization temperatures of fluid inclusions obtained from
microthermometry studies range from 124 to 200 °C in cements and 110 to 230 °C
in veins. These temperatures confirm a metagenesis stage for the Tunas Formation,
within the wet to dry gas window. Given the petrophysical characteristics of
the analyzed levels, sandstones could be considered unconventional tight gas
sandstone reservoirs. Obtained results point out that during early diagenesis,
physical compaction and precipitation of carbonate cement are the principal factors
that significantly reduce the primary porosity. Furthermore, in the mesogenesis

Asociacion Argentina de Sedimentologia | ISSN 1851-4979 65



M.B. Febbo et al.

stage, chemical compaction, calcite and zeolite cements precipitation, and quartz
overgrowths further contribute to porosity loss. However, secondary porosity was
produced during mesogenesis due to the dissolution of unstable grains and calcite
cements caused by the action of acid fluids generated during the decomposition
and maturity of organic matter. Additionally, secondary porosity was also
generated by fracturing due to burial and tectonic stress and by the increased pore
pressure during hydrocarbon generation and migration. The reservoir properties
of the Claromec6 Basin have been controlled mainly by diagenetic and tectonic
processes that acted during the burial history of the basin. Clasts and cements
composition also influenced diagenesis together with the presence of organic-rich

rocks, which could generate hydrocarbons.

INTRODUCTION

Reservoir quality in sandstones is the product of
primary depositional characteristics and secondary
diagenetic processes (Worden and Burley, 2003).
Primary textural attributes are mainly controlled
by grain size, sorting, detrital clay content and
distribution of clasts (Beard and Weyl, 1973; Blatt
et al., 1980; Cade et al., 1994). Diagenetic processes
are governed by the provenance of clastic material,
depositional mineralogy, diagenesis of organic
matter and clay fraction, chemical changes in pore
fluids, temperature and pressure during burial, and
tectonic stress (Blatt, 1979). During early diagenesis,
processes like mechanical compaction, precipitation
of early calcite cements and siliceous syntaxial
growths occur, contributing to primary porosity loss
(Choquette and Pray, 1970; Surdam et al., 1989).
During mesogenesis, chemical compaction further
reduces porosity, leading to pressure dissolution
of silicates and subsequent precipitation of silica
cements (Blatt, 1979; Surdam et al., 1989). On the
other hand, diagenesis can increase the porosity of
the rock by secondary porosity generation through
dissolution or fracturing. A detailed analysis of
the processes involved in the diagenetic history
of a sedimentary sequence is therefore essential to
characterize the porosity and permeability of the
rock and thus, to identify potential reservoirs for
hydrocarbons, CO, or H, storage, or geothermal
fluids.

The foreland, late Paleozoic Claromecé Basin,
located in southern Buenos Aires province (Fig. 1a),
Argentina, has attracted exploration interest from the
oil industry over the last decades due to the presence
of subsurface coal beds which might represent a

target for conventional and/or unconventional gas
resources (Lesta and Sylwan, 2005; Arzadun et al.,
2017; Lopez-Gamundi and Rossello, 2021; Febbo et
al., 2022a; Febbo, 2023). These coal-bearing levels
can be correlated with Permian Gondwana coals
of the Rio Bonito Formation (Parand Basin, Brazil;
Kalkreuth et al., 2006; Holz et al., 2010; Mendonga
Filho et al., 2013) and the Karoo Supergroup (Karoo
foreland Basin; South Africa; Geel et al., 2015),
which have become important exploration targets.
Additionally, in recent years the coal seams and
sandstones levels of the Claromecé Basin are
considered as potential targets for CO: storage
(Grasetti et al., 2022; Molina et al., 2023).
Hydrocarbon exploration in Buenos Aires
province began in the 1990s through gravimetric
studies, seismic data, and onshore exploration wells.
Several coal beds up to 11 m-thick were drilled,
belonging to the Early Permian Tunas Formation
(Harrington, 1947; Lesta and Sylwan, 2005). Coal
deposits of the PANG 0001 (S37° 40.8" 17.0”,
W61° 11.30° 06”) and PANG 0003 wells (S37° 34.0°
44.24”, W61° 22.0’ 12.56”) (Fig. 1b) were previously
studied to evaluate the hydrocarbon potential of
this unit. Total organic carbon (TOC%) content in
carbonaceous lithologies is high, between 0.5 and 2
% in organic-rich shales, and from 26 to 53.9 % in
carbonaceous shales and coals (Febbo et al., 2022a;
Febbo, 2023). Based on these values, coal-bearing
layers are characterized as good-quality source rocks
(Febbo et al., 2022a). The organic matter identified in
the coals is of terrigenous origin and belongs to type
I and type IV kerogens (Arzadin et al., 2017; Febbo
etal., 2022a, 2023; Febbo, 2023). Vitrinite reflectance
(%Ro) values range from 1.45 to 2.8 % (Arzadun et
al., 2017; Febbo et al., 2023), reflecting a catagenesis
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to late catagenesis stage within the wet to dry gas
window. Therefore, organic matter quantity, type,
and maturity, suggest that the carbonaceous levels
of the Tunas Formation have a good potential as
gas-prone source rocks (Arzadun et al., 2017; Febbo
et al, 2022a). Moreover, preliminary subsurface
and outcrops studies point out the potential of
the naturally fractured sandstone beds of this unit
as hydrocarbon reservoirs (Lopez-Gamundi and
Rossello, 2021; Choque et al., 2021; Febbo, 2023).
Based on this scenario, an exhaustive study of the
diagenetic processes and petrophysical parameters
of the Tunas Formation sandstones is necessary to
identify and characterize potential reservoir levels.
This study aims at reconstructing the diagenetic
evolution of the Tunas Formation in the Claromeco
Basin (PANG 0001 and PANG 0003 wells) and
determining how the diagenesis affected its reservoir
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Figure 1. a) Location of the Claromecé Basin, Sierras Australes System, and PANG 0001 and PANG 0003 wells, located at the basin
center; b) Location of the PANG 0001 and PANG 0003 wells and geological map of the Sierras Australes System, modified from

Suero (1972).

GEOLOGICAL SETTING

The foreland Claromecé Basin (Carboniferous—
Permian; Ramos, 1984) extends for about 65000 km?2
from the Sierras Australes System (southern Buenos
Aires province) to the argentinean continental shelf
(Fig. 1a). The basin was defined by gravimetric
studies, with a maximum sedimentary thickness
of 9 to 10.5 km (Introcaso, 1982; Kostadinoff and
Prozzi, 1998; Kostadinoff, 2007). This basin was

formed during the Gondwanides orogeny (Permian—
Triassic; Keidel, 1916 Du Toit, 1927; Milani and De
Wit, 2008), linked with the collision of the Patagonia
terrain with southwestern Gondwana margin during
the Late Paleozoic (Ramos, 2008; Tomezzoli, 2012;
Péangaro and Ramos, 2012; Ramos and Naipauer,
2014).

The study area can be divided into two sectors:
the southwest portion, which comprises the highly
deformed sequences of the Ventana, Curamalal, and
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Pillahuinc6 Groups (Harrington, 1947), exposed
in the Sierras Australes System (Fig. 1b), and the
northeast zone, which encompasses the foreland
area, with weak deformation and horizontal strata
(vonGosenetal., 1991; Ramos and Kostadinoff, 2005).
Therefore, a decrease in deformation is recorded in
the Paleozoic sequences towards the east, where
the Curamalal and Ventana groups display a lower
greenschist metamorphism, while the Pillahuincé
Group present a very low-grade metamorphism to
high diagenesis (Fig. 1b; Buggisch, 1987; von Gosen
et al.,, 1991). Anisotropy of magnetic susceptibility
(AMS) performed on Tunas Formation outcrops
(Tomezzoli, 2001; Arzadun et al., 2016, 2021) and
subsurface records (Febbo et al., 2021) confirm a
decrease in the magnitude of tectonic deformation
towards the east-northeast during the Early late
Permian.

