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ABSTRACT. The thermal maturity from the early Paleozoic strata in Northwestern
Argentina was studied using reflected light microscopy and Rock-Eval analyses. The
graptolites were collected from the Acoite and Lipedn formations, from the Los
Colorados section, Cordillera Oriental, and the Huaytiquina, and Mufiayoc sections,
Puna highland, corresponding to the "Coquena™ Formation and the Cochinoca-Escaya
Magmatic-Sedimentary Complex. Rock-Eval parameters were unreliable due to the low
TOC, S1, and S2 values. The Cordillera Oriental region sediments have low maturity
based on low reflectance (%GRo= 0.63%-1.11%) and anisotrap, of graptolite. In
contrast, the higher graptolite reflectance of samples frc:in ."e Mufiayoc and
Huaytiquina sections (%GRo= 5.57%-6.62%), in the -_na region, indicates
considerably higher maturity. This could result from .»e combination of hydrothermal
fluids with a temperature range from 336 °C 1 33 °C, associated volcanism, and
deformation related to tectonics event: w'ich produced a higher geothermal gradient in
the Puna. The Los Colorados sectioi.'= thermal maturity modeling shows a better fit
considering erosion episodes at the ! “«te Paleozoic and Early Cenozoic. However, more
studies about geothermal pa:ame.ers and stratigraphy are necessary to corroborate these

preliminary models and o, ~nse new approaches for the Puna region.
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1. INTRODUCTION

The reflectance of bitumen, zooclasts, and vitrinite-like particles has been
widely used to evaluate the thermal maturity in pre-Devonian rocks, in which primary
vitrinite is absent (Kurylowicz et al., 1976; Goodarzi, 1984, 1985; Goodarzi and
Norford, 1985, 1989; Goodarzi and Higgins, 1987; Goodarzi et al., 1988; Obermayer et
al., 1996; Suchy et al., 2002; Petersen et al., 2013; Inan et al., 2016; Luo et al., 2016,
2017, 2018; between others). Graptolites, conodonts, chitinozoans, and scolecodonts are
commonly preserved in Early Palaeozoic rocks, and their optica, nroperties have been
widely studied (Suérez-Ruiz et al., 2012; Petersen et al, 21.s; Hartkopf-Froder et al.,
2015 and references therein). Among these zooclaste yraptolites are probably the most
widely used group for thermal maturity studies berau.= of their greater abundance and
wide distribution in most sedimentary lithofac’»s and paleoenvironments (Cole, 1994;
Petersen et al., 2013).

Modern studies about the tuharium, the housing of planktic graptolites, confirm
that it is a complexly organized nrg2ric structure produced in distinct increments called
the fuselli. The material of t: = fossil graptolite tubarium consists of an aliphatic polymer
and does not contain anv n*2in, even though the structure and analysis of the housing
material of modern eruvuranchs indicate that it was originally collagen (Maletz et al.,
2016). The tubarium structure is composed of individual zooidal tubes termed the
thecae that are interconnected through a common canal from the sicula, a differentiated
housing from the colony founder. The two basic constructional features of the thecae are
the fusellum (fusellar layer) and the cortex (cortical layer). Each fusellus possesses at
least one oblique suture and is stacked one upon another with some lateral overlap to
form a distally open tube. The cortex is secreted in distinct bandages on the surface of

the thecal tubes (Maletz et al., 2016: figs. 1, 4).



Graptolites were used for the first time as thermal indicators by Kurylowicz et
al. (1976). They noted that the reflectance and optical properties of graptolite fragments
in Ordovician strata of the Amadeus Basin, Australia, closely resemble those of the
vitrinite. Since then, graptolites in different Ordovician, and Silurian basins, from
Australia, Saudi Arabia, China, Germany, Sweden, Turkey, Canada, Poland, USA,
Austria, and the Czech Republic, have been widely used for thermal maturation studies
in a wide range of geological applications (metamorphic subfacies, hydrocarbon, and
mineral exploration, and contact metamorphism) (Goodarzi ot a:  1992a-b; Gentzis et
al., 1996; Suarez-Ruiz et al., 2012; Hartkopf-Froder et 7a., UL5; Weishauptova et al.,
2017; Luo et al., 2016, 2017, 2018, 2020, and referenc. = therein).

The relationship between graptolite reflectai.>e, and other thermal parameters
such as equivalent vitrinite reflectance (VR73-. 1 equivalent solid bitumen reflectance
(BRo-eq), Rock-Eval pyrolysis Tmax, Th~.rmal Alteration Index (TAI), and Conodont
Color Alteration Index (CAI) has becn established throughout the years. Goodarzi and
Norford (1989) indirectly correlate ! e graptolite maximum reflectance with vitrinite
reflectance using the CAl a1 described that vitrinite has a lower reflectance value than
graptolite for the same CA"' '_ater, Petersen et al. (2013) determined a relationship
between the random -enicctance of graptolites and vitrinites through the intermediate
conversion of Rock-Eval pyrolysis Tmax values, and illustrated that the graptolite
random reflectance (GRo, ran) is higher than vitrinite random reflectance (VRo, ran).
These authors also indicated that the maximum reflectance (Ro, max) increases
gradually with burial depth. Hence, the reflectance can be used to study the burial
history and maturity of Paleozoic successions. Hartkopf-Froder et al. (2015)
summarized the stages of oil and gas generation, and the correlation between vitrinite

reflectance in coal, and optical and thermal maturity parameters including CAl,



Transmittance Color Index (TCI), Acritarch Colour Alteration Index (AAl), Spore
Colour Index (SCI), Graptolite Reflectance, and Thermal Alteration Index (TAI).

Furthermore, Luo et al. (2018) showed that graptolite random reflectance is a
better thermal maturity indicator than graptolite maximum reflectance and is more
precise due to its smaller standard deviation. These authors also proposed equations to
determine the thermal maturity of the graptolite-bearing sediments based on graptolite
random reflectance, graptolite maximum reflectance, and solid bitumen random
reflectance. Recently, Hao et al. (2019) used the relationshir he. veen vitrinite
reflectance and graptolite reflectance proposed by Luo fca! (£2018), and suggested a
conversion equation of the equivalent vitrinite reflerta.~e, based on Raman
spectroscopy values of the graptolite tubarium struvzture, to assess the thermal maturity
of the Early Paleozoic sequence in southweste: a China. Luo et al. (2020) reviewed
previous studies on graptolite reflecta: ce. and presented a new equation to correlate
random graptolite reflectance to equ. ‘alent vitrinite reflectance.

Studies concerning the the -mal maturity of Ordovician rocks remain scarce for
the Early Paleozoic sequenc' s in .he Central Andean Basin. Kley and Reinhardt (1994)
used reflectance and infra, ~d spectroscopy measurements of the organic matter to
determine the organ.> niacter maturity in Southern Bolivia. They concluded that
maturity varies from very weakly diagenetic in the Subandean Ranges to low-grade
metamorphic in the Eastern Cordillera.

Previous research related to geothermal studies in Northwestern Argentina was
based mainly on CAl. Carlorosi et al. (2013) determined a 1.5- 2 CAI (sensu Epstein et
al., 1977) in conodonts from the Baltoniodus triangularis Zone (Dp1, sensu Bergstrom
et al., 2009) in the Los Colorados area, Cordillera Oriental. Later, Voldman et al. (2017)

assigned a CAl value of 3 to some specimens from the Acodus triangularis, Gothodus



vetus, and Gothodus andinus biozones (Tr3-FI2). The above CAl value accounts for
burial paleotemperatures ranging from 110-200 °C (sensu Epstein et al., 1977) in the
Chulpios Creek, Santa Victoria area, Cordillera Oriental. Afterward, Toro et al. (2020)
recognized conodonts of the Baltoniodus navis Zone with a CAl of 1.5-2 of the Epstein
et al. (1977) scale in the Huaytiquina area Western Puna. Based on CAl and analysis of
clay minerals, Do Campo et al. (2017) calculated the paleotemperatures for metapelites
and metavolcanic rocks of the Late Cambrian-Ordovician succession in Northwestern
Argentina. They concluded that there is an E-W trend rangir 1. 2m diagenesis/low
anchizone in the eastern flank of the Santa Victoria Ranye, *o nigh anchizone/epizone in
the Puna region, with intermediate values in the weste: > flank of the Santa Victoria
Range.

Graptolites from Northwestern Arcer. - have been studied for more than a
century allowing for regional and inte cor.inental biostratigraphic correlations to be
established (Turner, 1960; Toro 19%. 1997; Brussa et al., 2008; Toro and Vento, 2013;
Toro et al., 2015; Albanesi and Nri~ra, 2016; Toro and Herrera Sanchez, 2019; Herrera
Sanchez et al., 2019) but ha = no. been used as thermal maturity indicators up to now.

This study proviuns for the first time, an early interpretation and discussion
about the thermal poctacpositional evolution for the Central Andean Basin in
Northwestern Argentina (Fig. 1) based on graptolite reflectance, and Rock-Eval
pyrolysis data.

Figure 1. Location map (size: 2-column)

2. GEOLOGICAL FRAMEWORK
The Central Andean Basin (Sempere, 1995) developed in an active margin of

the western Gondwana during the Cambrian-Ordovician. It spreads over Northwestern



Argentina (NWA) and encompasses parts of Chile, Bolivia, and Peru (Astini, 2003).
NWA includes, from West to East, the geomorphological provinces of Puna, Cordillera
Oriental, Sierras Subandinas, and Sierras de Santa Barbara (Fig. 1a). This study focuses
on the Ordovician strata outcrops in the Puna region and the Ordovician and Early
Silurian deposits exposed in the Cordillera Oriental.

The basement of the studied area is represented by the Vendian-Early
Cambrian Puncoviscana Formation (Turner, 1960), which is composed mainly of a
pelite-greywacke turbidite sequence. It has been affected bv ‘ver ;" low-grade
metamorphism and polyphase deformation during the E i, Cambrian Pampean
Orogeny (Mon and Hongn, 1996; Escayola et al., 201..; Casquet et al., 2018). This unit
is unconformably overlain by Middle-Late Cambrian challow platform quartzites,
sandstones, and red to greenish shales of the I\"2s4n Group. In turn, the above group is
unconformably overlain by the Late Camt rian-Early Ordovician rock succession. This
unconformity is related to the rifting ~hase (“Irtiyica Phase”; Turner and Méndez,
1975), and the eastern movement ¢ “ t'ie Arequipa-Antofalla terrain (AAt) that resulted
in the opening of a VV-shape> maiine basin that widened northward towards Bolivia
(Gohrbandt, 1992; Forsvu .~ ft al., 1993; Bahlburg and Hervé, 1997; Egenhoff, 2007).
Alternatively, this cutacd has been considered as an unconformity resulting from a
relative sea-level fall (Moya, 1998; Buatois et al., 2000; Buatois and Mangano, 2003;
Mangano and Buatois, 2004) or even being a conformable depositional transition (Ruiz
Huidobro, 1975; Fernandez et al., 1982). Recently, Vaucher et al. (2020) recognized an
episode of basin deformation around the Cambrian-Ordovician transition in NWA.
These authors associated this stratigraphic unconformity to the onset of the retro-arc
basin in the Cordillera Oriental, which probably occurred earlier in the

western/southwestern foredeep area near the volcanic arc developed in the Puna region.



The Late Cambrian-Ordovician sedimentary sequence from the Cordillera
Oriental corresponds to the Santa Victoria Group (Turner, 1964), which includes the
Santa Rosita (Late Cambrian-Tremadocian), and the Acoite (Floian-Early Dapingian)
formations (Astini, 2003; Buatois and Mangano, 2003; Toro et al., 2015; Toro and
Herrera Sanchez, 2019). In the Puna region, the fossiliferous siliciclastic marine
sediments assigned to the Late Cambrian, Tremadocian, and Floian interfingering with
synsedimentary lavas, and subvolcanic intrusives that were grouped into three
complexes based on distinctive facies, namely the Puna Vol~an.c Complex, the Puna
Turbidite Complex, and the Puna Shelf Complex (Zimm.ei,"ann and Bahlburg, 2003;
Zimmermann, 2011). On the other hand, Coira et al (.204) defined the Cochinoca-
Escaya Magmatic-Sedimentary Complex (CEMSC) «. being composed of volcaniclastic
dacites intercalated with medium- to fine-grai”2d sandstones and massive pelites.
CEMSC outcrops in the Cochinoca-E’ cav4, Queta, and Quichagua Ranges, eastern
Puna. It is associated with volcanic w.~eaches, hyaloclastites, cryptodomes, massive
spilitized basaltic levels or padrad “tructures, and micro-gabbros forming layers or
lacolites (Coira, 2008, and r: fereices therein). The best outcrops of this complex are
found in the Mufiayoc sec. o, located in the Quichagua Range, Jujuy Province (Fig. 1b).