The Claromecé Basin fill is represented by
the Carboniferous to Early Permian Pillahuincé
Group (Harrington, 1947), cropping out in the
eastern portion of the Sierra Australes System,
and continues to the east in subsurface, where it is
covered by Cenozoic deposits (Fig. 1b). The group
is subdivided into four formations that from base
to top are the Sauce Grande, Piedra Azul, Bonete,
and Tunas (Fig. 1b), with a maximum thickness of
2800 m (Harrington, 1947). The Tunas Formation is
the youngest unit and represents the last stage of the
Paleozoic basin infill. This unit is exposed from the
north of Sierra de las Tunas to the south of Sierra
de Pillahuinco (Fig. 1b), and continues in subsurface
to the east, whit the exception of small and isolated
Permian outcrops located near Gonzales Chavez
locality (Fig. 1a-b; Monteverde, 1937; Furque, 1965;
Harrington, 1970; Febbo et al., 2022b). The exposed
thickness ranges from 600 to 2400 m with many
uncertainties given its lithological homogeneity
and tectonic complexity (Harrington, 1970; Suero,
1972; Andreis and Japas, 1991; Vazquez Lucero et
al., 2020). The Tunas Formation deposits consist of
fine- to medium- grained greenish and yellowish
sandstones with cross-stratification, interbedded
with laminated greenish mudrocks and thin
pyroclastic beds (Harrington, 1947, 1970; Andreis et
al., 1979; Lépez-Gamundi, 1996, 2006; Zavala et al.,
1993; Alessandretti et al., 2013; Arzadun et al., 2018;
Febbo et al., 2022b). Towards the foreland basin
area, this unit is well documented in the PANG 0001
(S37° 40.8’ 17.0”, W61° 11.30’ 06”) and PANG 0003

(S37° 34.0° 44.24”, W61° 22.0° 12.56”) exploration
wells (Figs. 1a-b), with a maximum thickness of
700 m. There, the unit consists of medium to fine-
grained sandstones, interbedded with black organic
rich mudrocks, heterolites, greenish mudrocks, tuff
layers, carbonaceous mudrocks, and coals (Arzadin
et al., 2017; Zavala et al., 2019; Febbo et al., 2021,
2022a, b; Febbo, 2023; Choque et al., 2021, 2022).
The age of this unit is Early Permian (Sakmarian—
Artinskian) based on Glossopteris flora (Archangelsky
and Cuaneo, 1984; Caneo, 1996) and U-Pb ages
obtained from outcropping (280-291 Ma; Tohver et
al., 2008; Lépez-Gamundi et al., 2013; Alessandretti
et al., 2013; Arzadun et al., 2018) and subsurface
(PANG 0001 well, 295.5 = 8.0 Ma; Arzadin et al.,
2018) pyroclastic layers. These ages are consistent
with palynological data from core samples of the
PANG 0001 well (di Pasquo et al., 2018).

The Tunas Formation sediments were deposited
in deltaic to fluvial environments (Andreis et al.,
1989; Andreis and Japas, 1991; Zavala et al., 1993;
Ballividn Justiniano et al., 2020), representing the
culmination of aregressive cycle after shallow marine
conditions registered in the Piedra Azul and Bonete
formations (Harrington, 1947). Subsurface facies of
the Tunas Formation (PANG 0001 and PANG 0003
wells) are interpreted as a river-dominated deltaic
environment (Zavala et al., 2019). These authors
defined transgressive-regressive cycles represented
by lower delta-plain deposits, composed of coals
and shales, which progressively change towards the
upper section to sandy and heterolithic delta front
and shelf deposits.

Based on the occurrence of growth strata (Lopez-
Gamundi et al., 1995, 2013) and paleomagnetic data
(Tomezzoli, 1999, 2001) the Tunas Formation was
interpreted as a synorogenic unit. This unit records
sedimentation in a foreland basin developed along
an active margin, characterized by paleocurrents
reversal and the dominance of fold belt/arc-derived
material (Lopez-Gamundi et al, 1995, 2013;
Alessansretti et al., 2013; Febbo et al., 2022b). The
sedimentation was contemporary with explosive
volcanic activity evidenced by tuffs interbedded
with clastic material which confirms an Early
Permian volcanism in the southwestern Gondwana
margin (Alessandretti et al., 2013; Lépez-Gamundi et
al., 2013; Arzadun et al., 2018; Ballivian Justiniano
et al., 2020; Febbo et al., 2022b).
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METHODOLOGY

Sandstone petrography

Petrographic and diagenetic analyses were
performed on 33 thin sections (24 sandstones,
8 mudrocks, and 1 tuff) of the Tunas Formation
belonging to different stratigraphic levels of the PANG
0001 and PANG 0003 wells (Figs. 2-3). Standard
optical microscopy analyses were performed
with a Nikon Eclipse 50i POL microscope. The
modal composition of sandstones was determined
according to the Gazzi-Dickinson method, counting
350 grains per sample. Grains were counted using
the JMicroVision software point counter. Sandstones
were classified according to Folk et al (1970)
based on their quartz, feldspar, and lithic content,
recalculated to 100% (Table 1). Detrital constituents
in the framework, percentage of matrix, porosity,
and cement were quantified by visual microscopic
analysis and QEMSCAN® (Table 1). Compton’s
(1962) comparators descriptors were used to define
sorting characteristics.

Automated mineral and textural characterization
were performed with FEI QEMSCAN on 21 polished
and carbon-coated thin sections (Figs. 2-3) at the
Department of Earth Sciences, University of Geneva
(Switzerland). QEMSCAN technology acquires
energy-dispersive X-ray spectra and backscattered-
electron image information from each measurement
point and identifies the underlying minerals using
the chemical composition from X-ray information
preferentially over backscatter-electron brightness
(Gottlieb et al., 2000). Analyses were carried out
under high vacuum conditions (10—6 mbar) an
acceleration voltage of 15 kV with a probe current
of 10 nA. The acquisition time of the energy-
dispersive X-ray signal was approximately 200 pixels
per second using a point spacing of 5 um. Mineral-
phase identification was automatically performed
by comparing energy-dispersive X-ray spectra of
individual pixels with a database of standard spectra
using the FEI iDiscover™ software. In order to obtain an
acceptable final result, energy-dispersive X-ray spectra
and elemental concentrations were compared with
available databases. The database was then refined
by microscopic observations. For each sample, a scan
image was produced showing all identified minerals.
The abundance of each mineral was finally estimated
by quantifying its occurrence as surface percentages.

Representative  samples from fine-grained
lithologies and sandstones were collected to
perform X-Ray diffraction (XRD) analyses in order to
determine their mineralogy (Figs. 2, 3). XRD analyses
were done using a Rigaku D-Max III-C diffractometer,
Ka of Cu radiation, with a voltage of 30 kV, current of
15 mA, and scan of 2° per minute. The analyses were
performed at the facilities of the Departamento de

Geologia, Universidad Nacional del Sur (Argentina).

Diagenetic features

Diagenetic features and cross-cutting
relationships were examined using conventional
thin-section  petrography, cathodoluminescence

microscopy, and QEMSCAN. The type of grain-to-
grain contact (floating, tangential, long, concavo-
convex, or sutured) and the intensity of compaction
were described for each sample, based on Talylor
(1950).

Cathodoluminescence analysis was conducted
on 11 selected polished thin sections (Figs. 2-3)
at the facilities of the Departamento de Geologia,
Universidad Nacional del Sur (Argentina), in order
to better characterize the diagenetic features (cement
and dissolution). The studies were performed under
a Nikon Eclipse 50i POL microscope coupled to a
MKS5- 2 (CITL CL5) cathodyne. The beam conditions
were 10 to 15 kV at 250 mA of current.