The Orduvician succession in NWA was folded by a simple structural style and
was intruded by granite (Mon and Hongn, 1991). The intensity of folding increases
gradually westward, from less deformed sequences such as those of the Cordillera
Oriental to beds affected by intense west-verging folding with east-dipping axial plane
cleavage in the Puna region (Mon and Hongn, 1991). The outcrops of Ordovician beds
depicting tight folds covered unconformably by Silurian and Devonian beds were
included by Mon and Hongn (1991) in the “Ocloyic Belt”, with the age of deformation

attributed traditionally to the “Ocloyic Phase” (Late Ordovician) (Turner and Méndez,



1975; Turner and Mon, 1979; Mon and Hong, 1991; Mon and Salfity, 1995, between
others). This intra-Ordovician deformation has been documented in several outcrops of
Early Ordovician rocks in the transition between Puna and the Cordillera Oriental as
well as in the Salar del Rincon area, western Puna (Bahlburg, 1990; Bahlburg and
Hervé, 1997; Moya, 1999; Astini, 2003; Hongn and Vaccari, 2008). On the other hand,
Moya (1999, 2003, 2015) discussed the conceptual framework in which the “Ocloyic
Phase” was defined. This author proposed that the Paleozoic deposits were only subject
to block tectonics and later folded together with Cretaceous ~epcsits as a result of the
Andean Orogeny. The lack of evidence of an angular urcu.tormity separating the Late
Ordovician deposits outcropping in the Argentine Coruillera Oriental from the overlying
Early Paleozoic sequences supports the interpretat’orn ~f this author. Besides, K-Ar ages
of fine-grained micas obtained for Ordoviciar ‘ery low-grade metapelites of the
Bolivian Cordillera Oriental do not sk w *ne existence of an orogenic activity during
the Late Ordovician. Therefore, the J~formation was attributed to either a Late
Devonian-Early Carboniferous ave t (Kley and Reinhardt, 1994; Tawackoli et al.,
1996) or to a Late Carbonifc -ous-£arly Permian orogenic episode (Jacobshagen et al.,
2002). Astini (2002) cons,derad that the “Ocloyic Phase” comprises a combination of
eustatic decay due tu the 1apid growth phase of the Gondwanic ice sheet and
subordinate tectonics.

During the Silurian-Devonian times, the different southwestern Gondwana
basins were generally grouped as underfilled shallow marine basins (Starck, 1995 and
references therein). At NWA, and southern Bolivia, approximately 3000 m of
siliciclastic rocks were deposited between the Ludlowian-Frasnian (57 My) (Dalenz-
Farjat et al., 2002). At the beginning of the Carboniferous, another diastrophic event

occurred in NWA. It was probably related to a minor reorganization of the Chilenian



Terrain edge relative to Gondwana, referred to as the “Chanic Phase” (Starck, 1995).
Ramos et al. (1984) interpreted this phase as a collisional event in plate tectonics terms.
Although this orogeny was not intense in the study area, the diastrophism, and hiatus
represent the onset of a new tectonostratigraphic cycle, and formation of the Tarija
Basin, in the south of Bolivia, and Sierras Subandinas belt at NWA, which is considered
as an intracratonic basin with a low subsidence rate (Starck et al., 2002). It is probable
that a large part of the Cordillera Oriental remained emerged at this time, which would
explain the scarce Siluro-Devonian deposits and also the ere<io, .~ truncation of the
Santa Victoria Group (Starck, 1995). The Carboniferous ucnosits from NWA are
separated from the Devonian succession by a major 'n. nformity related to the “Chanic
Phase” (Starck et al. 1992, 1993 and references there.n), resulting in a hiatus of
approximately 50 My (Starck, 1995).

In the Tarija Basin, the Carbc aifrrous-Jurassic interval is characterized by
various depositional sequences. The hase of the succession overlies a major regional
unconformity that is locally moAdifi 3 by deep erosion. This unconformity is most
pronounced in the southwes:>rn part of the area where the Silurian-Devonian section in
parts of the Cordillera Oricntul is completely eroded (Starck, 1995: fig. 6). A network of
deeply eroded paleo.v~licys is deposited on this regional unconformity, incising different
levels of the Devonian rocks (Starck et al., 1992, 1993). In the Early Jurassic, a new
event resulted in a widespread unconformity and marked a change in regional stress
fields. In NWA, an important change in the style of subsidence occurred with the Late
Jurassic “Araucanian Phase”, which effectively concluded with the development of the
Tarija Basin. The extension dissected the old epeiric basin into a suite of fault-
controlled half-grabens. Here, the Cretaceous-Paleogene Salta Group developed as a rift

basin fill (Starck, 1995, 2011 and references therein).

10



2.1 Argentine Cordillera Oriental

The Cordillera Oriental is a high relief “thick-skinned type” thrust system with
dominant east vergence, in which the Acoite Formation consists of thick, upward-
shallowing beds related to a storm-dominated deltaic system (Astini, 2003; Waisfeld
and Astini, 2003). The Los Colorados area is located approximately 23° 33’ S, and 65°
40’ W in the Jujuy Province (Fig. 1b). The stratigraphy appears to be complete, but
most of the described units are separated by stratigraphic discontinuities, such as
relative fall surfaces, subaerial exposure, transgressive episees, ar coplanar surfaces.
However, these surfaces do not always have an obvious ex.ression from a stratigraphic
perspective (Astini et al., 2004). In this area, the Acrne Formation reaches a maximum
thickness of almost 2300 m (Waisfeld et al., 2003- A_*ini et al., 2004; Toro and Herrera
Sanchez, 2019) (Fig. 2). It is composed maini, of greenish-gray shale and fine-
sandstone, alternating with dark-gray, and olack shale, and siltstone deposited in a
middle to distal shelf setting (Waisic'd et al., 2003) during the Early Ordovician
(Tetragraptus phyllograptoides 1. akzharensis, Baltograptus cf. B. deflexus, and
Didymograptellus bifidus bizoncs). The upper part of the unit, in which the
Azygograptus lapworthi £:27one (Middle Ordovician) has been recently recognized in
the western side o u.~ Curdillera Oriental by Toro and Herrera Sanchez (2019), is a
massive, highly bioturbated sandy facies that developed abruptly, overlying an upward-
thickening mesoscale cycle with tidal influence (Astini, 2003; Waisfeld and Astini,
2003). Few meters above these levels, a short interval composed of purplish shales with
heterolytic intervals and pale red sandstone with abundant cross-bedded strata (Astini,
2003) is assigned to the Alto del Cédndor Formation (43 m thick) (Astini et al., 2004)
(Fig. 2). Carlorosi et al. (2013) assigned a short transgressive interval that produces

conodonts from the Baltoniodus triangularis Zone (Early Dapingian, Dpl) to the Lower
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Member of this unit. The overlain Sepulturas Formation (63.5 m thick) (Fig. 2) has a
largely coarsening upward arrangement with a variety of open-marine fauna (Astini,
2003). Above it, a regionally extended pebbly-sandy mudstone (Moya and Monteros,
1999) truncates the earlier stratigraphy. This diamictite is known as the Zapla Formation
(20 m thick) (Fig. 2) and is relatively well accepted to be of glacial origin, constrained
to the uppermost Ordovician, and hence, correlated with the Late Ordovician ice age
(Astini, 1999, 2002). The Ordovician succession appears to be in paraconformity with
the overlain Silurian deposits (Astini et al., 2004). In the Cordinra Oriental, Early
Silurian graptolites (Stimulograptus sedgwickii, Clinocl’in..~ograptus retroversus, and
Paraclimacograptus innotatus) were recovered from t.> overlying strata corresponding
to the Lipeon Formation (100 m thick) (Fig. 2) (Tcro, 1995), which seem to record an
open-shelf environment formed by postglacia. raiisgression (Astini, 2003). Above this
unit, the Silurian-Early Devonian dep sits of the Arroyo Colorado Formation (Grahn
and Gutiérrez, 2001; Aparicio Gonzc'az et al., 2020), reaching 27.5 m in thickness, are
constituted by purple-gray muddy, rJ mottled massive sandstone with good banding
development that reflects ve: iabie intensities of bioturbation rates (Astini et al., 2004)
(Fig. 2). The Paleozoic sey'te.ace underlies, by an angular unconformity, the Cretaceous
deposits of the Pitguc Suugroup (base of the Salta Group), which represents, in general,
~700 m of a continental sedimentation cycle of red-purple clastic facies. The Pirgua Sg.
starts with fluvial facies interdigitating with alluvial-eolian facies in the Tres Cruces
subbasin (Fig. 1b) (Boll and Hernandez, 1986; Marquillas et al., 2005). It represents the
entire syn-rift state of the basin infilling, intimately related to direct faults, restricted to
distensive grabens, and hemigrabens (Starck, 2011). The pre-rift successions were
eroded from the rift margins as a result of rift flank uplift. The post-rift records two

subgroups: the Balbuena Sg., and the Santa Barbara Sg. The Yacoraite Formation
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(Cretaceous-Paleogene; sensu Marquillas et al., 2005) included in the Balbuena Sg.,
mainly consists of 315 m thick of carbonatic rocks exposed in the Espinazo del Diablo
(Tres Cruces Basin) which is related to the second Cretaceous marine ingression (Astini
etal., 2019).
Figure 2. Stratigraphic column from the Los Colorados area (size: 1.5-column)
2.2 Argentine Puna

The Puna morpho-structural province is a plateau with average highs above
3500 m. The Early Paleozoic is represented by sedimentary ~epc<its and associated
volcanism. It is widely accepted that the region compriszs cvo submeridional belts,
corresponding to the western and eastern, which were c~veloped from a Cambrian rift
margin to a Floian back-arc until a Darriwilian turkiu. 2 sequence in a foreland basin
system (Astini, 2003, 2008 and references the. :ir}.

In the Huaytiquina section lc -ate s in the western belt of the Argentine Puna
(Fig. 1b), the oldest deposits (900 m *hick) correspond to the Aguada de la Perdiz
Formation (Puna Volcanic Comnle . <ensu Zimmermann, 2011) which is composed of
volcanic andesitic breaches, ndesitic lava flows, and riolitic-andesitic pyrocalstics
(Monteros et al., 1996) (.2 3a). More recently, Toro and Herrera Sanchez (2019) and
Toro et al. (2020) recngiuzed the presence of the Azygograptus lapworthi (Dpl) and
“Isograptus victoriae” (Dp2) biozones, in the middle part of this section, by the
occurrence of key graptolites, and conodonts in deposits corresponding to the
“Coquena” Formation (Puna Turbidite Complex sensu Zimmermann, 2011) (1450 m
thick) (Fig. 3a). This unit is unconformably overlain by the Balbuena Sg. (Yacoraite
Formation), which, in turn, is unconformably covered by Cenozoic red sandstones with
intercalated shales (Monteros et al., 1996). The paleogeographic analysis of the Salta

Group (Salfity and Marquillas, 1994) shows that during the start of the accumulation in
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the western Puna, a positive structure -Alto de Huaytiquina- was located to the west of
the Sey subbasin. For this reason, the syn-rift deposits of the Pirgua Sg. were not
accumulated. That structure was overflooded in the post-rift stage, allowing the
Balbuena, and Santa Barbara subgroups to accumulate on the Paleozoic basement and
extend towards the Chilenian Terrain (Marquillas and Matthews, 1996). The
stratigraphic framework in the area ends with the Cenozoic volcanic and Quaternary
deposits (Monteros et al., 1996).

In the Mufiayoc section, eastern Puna (Fig. 1b), Torn a4 Herrera Sanchez
(2019) and Lo Valvo et al. (2020: fig. 2) recognized fov. y.aprolite biozones (T.
akzharensis, B. cf. B. deflexus, D. bifidus, and A. lanwc “thi) in deposits corresponding
to the CEMSC (sensu Coira et al., 2004). The stratigi>nhic sequence reaching 153 m
thick overlies the peperites representative o* . » C.rdovician submarine volcanism
(Coira et al., 2004) (Fig. 3b). At the tc 2 o this section, an angular unconformity
separates the CEMSC from deposits ~f the Balbuena Sg. (Starck, 2011: fig. 2).

A high-resolution correlat.nr, of the mentioned localities from the Puna region
with the classical localities T om «he western flank of the Argentine Cordillera Oriental
was recently proposed has>d on graptolite-conodont biostratigraphic analysis (Toro and
Herrera Sanchez, 2029; 11errera Sanchez et al., 2019; Toro et al., 2020).