For porosity determinations, 14 thin sections
were impregnated with blue epoxy to distinguish
the pores
Porosity classification is based on Schmidt and

from the frameworks (Figs. 2-3).

Macdonald (1979). Porosity was quantified using
the JMicroVision software from petrographic images
(visual porosity) and QEMSCAN, considering the
percentage of background (resin) in each sample
(Figs. 2-3). In addition, standard petrophysical
porosity and gas permeability studies (conventional
core analysis, CCA) were performed on 4 samples
from the PANG 0003 well (Fig. 3) at the LCV
Laboratory (Florencio Varela, Argentina). The latter
provided a three-dimensional quantitative porosity
percentage that could be compared with wvalues
obtained by two-dimensional optical microscopy
and QEMSCAN.
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Figure 2. Sedimentary profile of the Tunas Formation in the PANG 0001 well, Claromecé Basin, modified from Arzadun et al.
(2017), showing the stratigraphic position of the studied samples. Analyses performed in each sample are represented by different
colors (see references).
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Fluid inclusions analysis
Fluid inclusion (FI)  petrography and
microthermometry analyses were performed in
sandstones and mudrock samples (Figs. 2-3). The
studies were conducted at the Luminescence
Laboratory of the Departamento de Geologia,
Universidad Nacional del Sur (Argentina), with a
Nikon eclipse 50i POL polarization microscope.
Fluorescence studies were executed under
ultraviolet incident light (UV), with a Nikon
100W mercury lamp (halogen) to identify aqueous
and organic (hydrocarbon-bearing) inclusions.
Criteria of Riecker (1962) and Burruss (1981)
were used to determine the presence and type of
hydrocarbons trapped within the inclusions from
their fluorescence color. Fluid inclusions were
classified according to their origin as (1) primary,
(2) pseudo-secondary, and (3) secondary, based on
Roedder (1984). Microthermometry analyses were
carried out on 4 doubly polished thin sections (Fig.
3). The fluid inclusions studied were situated in
diagenetic cements (calcite and quartz overgrowths)
and quartz and calcite veins. Measurements were
conducted with a Linkam MDS 600 programmed
heating/freezing stage, which can examine the phase
temperatures between the -180° and 600 °C, coupled
on an Olympus BX50 petrographic microscope,
available at the Departamento de Geologia,
Universidad Nacional del Sur (Argentina). Heating
analyses were performed in primary and pseudo-
secondary two-phase (liquid-vapor) inclusions,
according to procedures establish by Goldstein and
Reynolds (1994), from room temperature (23 °C) to
200 °C and even 240 °C.

RESULTS

Petrographic features

Petrographic and diagenetic analyses were
conducted on core samples of the PANG 0001
and PANG 0003 wells (Figs. 2-3). The analysed
succession for each well present a thickness of ~700
m and present similar facies successions. The lower
levels of both sections consist of thin, medium- to
fine-grained sandstones, followed by thick packages
of carbonaceous mudrocks and coal beds of up to
25 m-thick with abundant pyrite nodules and plant
remains (Figs. 2-3). Toward the top of the columns,

coal strata become thinner and gradually disappear,
replaced by thick packages (~20 m) of medium- to
fine-grained sandstones, with irregular bases, cross-
bedding stratification, and abundant plant remains
interbedded with greyish laminated mudrocks and
thin tuff layers (Figs. 2-3). The upper levels are
characterized by greenish laminated mudrocks and
medium to fine-grained sandstones, interbedded
with intensely bioturbated mudrocks, heterolites,
fine-grained sandstones, and thin coal beds (1-5 cm)
(Figs. 2-3).

Mineralogical and textural composition of
sandstones were determined by optical microscopy
and QEMSCAN (Figs. 4a, 5, 6). Sandstones classify
as feldspathic litharenite (78 %), lithic feldsarenite
(17 %) and litharenite (5 %) (Fig. 5, Table 1). The
detrital fraction is dominated by quartz (comprising
38 to 57 % of the total main components), feldspar
(comprising 11 to 35 %) and lithic fragments
(comprising 25 to 47 %) (Fig. 5, Table 1). Grain size
varies from medium (1 mm) to very fine (0.062 mm),
mostly with a medium to fine size. Sandstones are
framework-supported, composed of moderate to
well sorted, sub-rounded to sub-angular grains with
long to concavo-convex contacts. The matrix content
is between 10 and 20 %, composed of quartz, lithic
rock fragments and clay minerals (illite and micas).

Quartz
polycrystalline grains, with an average of 47 % (Figs.

occurs as  monocrystalline  or
6a-b, Table 1). The quartz content fairly remains
constant, slightly increasing towards the base of the
successions (Fig. 4a). Grains have sub-rounded to
sub-angular shapes with straight and occasionally
undulatory extinction.

Feldspars potassium feldspar and
plagioclase, with an average of 20 % (Figs. 6¢-d, Table
1). The feldspar content remains fairly constant,
increasing slightly towards the top of the successions
(Fig. 4a). Plagioclase usually exhibit polysynthetic
twinning and sub-tabular shapes (Fig. 6¢). Potassium
feldspar is represented by orthoclase and microcline

include

(Figs. 6¢-d). The orthoclase is usually untwined,
with sub-tabular shapes (Fig. 6¢) while microcline
exhibits tartan twinning, with sub-tabular shapes
(Fig. 6d). Feldspars are commonly replaced by clay
minerals (Fig. 6e) or albite (Fig. 6d).

Lithic = fragments metamorphic,
sedimentary, and volcanic rock fragments, with an
average of 33% (Figs. 6a, f-h, Table 1). Metamorphic
and sedimentary rock fragments are dominant at

include
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Figure 4. Mineralogical composition of a) sandstones and b) mudrcoks and tuffs of the Tunas Formation obtained by QEMSCAN
(see Figs. 2 and 3 for sample location). The mineralogy of sandstones remains constant throughout both sections, whereas cement
composition vary from calcite in the lower to middle part to laumontite in the upper part.

the basal and middle portion of the successions,
while volcanic clasts increase in content toward
the upper part. Metamorphic lithic fragments have
low to medium grade, comprising shales, slates,
schists, and quartzites (Figs. 6a, f). Grains show
sub-angular shapes. Sedimentary rock fragments
include claystones, siltstones, and very fine-grained
sandstones, with sub-angular to sub-rounded shapes
(Fig. 6g). Volcanic fragments present microlithic
and vitrophyric textures (Fig. 6h) and sub-rounded
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shapes. Lithic fragments are commonly altered and
replaced by clays (Fig. 6e).

Accessory minerals comprise from 1 to 5 % of
the total main components. They mainly consist of
micas, illite, pyrite, epidote, glauconite, and prehnite
(Fig. 4a). Sandstones occasionally contain dispersed
organic matter.

Mineralogical and textural composition of fine-
grained lithologies (mudrocks and tuffs)
determined by optical microscopy, QEMSCAN, and

were
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XRD (Fig. 4b, 7, 8). According to their grain size,
mudrocks classify as claystones and argillaceous
siltstones. Mineral composition consists of quartz,
feldspar, muscovite, biotite, chlorite, and illite (Figs.
4b, 7a-c, 8a). The presence of pyrite and dispersed
organic matter is common (Fig. 7b). Tuffs are

Q

Quartzarenite

Sublitharenite

Subfeldsarenite

composed of quartz, feldspar, and clay minerals,
mostly illite (Figs. 4b, 6d-f, 8b). The presence of
sedimentary lithic fragments is common (Fig. 7e).
The matrix is sometimes altered and replaced by
calcite (Fig. 8b). Mudrocks and tuffs often have open
fractures and calcite and quartz veins (7b-c, f).

Figure 5. Classification of the Tunas Formation sandstones
according to Folk et al. (1970) diagram. Q: Quartz, F: Feldspar,
L: Lithic fragments.