Figure 3. Stratigraphic sections from the Argentine Puna (size: 1.5-column)

3. SAMPLING AND METHODS
3.1 Samples
A total of 14 samples were collected from Northwestern Argentina, with seven
samples from the Los Colorados area (Fig. 1b), the Cordillera Oriental, corresponding

to the Acoite, and Lipedn formations (Fig. 2). Another seven samples were collected
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from the Huaytiquina and Mufayoc areas (Fig. 1b) in the Puna highland and were
previously assigned to the "Coquena" Formation (Fig. 3a) and the CEMSC (Fig. 3b),
respectively. For identifying the graptolite taxa listed in Figure 4, the reviewed
taxonomy presented in the Treatise of Invertebrate Paleontology (Maletz et al., 2018a-
b) was used. The biostratigraphic discussions are based on the Ordovician graptolite
framework successively proposed by Toro (1994, 1997), Toro and Maletz (2007), Toro
and Vento (2013), Toro et al. (2015), Toro and Herrera Sanchez (2019), and recently
summarized by Herrera Sanchez et al. (2019) and Toro et al (2C?0). The proposal of
Bergstrom et al. (2009) for referring to the graptolite ag:s, “egional correlations, and
global stages was followed.
Figure 4. Table with the provenance and taxonan. ' of the graptolite samples (size:
2-co'uy.n
3.2 Rock-Eval analysis

For the Rock-Eval pyrolysi.'TOC analysis, the Rock-Eval 7S instrument was
used to determine the parameter< si*o'vn in Table 1. The analysis was performed using
the Basic/Bulk-Rock methc: (fui cycle of pyrolysis and oxidation). The standard used
was IFP 160000. Approx.m2iely 60 mg of sample powder were placed inside crucibles.
The samples were py - aiy<ed to measure the contained hydrocarbons as well as CO, and
CO via a flame ionization detector (FID), and IR cells, respectively. The pyrolysis
temperature was initiated at 300 °C isothermal for 3 minutes and increased gradually at
a rate of 25 °C/min until 650 °C. For determining the oxidized mineral carbon, and
residual carbon, the oxidation oven temperature was 300 °C isothermal for 30 s, and
increased gradually by 25 °C/min until 850 °C, and held for 5 min at 850 °C.

3.3 Microscopy
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Samples were prepared under the standard method (ISO 7404-2, 2009). The
graptolite random reflectance (%GRo) was determined under plane-polarized light
using a Zeiss Axio Imager A2m reflected light microscope equipped with a photometer,
following ISO 7404-5 (2009) and ASTM D7708-14 (2014) methods. The equivalent
vitrinite reflectance (%VRo-eq) was calculated from the mean random graptolite
reflectance using the equation established by Petersen et al. (2013) (%VRo-eq=
[GR0*0.73] +0.16). The paleotemperature “Peak Temperature” (Tpeak) was calculated
under “normal” geothermal gradient conditions (Tpeak= [In\/kv eq+1.68]/0.0124), and
hydrothermal conditions (Tpeak-hy= [InVRo-eq+ 1.19]’u.C/82) following Barker and
Pawlewicz (1994), and Hartkopf-Froder et al. (2015). Craptolites were identified by
their granular or non-granular texture (Goodarzi, 195-: Goodarzi and Norford, 1987)
and morphology (Teichmiiller, 1978).

All the measurements of the "*oc'.-Eval analysis, graptolite Ro, vitrinite Ro-eq,
and calculated paleotemperatures arc shown in Tables 1 and 2. The Tpeak values shown
in Table 2 are associated with CAl /= ues taken from the literature (Carlorosi et al.,
2013; Toro et al., 2020).

3.4 Basin Modelino

To test the 1 >suns about the burial and thermal history of the Central Andean
Basin, based on the graptolite reflectance data for Northwestern Argentina, the
PetroMod 1D Express Basin Modeling (from IES GmbH, Schlumberger) was used. For
this modeling, the geodynamical approaches explained in the geological framework of
this work were considered. The PetroMod software runs numerical simulations
involving parameters from each stratigraphic interval such as thickness, lithology, and
age, defined depositional and erosional events, and fixing paleowater depth (PWD),

seawater interface temperature (SWI), and heat flow (HF) values. Variations in sea
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water depth over time could be assumed to be irrelevant because thermal evolution is
mainly affected by sediment thickness rather than the depth of the water; SWI is ~21.44
°C. The HF trend was estimated from the typical values associated with different types
of sedimentary basins summarized by Allen and Allen (2005: fig. 9.39). Besides, the
regional assumptions of Ege et al. (2007), and Moretti et al. (1996) for the Cenozoic
and current values were considered. The specific heat flows used are: Ordovician retro-
arc basin (477 My), 70 mW/m?; collisional event-“Chanic Phase” (359 My), 70 mW/m?;
Cretaceous rift event (130 My), 90 mW/m?; post-rift event (&0 1,'y), 65 mW/m?; Early
Oligocene exhumation (30 My), 55mW/m?; at present-c'ay 0 My), 65 mW/m?. The
thickness of the Pirgua, and Balbuena Sg. (Yacoraite Fcrmation) were taken from the

Tres Cruces section (Rubiolo et al., 2003; Marquil‘as ~t al., 2005).

4. RESULTS AND DISCUSSION
4.1 Rock-Eval pyrolysis, and Tu*al Organic Carbon (TOC)

Rock-Eval/pyrolysis ard " '©C data for the sections are shown in Table 1. TOC
content was very low, rangi," 1 from 0.15 to 0.50 wt% in the suite from the Cordillera
Oriental, and from 0.09 to 1 ©0 wt% in the suite from Puna. The S1 values were less
than 1.0 mg HC/g rock, except for sample LC-10+12 m (1.88). The S2 values were also
very low (<0.36 mg HC/g rock), except for sample LC-10+12 m (1.30). As a result of
the very low S2 values, the Tmax values are unreliable and should be discarded. The
same applies to the calculated parameters, such as HI, Ol, and PI. Rock-Eval pyrolysis
data will not be discussed further. The level of thermal maturity was determined by
measuring the graptolite reflectance, as will be discussed later.

It is interesting to note that the large difference in thermal maturity between

samples retrieved from the LC and MU groups masks their differences in TOC. With an
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average of 0.74 wt% the TOC of the samples from MU is nearly three times larger than
the TOC of samples in the LC group whose TOC is on average 0.28 wt%. This might
reflect a higher amount of deposited organic matter or/and its better preservation in the
depositional setting where samples of MU were deposited compared to samples
collected in LC.
Table 1. Rock-Eval pyrolysis results
4.2 Age and optical characteristics of the graptolites

The graptolite-bearing samples were collected from thice outcropping sections
in which the Tetragraptus akzharensis, Baltograptus cf o Jeniexus, Didymograptellus
bifidus, Azygograptus lapworthi, and “lsograptus virto.iae” biozones were developed
(Figs. 2-3), indicating an Early Floian (FI1) to Ear'y v*apingian (Dp2) age. Besides, the
samples that originated from the Lipedn Forn.: rica were assigned to the Stimulograptus
sedgwickii Biozone, which indicates ¢ * A~ronian (Early Silurian) age (Toro, 1995) (Fig.
2). The recognized graptolite taxa aic listed in Figure 4, which also includes the
provenance of the samples.

The graptolite frag.~ents were identified based on morphological features such
as the tubarium structure \~ir's, 5a-d), common canal, thecae, and thecal branching (Fig.
6¢; Figs. 7e-f). The strucwre corresponds to fine bright and dark lamellar layers on the
fusellar tissue (Figs. 5e-f). The graptolites from the Puna region, which are preserved in
shales (Mufayoc section; sensu Martinez et al., 1999) and calcareous sandstones
(Huaytiquina section; sensu Toro et al., 2020) are non-granular (Figs. 5a-f; Figs. 6a-f;
Fig. 7a). On the other hand, the zooclast fragments from the Los Colorados section,
Cordillera Oriental, were poorly preserved and fragmented, and were encountered

mostly normal to the bedding plane, and had a pitted texture (Figs. 7b-d).
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The lower reflectance and weaker anisotropy of graptolites from the Cordillera
Oriental region (Table 2) indicate their low maturity. On the other hand, the graptolite
fragments from the Mufiayoc, and Huaytiquina sections in Puna are high-reflecting,
pointing to considerably higher maturity.
Table 2. Graptolite, and equivalent vitrinite reflectance, Tpeak

Figures 5, 6, and 7. Graptolites under reflected light (size: 2-column each one)

4.3 Graptolite reflectance and thermal maturity of Paleozoic rocks from
Northwestern Argentina

Graptolite random reflectance measurements fruii. tne Los Colorados section

range from 0.63%-1.11% (Table 2) with correspondiny \/Ro-eq between 0.62% to
0.97% (Table 2), indicating that the organic matter is ~etween the early to the peak
stages of the oil window, corresponding to the “atagenetic stage (sensu Abad, 2007).
The reflectance histograms of the six -amles analyzed from the above section are
displayed in Figure 8 (a-f). The calcu'ated Tpeak values in the range of 97 °C-133 °C
reflect the maximum burial depth € srerienced by the graptolites in this section and
agree with the temperature ¢timated from the 1.5-2 CAI of conodonts from the Lower
Member of the Alto del Cinr'or Formation (Carlorosi et al., 2013), which is
approximately 100 - uiie sample (LC-10+12 m) did not contain any measurable
graptolite fragments. The eastern basin, which coincides with the present-day Cordillera
Oriental, did not experience synsedimentary magmatic activity, so the thermal
parameters measured in this work could indicate the maximum depth of burial. The
three higher Tpeak values (119, 122, and 133 °C) corresponding to the graptolites in
samples LC-17, LC-21, and LC-24+40m could reflect some influence of hydrothermal
activity.

Figure 8. Histograms (size: 2-columns)
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On the other hand, the graptolite random reflectance in the Argentine Puna
region is 6.15% in the Huaytiquina section and varies between 5.57%-6.62% in the
Mufiayoc area (Table 2). The equivalent vitrinite reflectance in the Argentine Puna
ranges from 4.23%-4.99% (Table 2), and Tpeak varies from 252 °C to 265 °C,
indicating post-mature organic matter (dry gas stage) and consistent with an epizone
metapellitic zone (sensu Abad, 2007). Furthermore, graptolite fragments having
considerably higher reflectance, from 8.8-10.1%, were measured (Table 2),
corresponding to VRo-eq of 6.5-7.5%, and temperatures abre 210 °C. These
graptolites exhibited strain anisotropy, although the fuseiia layer structure was still
visible when the analyzer was inserted (Fig. 5f). These *ery high %Ro values of
graptolites affected by tectonic activity were not usceu *0 model the level of thermal
maturity in the Puna region.

The common occurrence of ¥ 2ol iite in the slates of the Cochinoca-Escaya
Range in the Puna region, coupled w ‘th the substitution of chlorite by interstratified
lower-temperature phases in mest ¢ f “hese rocks, and the occurrence of jarosite in a
metadacite indicate the pres:nce uf hydrothermal fluids with high H*/cation ratios.
These fluids can produce .~ir.-type alteration at temperatures between 100 'C and ~300
°C (Do Campo et ai., 2u1/). Besides, the Ordovician rocks in this study are related to
mineralized quartz veins, gold-bearing “saddle reefs” with As, Fe, Cu, Pb, Zn, Sb
sulfides, and sulfosalts of silver in the Cochinoca-Escaya, and Rinconada ranges (Craig
et al., 1995; Coira et al., 2001). Likewise, Coira et al. (2004) recognized concentrations
of pyrite crystals with the development of pressure forms filled with neoformed
phyllosilicates, probably the product of hydrothermal alteration, in the pelitic facies of

the CEMSC.
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For these reasons, the data presented in this work provides an estimate of the
temperature of the hydrothermal fluids, which ranges from 336 °C to 358 °C in the Puna
region (Table 2). Such values are close to the maximum temperatures estimated by Do
Campo et al. (2017), which explains the highest measured random reflectance values
measured on three graptolite tubaria collected at the Puna region (%GR0~10-11%). The
above temperatures are so high that they are beyond dry gas (methane) generation or
retention. The strain anisotropy exhibited by the graptolites in this region (Figs. 5e-f) is
characteristic of organic matter found in orogenic belts that have experienced tectonic
deformation such as thrusting and folding (Goodarzi an7 i~~riord, 1985). The “Ocloyic
Phase” and Central Andes uplift had a considerable imy 2ct on the very high reflectance
and strain anisotropy attained by the graptolites co'lecraed from the Argentine Puna.
Besides, in the present-day Puna region, the achovits assigned to Tremadocian-
Dapingian ages contain abundant inte: ~al7.ed volcaniclastics rocks (Bahlburg, 1990;
Zimmermann and Balhburg, 2003; 2'mmermann, 2011), which points to intense
magmatic activity during depositio.» fMon and Salfity, 1995). The very high thermal
maturity of the graptolites ii> the >una region could be explained by combined effect of
higher geothermal gradiei.:< 7ssociated with the synsedimentary volcanism,
hydrothermal fluius, ~s well as tectonism, i.e., during the Ocloyic Orogeny, and Central
Andes uplift.

The 1.5-2 CAI value of conodonts from the Huaytiquina section (Toro et al.,
2020), which correspond to ~100 °C of the Epstein et al. (1977) table, does not coincide
with the paleotemperature obtained from the reflectance measurements (i.e., sample
RH-A, Table 2) that indicate temperatures greater than 300 °C. This is most likely due
to the thermal effect of hydrothermal fluids on the graptolite organic matter, which is

more sensitive to temperatures than fluorapatite, especially in overmatured sediments
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(Goodarzi and Norford, 1985). The temperatures of 300 °C are in agreement with those
estimated by the CAl values of 4-5 of the conodonts in the Salar del Rincén area in
southern Puna (Do Campo et al., 2017). However, the correlation between graptolite
reflectance and CAl values greater than 4-5 is not clear (Goodarzi and Norford, 1985;
Goodarzi et al., 1992; Luo et al., 2020) and should be treated with caution.