Figure 6. Thin-section photomicrographs of framework components of Tunas Formation sandstones under transmitted light.

a) Monocrystalline quartz (Qm) and metamorphic lithic fragment (Lm); b) Polycrystalline quartz (Qp); ¢) Orthoclase (O) and

plagioclase (P1); d) Microcline (Mc) with tartan twining, partially replaced by albite (Ab); e) Lithic fragment (L) and feldspar (F)

altered by clays; f) Metamorphic lithic fragment (Lm); g) Claystone lithic fragment (Lc); h) Volcanic lithic fragment (Lv).
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Figure 7. Thin-section photomicrographs of fine-grained lithology under transmitted light (a-b, d-e) and QEMSCAN (c, f). a-c)
Mudrocks showing quartz (Q), biotite (Bt), muscovite (Ms), calcite veins (Ca vn), and dispersed organic matter (Om); d-f) Tuffs
showing quartz (Q) and lithic fragments (L). c, d, f) Open fractures are common (indicated by arrows).

Well Sample Depth QFL (%) Folk et al. (1970)’s Main components
classification
Q F L Clasts Matrix Cement Pores
(%) (%) (%) (%)
509 304.6 48.7 20.3 31.0 Feldspathic 85 5 10 <1
litharenite
495 323.2 446 14.5 40.9 Feldspathic 80 5 15
litharenite <1
458 365.6 47.7 20 32.3 Feldspathic 83 10 7 -
litharenite
PANG 442 382.5 38.0 15.0 47.0 Feldspathic 85 10 5 -
0001 litharenite
414 419.3 43.5 11.0 45.5 Litharenite 85 10 5 -
103a 822.8 46.9 14.4 39.7 Feldspathic 85 10 5 <1
litharenite
103b 821.5 445 18.0 37.5 Feldspathic 73 7 20 -
litharenite
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PANG

M377 182.4 55.0 25.0 20.0 Feldspathic 81 5 14 <1
litharenite

M368 198.9 54.5 27.5 18.0 Lithic 74 6 20 -
Feldsarenite

M351 239.6 51.3 28.5 20.2 Lithic 78.5 5 15 1.5
Feldsarenite

M343 251.5 48.2 27.6 24.2 Lithic 76 11 13 -
Feldsarenite

0003 M315  311.5 40.9 26.5 32.6 Lithic 86 5 9 -
Feldsarenite

M261 492.6 42,5 25,5 32.0 Feldspathic 68 7 25 -
litharenite

M248 516.3 51.0 20.0 29.0 Feldspathic 86 7 7 -
litharenite

M212 601.0 53.5 20.5 26.0 Feldspathic 82.6 9 6 2.4
litharenite

M186 648.9 57.8 15.3 26.9 Feldspathic 83 7 10 -
litharenite

M137 732.5 41.0 159 43.1 Feldspathic 75 7 18 -
litharenite

M136 732.0 43.0 139 43.1 Feldspathic 68 3 25 4
litharenite

M117 757.2 50.0 15.0 35.0 Feldspathic 70 8 22 -
litharenite

M54 838.3 43.6 16.4 40.0 Feldspathic 90 5 5 -
litharenite

M47 846.3 44.6 13.0 42.4 Feldspathic 87.5 7 5 0.5
litharenite

M38 854.8 54.2 20.8 25.0 Feldspathic 81 15 4 -
litharenite

M22 879.9 43.0 22,5 34.5 Feldspathic 77 5 18 -
litharenite

Table 1. Major detrital components, classification, and percentages of the main components (clasts, matrix, cement, and pores)

of the Tunas Formation sandstones, recalculated to 100%. Q: Quartz, F: Feldspar, L: Lithic fragments. Only visual porosity values

were included (see Table 2 for details of porosity values).

Diagenetic features

Diagenetic processes involved during the
diagenetic history of the Tunas Formation sandstones
are mechanical and chemical compaction,
precipitation of authigenic minerals as cement,
partial or complete replacement of clasts, alteration
and dissolution of unstable grains, and fracturing.

Compaction. The sandstones studied display
considerable compaction effects. Brittle clasts
such as quartz and feldspar are found fractured
(Fig. 9a) whereas ductile grains as micas appear
bent around resistant detrital grains (Figs. 9b-c). In
addition, sandstones show evidence of intergranular
pressure dissolution along grains surface and
quartz overgrowths (Fig. 9d). The dissolution
leads to the generation of stylolite planes along

76 LAJSBA | LATIN AMERICAN JOURNAL OF SEDIMENTOLOGY AND BASIN ANALYSIS | VOLUME 31 (1) 2024, 65-95



Diagenetic evolution of the Permian Tunas Formation, Claromecd Basin, Buenos Aires province...

which stable minerals as sulphides (pyrite) and
organic matter are concentrated (Fig. 9c). Grain
contacts are predominantly concave-convex, with
subordinate long and sutured contacts (Figs. 9e-f).
The percentage of sutured grain contacts increases

A

Ms/ill

Intensity

Intensity

towards the base of the sections, where the action
of chemical compaction predominates (Figs. 9e-f).
Tangential contacts are only present in sandstones
with abundant carbonate cement.

F Ca
Ms/ill

CaCa

S0 s a0 28

' 30 40 &

Figure 8. XRD diagrams of a) mudrcoks and b) tuffs, showing peaks of quartz (Q), feldspars (F), muscovite/illite (Ms/ill), chlorite/

smectite (Chl/Sm) and calcite (Ca).

Cementation and replacement. Authigenic minerals
are present as cements, filling the available space
between grains and/or as partial or complete
replacement of unstable grains. The main authigenic
minerals in the studied samples are calcite and
silicates, including zeolites, quartz, and feldspar
overgrowths and clays (chlorite, illite/illite-smectite,
muscovite, biotite). Furthermore, other accessory
minerals precipitated during diagenesis as pyrite,
prenithe, and epidote.

Cement constitutes from 5 to 25% of the total rock
volume. Carbonate and zeolite cements are the most
significant while quartz and feldspar overgrowths
and clays cements are subordinated (Fig. 4a).
The composition of cements varies throughout
the sedimentary sections. The lower and middle
sections are dominated by carbonates whereas in
upper levels zeolitic cements predominate (Fig. 6a).

Calcite is one of the principal cements in the
analysed sandstones. This cement constitutes
between 3 to 25 % (average: 11 %) of the total
composition of sandstones
middle levels, decreasing towards the top of the
columns (<1 %) (Fig. 4a). Calcite mainly occurs
as poikilotopic cement, forming a mosaic of coarse
crystals surrounding the detrital grains (Fig. 10a) and

in the lower and
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subordinately as isolated pore-filling intergranular
cement, with small (between 10-100 pwm) crystals
arranged between clasts (Fig. 10b). Coarse-grained
calcites have dimensions of 100-500 um (Fig. 10a).
Calcite is also common as a replacement mineral,
occurring as partial or complete replacement of
feldspars and lithic fragments and rarely quartz
grains (Fig. 10c).

Cathodoluminescence studies show different
carbonate events reflected by changes in luminesce
colours (Figs. 10d-f). Two phases of calcite cements
can be distinguished: i) poikilotopic mosaic (Ca I)
represented by coarse crystals with dull reddish
luminescence (Figs. 10d-e) and, in less abundance, ii)
pore-filling intergranular small crystals (Ca II) with
bright orange luminescence (Fig. 10f). Replacement
calcite also display different patterns. At least two
replacement events were described: i) calcite as
partial replacement of grains (lithics fragments and
feldspars), with opaque orange luminescence (Ca R
I; Figs. 10d-f), and ii) calcite as complete or partial
replacement of grains (mainly lithics fragments),
with bright reddish luminescence (Ca R II; Fig. 10e).