As a consequence of the hydrothermal effect associated with volcanism
(Astini, 2003; Zimmermann and Bahlburg, 2003; Coira et al., 2004; Zimmermann,
2011; Do Campo et al., 2017 and references therein), the gr=nto.te reflectance, and
accordingly the equivalent vitrinite reflectance do not iruic~te the maximum depth of
burial of the “Coquena” Formation, and CEMSC strata ‘n the Argentine Puna region
north of 24° S latitude.

4.4 Thermal maturity modeling: prelirn, ary comments

Several thermal models were aried out with PetroMod to test the thermal
conditions for the Central Andean b.<in only at the Los Colorados section, Cordillera
Oriental, because other studied sec.in.1s from the Puna region are probably altered by
hydrothermal fluids and volzanic intrusives. The thermal evolution of the basin was
reconstructed under five u.¥ferent conditions (Fig. 9): a) considering a complete
Cretaceous and Cenc~oiw succession overlying the Paleozoic sequence taken as
reference the thickness of the Tres Cruces section (>3500 m); b) considering that during
358-130 My, after the “Chanic Phase”, a thickness of ~3000 m were deposited in Los
Colorados area as occurred in the Sierras Subandinas belt (sensu Starck, 1995); ¢)
considering that is probably that the Argentine Cordillera Oriental was emerged
between 358-130 My, and ~900 m were eroded after the “Chanic Phase”; d) considering
that ~265 m were eroded since 38 My until now as a product of the Central Andes

uplift; ) considering ¢, and d in the same input data.
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As shown in Figure 9a, vitrinite reflectance at the middle part of the Acoite
Formation (at ~8500 m depth) considering a complete Cretaceous and Cenozoic
succession overlying the Paleozoic sequence is about 4.55%. This high trending in VRo
also occurs when a thickness of ~3000 m deposited between 358-130 My was
considered. In this case, vitrinite reflectance measurement is 4.55% at ~7500 m depth
(Fig. 9b). In both models, reflectance values exceed the obtained VRo-eq in this work
(Table 2). On the other hand, in the alternative where ~900 m were eroded between 358-
130 My, vitrinite reflectance is 1.10% at ~2200 m depth (Fir Y.} Meanwhile, when a
thickness of ~265 m was eroded during the Central Anczs couift in the latest 38 My,
VRo at the middle part of the Acoite Formation is ahowu* 1.40% at ~2200 m depth (Fig.
9d). The latest alternative is considering options ¢ an d in the same input data. In this
case, vitrinite reflectance is 0.97% at ~220C n. de,sth (Fig. 9¢). This approach
considering erosion episodes at the Lz e Paleozoic and Early Cenozoic seems to fit with
the geothermal parameters (VRo-eq, measured in this work (Table 2), which ranges
between 0.80%-1.00% at the middi~ vart of the Acoite Formation, and could explain the
evolution of the Los Coloracns section. This model agrees with the hypothesis that part
of the Argentine Cordilleic Criental remains emerged between the Late Devonian and
Early Cretaceous, w: i1 explain the scarce Siluro-Devonian strata (Starck, 1995). The
deposits eroded at this time (~900 m) would probably be part of the Cinco Picachos
Supersequence (Zapla, Lipedn, Bariti=Arroyo Colorado, and Porongal formations) that
reaches more than 2000 m thick in the Cinco Picachos Range along the boundary
between the Cordillera Oriental, and Sierras Subandinas belt (sensu Starck, 1995). On
the other hand, also it is probably that the Los Colorados area was an emerged zone
since 38 My when the Cordillera Oriental started to uplift as a consequence of the

development of the Central Andes (sensu Coutand et al., 2001), producing the erosion
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of ~265 m of the Yacoraite Formation until now. However, more studies about
geothermal parameters and stratigraphy for Northwestern Argentina are necessary to
corroborate these preliminary models, and propose new approaches for the Puna region.

Figure 9. Thermal maturity modeling (size: 2-column)

5. CONCLUSIONS

Graptolite reflectance can be used to determine the level of maturity of organic
matter, but other factors such as hydrothermal fluid activity maymatism, and tectonism
can alter the results and the interpretations.

The VRo-eq values calculated from the mean ,andom reflectance of the
graptolites from the Los Colorados section, Cordil’er.. Oriental, range from 0.62%-
0.97% with corresponding Tpeaks of 97°C ~n’ 123°C. These values place the organic
matter in the oil window (early to mic tle *,art) and reflect the shallow burial depth of
the graptolite-bearing interval in this area of the Central Andean Basin.

The high graptolite reflact »n e values from the Puna region between 5.57%-
6.62% and corresponding V!20-ey between 4.23%-4.99% place the organic matter in the
post-mature stage (even be:0ad dry methane gas generation/presentation). Such a high
maturity could be the result of the combined effects of hydrothermal fluids, higher
geothermal gradient associated with volcaniclastics, and deformation from tectonics
events. The latter resulted in the high strain anisotropy of the graptolites.

The results presented in this work are in agreement with the trend proposed by
Do Campo et al. (2017), which reflects higher temperatures (high anchizone/epizone) in
the Puna region than those obtained for the Cordillera Oriental (catagenesis/low
anchizone). It is also coincident with the proposed location of the Ocloyic deformation

belt.
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Modeling considering erosion episodes at Late Paleozoic and Early Cenozoic
seems to fit with the geothermal parameters (VRo-eq) measured in this work, which
ranges between 0.80%-1.00% at the middle part of the Acoite Formation, and could
explain the evolution of the Los Colorados section. However, more studies about
geothermal parameters and stratigraphy are necessary to corroborate these preliminary

models, and propose new approaches for the Puna region.
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FIGURE CAPTIONS
Figure 1. a) Location map of the geomorphological provinces comprised in the Central
Andean Basin. b) Geological map of the studied area showing sampling localities with

conodont and graptolite biostratigraphic control (Modified from Gonzélez et al., 2003).
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Figure 2. Stratigraphic section from the Los Colorados area, Cordillera Oriental
(Modified from Astini et al., 2004) showing the position of the samples. GB: Graptolite
biozone.

Figure 3. Stratigraphic sections from the Argentine Puna showing the position of the
samples. a) Huaytiquina area, western Puna (Modified from Monteros et al., 1996). b)
Mufayoc area, eastern Puna (Modified from Martinez et al., 1999). GB: Graptolite
biozone.