Zeolite cement is frequent at the upper part of
the sections, constituting between 4 to 25% of the
total sandstone composition (average: 10 %) (Fig.
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4a). This cement is laumontite, which occurs as
coarse crystalline poikilotopic mosaic, surrounding
the detrital grains (Figs. 11a-b) and as isolated pore-
filling intergranular cement, with small crystals
arranged between grains (Fig. 11b). Laumontite also
occur as partial or total replacement of feldspars or
volcanic lithic fragments (Figs. 11b-c).
Cathodoluminescence studies show different
carbonate events reflected by changes in luminesce
colours (Figs. 10d-f). Two phases of calcite cements
can be distinguished: i) poikilotopic mosaic (Ca I)
represented by coarse crystals with dull reddish
luminescence (Figs. 10d-e) and, in less abundance, ii)
pore-filling intergranular small crystals (Ca II) with
bright orange luminescence (Fig. 10f). Replacement
calcite also display different patterns. At least two

replacement events were described: i) calcite as
partial replacement of grains (lithics fragments and
feldspars), with opaque orange luminescence (Ca R
I; Figs. 10d-f), and ii) calcite as complete or partial
replacement of grains (mainly lithics fragments),
with bright reddish luminescence (Ca R II; Fig. 10e).

Zeolite cement is frequent at the upper part of
the sections, constituting between 4 to 25% of the
total sandstone composition (average: 10 %) (Fig.
4a). This cement is laumontite, which occurs as
coarse crystalline poikilotopic mosaic, surrounding
the detrital grains (Figs. 11a-b) and as isolated pore-
filling intergranular cement, with small crystals
arranged between grains (Fig. 11b). Laumontite also
occur as partial or total replacement of feldspars or
volcanic lithic fragments (Figs. 11b-c).

Figure 9. Thin-section photomicrographs of compaction features in Tunas Formation sandstones. a) Quartz (Q) grains fractured;

b) Bent micas (muscovite, Ms and biotite, Bt) around resistant detrital quartz grains (Q); c¢) Dissolution planes (stylolites; showed

by arrows) as a result of pressure dissolution with pyrite (py) and bent micas (Ms, Bt); d) intergranular pressure dissolution and

quartz overgrowths (showed by arrows); e-f) Concave-convex (C-c) and sutured (S) grain contacts.

Quartz cement is common in analysed samples,
present in low proportions (<1% of the total
sandstone composition). This cement occurs as quartz
overgrowths, around detrital quartz grains, showing
optical continuity (Figs. 11d-e). In some cases, the
overgrowths are highly developed with a width up to 40
wm (Fig. 11d), although in most cases the cement occurs
as small isolated euhedral overgrowths (Figs. 11e-f).

Feldspar cement is subordinate. It occurs as
authigenic growth around detrital feldspar grains
(potassic feldspars or plagioclase; Figs. 11le-
f), in optical continuity. Aided by the feldspar
staining method (Bailey and Stevens, 1960) it was
determined that the secondary growth is mostly
albite.
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Figure 10. Thin-section photomicrographs of carbonate cement and replacement in Tunas Formation sandstones under transmitted

light (a-c) and cathodoluminescence (d-f). Calcite (Ca) cement with a) poikilotopic mosaic texture, surrounding quartz grains (Q)
and metamorphic lithic fragment (Lm) and b) blocky mosaic, with small crystals filling the space between quartz (Q), metamorphic
lithic fragment (Lm) and plagioclase (Pl). ¢) Calcite (Ca) replacing unstable grains as total or partial replacement; d-e) Calcite
cement with poikilotopic mosaic texture (Ca I), with dull reddish luminescence, surrounding quartz grains (Q) and potassic
feldspars (K-f, blue luminescence), calcite as total or partial replacement of unstable grains with opaque orange luminescence
(Ca RI) and bright reddish luminescence (Ca R II); f) Calcite cement with blocky mosaic texture (Ca II), with opaque orange

luminescence and calcite (Ca R I) as replacement of lithic fragments and potassic feldspars (K-f).

Claymineralsare mostly observed asreplacements
of lithic fragments and feldspars and subordinately
as matrix or cement (Figs. 11g-i). Illite and muscovite
dominate the clay fraction at the basal levels while
illite and chlorite become more abundant toward
the middle and upper levels (Fig. 4a). Illite and
sericite fill the poral space engulfing detrital grains
(Figs. 11g-h). Sericite also alters feldspars (Fig.
11h). Biotite and muscovite occur as detrital and/
or authigenic minerals, the latter recognized by
their larger size (Figs. 11g-i). Occasionally, micas are
bent and replaced by chlorite (Figs. 11g-i). Chlorite
occurs as a detrital and/or authigenic mineral, often
associated with epidote (Fig. 11i).

QEMSCAN analyses also helped to distinguish
authigenic minerals (Fig. 12). Calcite and laumontite
are easily distinguishable when they occur as cement
or as grain replacements (Fig. 12). Conversely,
quartz and feldspar overgrowth remain undetected

since they occur as syntaxial overgrowths around
detrital grains of the same composition. Moreover,
QEMSCAN is a useful tool to identify the composition
of clay minerals (Fig. 12), nevertheless, it is not easy
to differentiate between their occurrence as pore-
fills or grain-replacements.

Porosity. Porosity is secondary, generated by
fracturing
carbonate cement (Fig. 13). No evidence of primary
intergranular porosity was observed. Secondary
porosity by fracturing is the most frequent, present
in 60 % of the studied samples. Fractures can occur
locally, as microfractures in detrital grains and/or
cements, or throughout the entire sample, generating
open spaces from 0.02 to 0.04 mm thick (Figs. 12c-
d, 13a-c). Fractures are interconnected, surrounding

and dissolution of feldspars and

the grains or crossing them, preferably in quartz
grains and less frequently in feldspars and lithic
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fragments (Figs. 12c-d, 13b-c). Fracture arrangement
is generally parallel (horizontal) and to a lesser

extent perpendicular or sub-perpendicular (vertical)
to the stratification plane (Figs. 13a-c).

Figure 11. Thin-section photomicrographs of zeolites and clays as cement and replacement and quartz and feldspar overgrowths

in Tunas Formation sandstones under transmitted light. a) Laumontite (Lau) cement with poikilotopic mosaic texture surrounding

quartz grains (QQ). b-c) Laumontite (Lau) cement with equicrystalline mosaic, with small crystals filling the space between feldspars

(Plagioclase, Pl and Orthose, O) and laumontite as partial or complete replacement of feldspars (showed by arrows); d-f) Quartz (Q)

and feldspars (F) grains with authigenic overgrowths (showed by arrows); g-h) Clay cement composed of illite (ill) and sericite (Se)

and diagenetic biotite (Bt). Sericite occurs also replacing feldspars (F); i) Micas as detrital grains (biotite, Bt), authigenic chlorite

(Chl) and epidote (Ep).

Secondary porosity by dissolution is found in 40
% of the studied samples, mostly observed towards
the base of the sedimentary succession. Dissolution
usually affects the unstable detrital grains as
feldspars (Figs. 13d-e) or the carbonate cement
(Fig. 13f). Dissolution of feldspars shows different

degrees. Partial feldspar dissolution produces
intragranular porosity (Fig. 13d) whereas complete
feldspar dissolution produces intergranular porosity
(Fig. 13e), with pores up to 100 wm. Similarly,
dissolution of carbonate cement could be partial
or total, the latter generating intergranular porosity
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and interconnected pores (Fig. 13f). Some samples
display intracrystalline porosity by dissolution of
calcite cement or feldspars grains along twin planes.
Thus, very small (2 um) pores were generated within
the crystals, with a minimal effect on the total
porosity of the rock.

Visually determined porosity values vary from
0.1 to 4 % of the total rock volume, prevailing
values less than 1 % (Table 2). In some samples,
the visual porosity may be slightly overestimated as

microfractures may have been created during thin
section preparation, yielding values higher than
those determined by petrophysical core analyses
(i.e., sample M136; Table 2). QEMSCAN analyses
yielded porosity values ranging from 0.09 to 2.03
% of the analyzed thin section (Table 2). From
petrophysical core analyses, the porosity varies from
0.4 to 3.4 % and permeability ranges between 10-3
and 10-6 millidarcies (Table 2). The highest porosity
corresponds to the highest permeability (Table 2).

o7
Minerals

[ 1Quartz [ Plagioclase M K-Feldspar []Calcite []Laumontite @ Chlorite

I 11lite Il Biotite [ Muscovite M Others [ IPrehnite M Pores

Figure 12. QEMSCAN analyses of authigenic minerals. a-b) Calcite (Ca) as poikilotopic cement and replacement of feldspars (F),
muscovite (Ms) and muscovite-illite (Ms-ill); ¢-d) Laumontite (Lau) as poikilotopic cement and replacement of feldspars (F) and
lithic grains, prehnite (Prh), and chlorite (Chl). Also, porosity (blue) generated by fractures could be distinguished.
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Figure 13. Thin-section photomicrographs of secondary porosity in Tunas Formation sandstones under transmitted light (showed

by arrows). a-c) Secondary porosity by fracturing of detrital grains and cements. Fractures are interconnected, surrounding or
crossing the grains; d-f) Secondary porosity by dissolution of feldspar grains intragranular (d) or intergranular (e); f) Secondary
porosity by dissolution of carbonate cement.

Well Sample Depth Optical QEMSCAN Porosity Permeability Porosity type
porosity porosity determined by  determined
(%) (%) CCA (%) by CCA (%)
509 304.55 0.2 - - - Dissolution
and fracture
495 323.2 0.6 - - - Dissolution
and fracture
PANG
458 365.6 - 1.5 - - Fracture and
0001 . .
dissolution
103a 822.8 0.25 - - - Dissolution
and fracture
103b 821.5 - 1.64 - - Dissolution
M377 182.4 0.45 2.03 - - Fracture and
dissolution
M368 198.9 - 1.41 - - Fracture
M351 239.6 1.48 2.64 - - Fracture and
dissolution
M343 251.5 - 1.35 - - Fracture
M315 311.5 no visual 0.34 - - Fracture
porosity
PANG M261 492.6 - 0.11 - - Dissolution
0003 M248 516.3 no visual 0.19 - - Fracture and
porosity dissolution
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M212 601.0 2.48 - - - Fracture and

dissolution

M186 648.9 - 0.30 - - Fracture and

dissolution

M137 732.5 - - 0.44 14 E-4 Dissolution

M136 732.0 4 - 3.24 12 E-3 Dissolution

M117 757.2 no visual 0.11 0.39 48 E-6 Dissolution
porosity

M54 838.3 no visual 0.22 - - Dissolution
porosity

M47 846.3 0.5 - 1.87 14 E-4 Fracture and

dissolution

M46 848.8 - 0.92 - - Dissolution

and fracture

M38 854.8 no visual 0.14 - - Dissolution
porosity

M35 860.6 - 0.88 - - Dissolution

M22 879.9 no visual 0.13 - - Dissolution
porosity

Table 2. Results of porosity and permeability obtained by optical (microscopy), QEMSCAN and conventional petrophysical core

analysis (CCA) and porosity type.

Fluid inclusions analysis

Petrography and fluorescence analysis. Petrography
and fluorescence studies of fluid inclusions were
performed in sandstones cements (carbonate and
quartz overgrowths) and calcite and quartz veins
in mudrocks (Fig. 3). Fluid inclusions of primary,
pseudo-secondary, and secondary origin were
recognized (Figs. 14, 15, 16). The composition of the
fluid inclusions (aqueous or organic) was defined
based on their fluorescence colour. Hydrocarbon-
bearing inclusions show yellow to greenish
fluorescence depending on the composition and
maturity of the fluid trapped (Riecker, 1962; Burruss,
1981).

In calcite cements, primary fluid inclusions
predominate, occurring as isolated or in groups
(Figs. 14a-b). They have one (liquid) or two phases
(liquid-vapor, with 90/10 and 80/20 ratios), rhombic
and anhedral shapes and sizes from 2 to 8 wm
(Fig. 14a, b). Occasionally, they show slight light
blue fluorescence (Figs. 14b-c). Pseudo-secondary
fluid inclusions are aligned in microfractures
within the crystals. They present small size (<4
wm) and two phases (liquid-vapor) (Fig. 14d). In
quartz overgrowths, pseudo-secondary inclusions

predominate, aligned in growth planes of quartz
grains (Fig. 14e, f).

Fluid inclusions of secondary origin were
recognized in quartz grains in sandstones (Fig. 15)
grouped in microfractures that crosscut more than
one grain (Fig. 15). They present sizes from 2 to 12
wm, dark colors, and occasionally intense light blue
and greenish fluorescence only in the liquid phase
(Figs. 15¢, f, h, j). Fluorescent fluid inclusions were
only found in sandstones with dispersed organic
matter, placed close to coal levels (samples M458,
M47; Figs. 2-3).

In calcite veins, primary fluid
occurred as isolated or in groups (Figs. 16a-d).
They have one (liquid) or two phases (liquid-
vapor with 90/10 and 80/20 ratios), thombic and
anhedral shapes and sizes from 4 to 15 um (Figs.
16a-d). Occasionally, the inclusions show slight
green to light blue fluorescence (Figs. 16b-d). Fluid
inclusions of pseudo-secondary origin are aligned
in microfractures within the crystals. They present
sizes from 4 to 10 pum, two phases (liquid-vapor
with 80/20 ratios) and occasionally intense light
blue fluorescence (Figs. 16e-f). Fluid inclusions of
secondary origin are aligned in microfractures that
crosscut more than one quartz crystal (Figs. 16g-

inclusions
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h). They show small size (<4 um), dark colors and
intense green and light blue fluorescence (Figs. 16g-
h).

In quartz veins, primary fluid inclusions
predominate, occurring isolated or in groups (Figs.
16i-j). They have one (liquid) or two phases (liquid-
vapor with 90/10, 80/20 and rarely 60/40 ratios),

prismatic and anhedral shapes and sizes from 4
to 20 um (Figs. 16i-k). Fluid inclusions of pseudo-
secondary origin occur aligned in growth planes
of quartz crystals. They show small sizes (2-6 wm)
and one or two phases (liquid-vapor) (Fig. 161). The
inclusions in quartz veins did not show fluorescence
(Fig. 16i-1).

Figure 14. Thin-section photomicrographs of fluid inclusions in carbonate cement (a-d) and quartz overgrowths (e-f). a-c) Primary

fluid inclusions of one and two-phases, with weak light blue fluorescence (c); d) Pseudo-secondary fluid inclusions clustered in

microfractures; e-f) Pseudo-secondary fluid inclusions aligned along growth planes in quartz grains. Photomicrographs under

transmitted light (a-b, d-f) and ultraviolet incident light (UV) (c).

Fluid inclusion microthermometry. Homogenization
temperatures (Th) were obtained in fluid inclusions
hosted in sandstones cements (carbonate and quartz
overgrowths) and calcite and quartz veins (Table 3).
Workable fluid inclusions (> 6 um) were difficult to
find in calcite and quartz cements, thus, most of the
data were obtained from calcite and quartz veins.
In calcite cement, homogenization temperatures
of primary fluid inclusions range from 128 to 168
°C, with predominant values < 150 °C (Table 3;
Fig. 17a). In quartz cements, homogenization
temperatures of pseudo-secondary fluid inclusions
vary from 124 to 200 °C (Table 3; Fig. 17b). In calcite
veins, homogenization temperatures of primary

fluid inclusions vary widely from 119 to 200 °C,
with two populations ranging from 120 to 140
°C and 150 to 180°C (Table 3; Fig. 17c). In quartz
veins, homogenization temperatures of primary
fluid inclusions range from 115 to 248 °C, with
predominant values < 160 °C (Table 3; Fig. 17c).

DISCUSSIONS
Porosity generation over diagenetic history
Porosity in the Tunas Formation sandstones

is mostly controlled by diagenetic and tectonic
processes, which acted during their burial history
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Figure 15. Thin-section photomicrographs of secondary origin fluid clustered in microfractures that crosscut more than one quartz

grain. Fluid inclusions show intense light blue (c, f, h) and greenish fluorescence (f, j). Photomicrographs under transmitted light

(a-b, d-e, g, i) and UV (c, f, h, j).

and subordinately by the composition of the clastic
fraction.

Fracture secondary porosity is prevalent in the
analyzed samples and is therefore considered the
main process influencing overall porosity of the
rock. The medium to fine-grained sandstone levels
located towards the top (175 — 250 m) and the base
(~ 700 m) of the analyzed sections display the
highest porosity values by fracturing (Table 2; Figs.
2, 3). Fractures would have been generated by the
tectonic stresses existing during the foreland stage
of the basin and/or the lithostatic loading during
burial of the sedimentary column (Arzaddn et al.,
2016, 2021; Febbo et al., 2021; Choque et al., 2021,
2022). The stresses that affected the rock at different
burial stages led to an increase in the brittle behavior
of the sandstone grains (Gale et al., 2014) and thus,

in the fracturing of quartz and feldspars grains.
Furthermore, the increase in pore pressure triggered
during organic matter maturation and hydrocarbon
generation would have favored the formation of
natural fractures (Gale et al., 2014; Fall et al., 2015).
The combination of these mechanisms resulted
in the development of interconnected fracture
networks that enhance the porosity and permeability
of rocks and could act as pathways for hydrocarbon
migration and accumulation. Indeed, the presence
of hydrocarbon-bearing fluid inclusions hosted in
microfractures in quartz grains and calcite veins
(Figs. 14b-c, 15, 16a-h) demonstrate the relationship
between hydrocarbons migration and accumulation
and microfractures formation.

Dissolution is another important diagenetic
process, which generates intra or intergranular
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secondary porosity. This mechanism affected
chemically unstable detrital grains as feldspars
and lithic fragments and calcite cements. The
dissolution degree depends on the chemical
composition of the minerals and the chemical
diagenetic environment. Carbonates and feldspars
dissolution could be caused due to the action of
carbonic acids derived from the maturation of the
organic matter present in organic-rich levels (Blatt,
1979; Schmidt and McDonald, 1979). Consequently,
this type of porosity is mainly present in sandstone
layers strongly cemented with calcite, close to coal
beds (Table 2; Fig. 4). Total dissolution of grains
generates larger pore sizes (macropores) and a

possible interconnection between them, increasing
the porosity and permeability of the rock.

Sandstones with a high percentage of unstable
components (feldspars and lithic fragments) generate
higher secondary porosity by dissolution than those
with stable minerals as quartz. The mineralogical
composition of cements also influences porosity,
with carbonate cement showingintra or intergranular
secondary porosity by dissolution, whereas zeolite
cements only present isolated intra-crystalline
Additionally, the precipitation of
quartz and feldspar overgrowths is unfavorable for
porosity development, since they are more stable to
dissolution processes.

dissolution.

C .““Tﬁt;:";.’. ;i....‘“.n D

Figure 16. Thin-section photomicrographs of fluid inclusions in calcite (a-h) and quartz veins (i-1). a-d) Primary fluid inclusions of

one and two-phases, with slightly light green and blue fluorescence (b, d) in calcite veins; e-h) Pseudo-secondary fluid inclusions

aligned in microfractures within calcite crystals with intense light blue fluorescence (f, h); i-k) Primary fluid inclusions of one and

two-phases in quartz veins; 1) Pseudo-secondary fluid inclusions clustered in growth planes of quartz crystals. Photomicrographs

under transmitted light (a, c, e, g, i-1) and UV (b, d, {, h).
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Sample  Diagenetic feature Shape Size (uwm) Homogenization
temperature (°C)

Subhedral prismatic 4 128
Subhedral prismatic 4 132
Subhedral rthombic 6 132
M22 Calcite cement Subhedral rthombic 4 138
Subhedral prismatic 4 138
Subhedral rthombic 6 162
Subhedral rthombic 8 168
Subhedral prismatic 6 168
Subhedral rthombic 6 >200
Subhedral rthombic 4 >200
Anhedral 4 >200
Subhedral prismatic 4 124
Subhedral prismatic 4 138
Mz261 Calcite cement Subhedral rhombic 6 140
Subhedral rthombic 6 162
Subhedral rthombic 10 124
Subhedral rthombic 10 127
M22 Quartz Subhedral prismatic 10 132
overgrowth Subhedral prismatic 10 150
Subhedral prismatic 10 158
Subhedral rthombic 8 198
Subhedral rthombic 8 200
Subhedral prismatic 8 119
Subhedral prismatic 6 125
Subhedral rhombic 6 132
Subhedral rthombic 6 145
Anhedral 8 152
Ma1 Calcite vein Subhedral rthombic 15 166
Subhedral rhombic 4 169
Subhedral rhombic 4 169
Subhedral rhombic 6 170
Subhedral rhombic 6 182
Subhedral rthombic 10 185
Subhedral rthombic 10 186
Anhedral 4 186
Subhedral prismatic 10 187
Subhedral prismatic 10 188
Subhedral rhombic 6 189
Anhedral 6 190
Subhedral rthombic 6 200
Subhedral prismatic 6 200
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Subhedral rhombic 6 126

Subhedral rhombic 6 126

Subhedral prismatic 6 137

M92 Calcite vein Anhedral 8 154
Subhedral rhombic 6 165

Subhedral rhombic 10 186

Anhedral 4 186

Subhedral prismatic 10 187

Table 3. Homogenization temperatures in calcite and quartz cements and veins.

Reservoir quality

Reservoir quality mainly depends on the
effective porosity (percentage of interconnected
pores available to contribute to fluid flow) and
the permeability of the rock. Other minor factors
influencing in the reservoir quality are total organic
carbon content (TOC%), thermal maturity of organic
matter, lithological and mineralogical composition
of the reservoir, fluid saturation, and formation
pressure (Passey et al., 2012). Additionally, the areal
distribution of the reservoir, its thickness, and the
proximity to the source rock are critical factors to
consider. In the analyzed samples, mechanical
and chemical compaction and early cementation
resulted in a significant reduction in porosity, which
negatively affected the reservoir quality of the Tunas
Formation sandstones. Conversely, other processes as
fracturing and intergranular dissolution are effective
for the reservoir enhancement, since they generate
interconnected pores allowing the migration and
accumulation of fluids. Secondary porosity by
intragranular or intracrystalline dissolution have a
minor effect on the reservoir quality because they
generate small pores mostly limited to a grain and
therefore not interconnected.

In the studied samples, porosity is exclusively
of the secondary type. Porosity values determined
by optical, QEMSCAN, and petrophysical analyses
range from 0.1 to 4 %, with those <1% predominating,
and permeability is very low, from 103 to 10
millidarcies. Based on the obtained petrophysical
parameters, sandstones of the Tunas Formation
are classified as tight sandstones (Holditch, 2006;
Meckel and Thomasson, 2008). Based on its high
TOC % content (from 0.5 to 53.9 %; Febbo et al.,

2022a) coal-bearing levels of the Tunas Formation
could be characterized as high-quality source rocks
(Magoon, 1988). Additionally, vitrinite reflectance
measurements (%Ro) ranging between 1.50 and
2.80 %, indicates a late oil to gas window for coal
deposits (Arzadin et al., 2017; Febbo et al., 2023b).
In concordance with %Ro data, homogenization
temperatures obtained in fluid inclusions, mostly
ranging between 160 and 200 °C (Fig. 17), confirm a
metagenesis stage for the Tunas Formation. Moreover,
fluorescence studies in fluid inclusions evidence
the presence of hydrocarbons trapped within the
inclusions (Burrus, 1981; Figs. 14b-c, 15, 16a-h). In
summary, geochemical data, vitrinite reflectance,
and fluid inclusions studies establish the potential of
the coal-bearing levels of the Tunas Formation as gas
source rocks. Based on these evidences, sandstone
levels of the Tunas Formation would present potential
as unconventional tight gas sandstone reservoirs, as
these reservoirs are characterized by porosities <10
% and permeabilities <0.1 millidarcies (Magoon,
1988; Holditch, 2006). From the lithologies analyzed,
naturally fractured and calcite-cemented sandstones
close to coal levels, located between 700 and 850 m
(Figs. 2-3), show the greatest potential for hydrocarbon
storage as they have the highest porosity (4—0.5 %;
Table 2) and permeability (103—10* millidarcies;
Table 2) values. Furthermore, the proximity of these
sandstones to source rocks (coal/organic-rich shales)
may favor the development of secondary porosity by
fracturing and dissolution during the generation and
migration of organic fluids. The mudrocks and very
low permeability sandstones overlying the potential
reservoir levels could act as seal rocks, contributing
to the existence of stratigraphic type traps. Further
petrophysical studies are needed to better define
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reservoir levels and asses the elements of a potential
petroleum system in the Claromec6 Basin.

Diagenetic history of the Tunas Formation

Although it is difficult to constrain the precise
timing and duration of the diagenetic processes, an
overall diagenetic evolution for the Tunas Formation
is proposed on the basis of petrographic textural
relationships, diagenetic minerals, and fluid inclusion
data (Fig. 18). The diagenetic history of this unit
includes numerous and complex processes developed
during the early diagenesis (eogenesis) and the
mesogenesis.

During early diagenesis (up to 80 °C; Choquette

because of lithostatic loading pressure during burial,
substantially reducing the pore space (Fig. 18). As a
result, brittle grains would be fractured and micas
bent. Increasing alkalinity during organic matter
alteration (Berner, 1981) favoured the precipitation
of poikilotopic calcite cement, developing relatively
large crystals that occupied the space between
framework grains. Early calcite cement precipitation
was mostly related to the presence of decomposable
organic matter and to a lesser extent to the dissolution
of plagioclase and lithic fragments (Morad, 1998).
Hence, calcite cement is better represented towards
the bottom of the sequences where carbonaceous
levels are located (Figs. 2-4). Moreover, during
eogenesis, quartz and feldspar overgrowths can

and Pray, 1970), mechanical compaction occurred further reduce the depositional intergranular
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Figure 17. Homogenization temperature (Th °C) histogram of fluid inclusions trapped in a) Calcite cement (samples M22 and
M261); b) Quartz overgrowth (sample M22); ¢) Calcite veins (samples M41 and M92); d) Quartz veins (sample M41)
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space. Therefore, during early diagenesis most of
the primary porosity is lost due the reduction of
space between detrital grains caused by physical
compaction and precipitation of early authigenic
minerals (Fig. 18).

During mesogenesis (80 to 200 °C; Choquette and
Pray, 1970) the most significant diagenetic changes
occurred in the reservoir in response to increasingly
high temperature and pressure. Important processes

o etal.

were chemical compaction and precipitation of
authigenic minerals as cement, which further
reduced the pore space (Fig. 18). Chemical
compaction promoted concave-convex to sutured
grain contacts, stylolite formation, and pressure
dissolution. The latter mainly affects detrital quartz
grains, increasing the concentration of silica in
solution, which could migrate and precipitate
later as secondary growths (Blatt, 1979). Based on
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homogenizations temperatures of fluid inclusions
obtained in quartz overgrowths, quartz cements
could be generated at different temperatures, leading
to at least two precipitation events (Figs. 17, 18).

Changes in temperature, pressure, and pore
fluid chemistry during mesogenesis resulted in the
precipitation of authigenic minerals as cements
or as replacement of unstable minerals (Fig. 18).
Under this new conditions, calcite and zeolite
cements with pore-filling intergranular textures and,
to a lesser extent, quartz and albite overgrowths
occurred (Fig. 18; Blatt, 1979; Surdam et al., 1989).
Zeolite cement is formed from the alteration of
tuffs, plagioclases, and volcanic lithic fragments,
therefore these cements are widespread towards the
central and upper part of the section, where volcanic
components are more abundant (Fig. 4; Hay, 1966). If
the dissolution of pre-existing minerals was intense,
late cements could develop poikilotopic textures.
Fluid inclusion and cathodoluminescence data
point out that calcite cements could precipitated at
different temperatures, evidencing different stages of
cementation (Figs. 17, 18). Alteration and corrosion
mainly affected feldspars and lithic fragments, which
were subsequently replaced by calcite, zeolites, or
clay minerals (Fig. 18).

During the late mesogenesis stage, temperatures
between 120 and 200 °C would have favored the
maturation of organic matter of the carbonaceous
levels leading to the generation of gaseous
hydrocarbons (dry gas or methane; Tissot and
Welte, 1984%; Arzadun et al., 2017; Febbo et
al., 2002a; Febbo, 2023). At these temperatures,
the release of acidic fluids during thermal
decarboxylation (Schmidt and McDonald, 1979)
favored the dissolution of carbonate cement
and unstable detrital grains, which generated
secondary porosity (Fig. 18). Additionally, other
processes as tectonic stresses and pore-fluid
pressure increase due to hydrocarbon generation
and migration could contributed to secondary
porosity generation by fracturing (Fig. 18). In some
cases, fractures were filled by calcite or quartz.
According to homogenizations
measured in fluid inclusions, carbonate veins
were formed between 120 and 190 °C (Figs. 17,
18) while quartz veinlets were generated at higher
temperatures (Th > 160 °C; Figs. 17, 18). Fracture
networks could have acted as hydrocarbon
migration and accumulation pathways, as

temperatures

evidenced by the presence of hydrocarbon-bearing
inclusions (Fig. 18).

CONCLUSIONS

The mineralogy and petrophysical properties of
the Tunas Formation sandstones have undergone
significant changes during diagenesis, affecting
the reservoir quality. Analyzed sandstones show
porosity values that ranges between 0.1 and 4 %
and permeability from 103 to 10 millidarcies.
Homogenization temperatures obtained from
microthermometry studies range from 120 to 230
°C, confirming a late catagenesis to metagenesis
stage for this unit, within the wet to dry gas window.
Moreover, organic fluid inclusions with green and
light blue fluorescence indicate the presence of
organic components (hydrocarbons) within the
inclusions. Taking into account the petrophysical
characteristics of the rocks, sandstone levels placed
near coal-bearing levels (source rocks), located at the
base of the sedimentary columns, have potential as
unconventional tight gas sandstone reservoirs.

During early diagenesis, mechanical compaction
and precipitation of early calcite cements were the
main processes that triggered to primary porosity
reduction. Later on, during the mesogenesis stage,
chemical compaction and precipitation of calcite
and zeolite cements further contribute to porosity
loss. However, secondary porosity was generated
by fracturing and dissolution during this diagenetic
stage. Fracture secondary porosity is prevalent
in the analyzed samples, which could generate
interconnected networks, contributing to increase
the porosity and permeability of the rock. Fractures
were developed as a consequence of burial and
tectonic stresses and by the increase in pore pressure
during the hydrocarbon generation and migration.
Hydrocarbon-bearing fliud inclusions hosted in
microfractures in quartz grains and calcite veins
demonstrate the relationship between hydrocarbons
migration and accumulation and microfracture
formation. Additionally, dissolution of unstable
grains and calcite cements caused by the action of
acid fluids generated during the decomposition of
organic matter favoured the generation of intra or
intergranular porosity, improving reservoir quality.
The reservoir properties in the Claromecé Basin
have been controlled mainly by diagenetic processes
and tectonic stress that acted during the burial of
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the basin. These properties were also influenced by
the composition of clasts and cements and presence
of coal and carbonaceous shales, able to generate
hydrocarbons.
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