Figure 4. Summary table with the provenance and taxonom’ o\ *he graptolite samples.
Figure 5. Photomicrographs of polished fragments of grapnnte from the Puna region
(Munayoc section) under reflected plane-polarized lini.: (a) MU-12; (b) MU-12; (c)
MU 9+1 m; (d) MU-11; (e) MU-11; (f) M//U-15. The scale bar is 10 micrometers.
Figure 6. Photomicrographs of polished fragi.-=nts of graptolite from the Puna region
(Munayoc section) under reflected ple e-rolarized light. (a) MU-11; (b) MU-11; (c)
MU 9+1 m; (d) MU-6; () MU-15; 2 MU-15. The scale bar is 10 micrometers.
Figure 7. Photomicrographs of nol st.ed fragments of graptolite from the Puna
(Huaytiquina section) and C-rdinera Oriental (Los Colorados section) regions under
reflected plane-polarized \.2b.. (a) RH-A; (b) LC-17; (c) LC-17; (d) LC-24+40m; (e)
LC-14; (f) LC-17. 1.2 scale bar is 10 micrometers.

Figure 8. Histograms of the %GRo measurements of the six samples from the Los
Colorados section. (a) Sample LC-12; (b) Sample LC-14; (c) Sample LC-17; (d)
Sample LC-21; (e) Sample LC-24+40m; (f) Sample LC-FL.

Figure 9. Thermal maturity modeling of vitrinite reflectance for the Los Colorados
section, Cordillera Oriental Argentina using PetroMod 1D Express software. Red stars
represent the middle part of the Acoite Formation where the LC-17, LC-21, and LC-

24+40m graptolite samples come from.
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ABSTRACT. The thermal maturity from the early Paleozoic strata in Northwestern
Argentina was studied using reflected light microscopy and Rock-Eval analyses. The
graptolites were collected from the Acoite and Lipedn formations, from the Los
Colorados section, Cordillera Oriental, and the Huaytiquina, and Mufiayoc sections,
Puna highland, corresponding to the "Coquena™ Formation and the Cochinoca-Escaya
Magmatic-Sedimentary Complex. Rock-Eval parameters were unreliable due to the low
TOC, S1, and S2 values. The Cordillera Oriental region sediments have low maturity
based on low reflectance (%GRo= 0.63%-1.11%) and anisotrap, of graptolite. In
contrast, the higher graptolite reflectance of samples frc:in ."e Mufiayoc and
Huaytiquina sections (%GRo= 5.57%-6.62%), in the -_na region, indicates
considerably higher maturity. This could result from .»e combination of hydrothermal
fluids with a temperature range from 336 °C 1 33 °C, associated volcanism, and
deformation related to tectonics event: w'ich produced a higher geothermal gradient in
the Puna. The Los Colorados sectioi.'= thermal maturity modeling shows a better fit
considering erosion episodes at the ! “«te Paleozoic and Early Cenozoic. However, more
studies about geothermal pa:ame.ers and stratigraphy are necessary to corroborate these

preliminary models and o, ~nse new approaches for the Puna region.

Keywords: Graptolites, Thermal Maturity, Northwestern Argentina, Ordovician,

Equivalent Vitrinite Reflectance.
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6. INTRODUCTION

The reflectance of bitumen, zooclasts, and vitrinite-like particles has been
widely used to evaluate the thermal maturity in pre-Devonian rocks, in which primary
vitrinite is absent (Kurylowicz et al., 1976; Goodarzi, 1984, 1985; Goodarzi and
Norford, 1985, 1989; Goodarzi and Higgins, 1987; Goodarzi et al., 1988; Obermayer et
al., 1996; Suchy et al., 2002; Petersen et al., 2013; Inan et al., 2016; Luo et al., 2016,
2017, 2018; between others). Graptolites, conodonts, chitinozoans, and scolecodonts are
commonly preserved in Early Palaeozoic rocks, and their optica, nroperties have been
widely studied (Suérez-Ruiz et al., 2012; Petersen et al, 21.s; Hartkopf-Froder et al.,
2015 and references therein). Among these zooclaste yraptolites are probably the most
widely used group for thermal maturity studies berau.= of their greater abundance and
wide distribution in most sedimentary lithofac’»s and paleoenvironments (Cole, 1994;
Petersen et al., 2013).

Modern studies about the tuharium, the housing of planktic graptolites, confirm
that it is a complexly organized nrg2ric structure produced in distinct increments called
the fuselli. The material of t: = fossil graptolite tubarium consists of an aliphatic polymer
and does not contain anv n*2in, even though the structure and analysis of the housing
material of modern eruvuranchs indicate that it was originally collagen (Maletz et al.,
2016). The tubarium structure is composed of individual zooidal tubes termed the
thecae that are interconnected through a common canal from the sicula, a differentiated
housing from the colony founder. The two basic constructional features of the thecae are
the fusellum (fusellar layer) and the cortex (cortical layer). Each fusellus possesses at
least one oblique suture and is stacked one upon another with some lateral overlap to
form a distally open tube. The cortex is secreted in distinct bandages on the surface of

the thecal tubes (Maletz et al., 2016: figs. 1, 4).
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Graptolites were used for the first time as thermal indicators by Kurylowicz et
al. (1976). They noted that the reflectance and optical properties of graptolite fragments
in Ordovician strata of the Amadeus Basin, Australia, closely resemble those of the
vitrinite. Since then, graptolites in different Ordovician, and Silurian basins, from
Australia, Saudi Arabia, China, Germany, Sweden, Turkey, Canada, Poland, USA,
Austria, and the Czech Republic, have been widely used for thermal maturation studies
in a wide range of geological applications (metamorphic subfacies, hydrocarbon, and
mineral exploration, and contact metamorphism) (Goodarzi ot a:  1992a-b; Gentzis et
al., 1996; Suarez-Ruiz et al., 2012; Hartkopf-Froder et 7a., UL5; Weishauptova et al.,
2017; Luo et al., 2016, 2017, 2018, 2020, and referenc. = therein).

The relationship between graptolite reflectai.>e, and other thermal parameters
such as equivalent vitrinite reflectance (VR73-. 1 equivalent solid bitumen reflectance
(BRo-eq), Rock-Eval pyrolysis Tmax, Th~.rmal Alteration Index (TAI), and Conodont
Color Alteration Index (CAI) has becn established throughout the years. Goodarzi and
Norford (1989) indirectly correlate ! e graptolite maximum reflectance with vitrinite
reflectance using the CAl a1 described that vitrinite has a lower reflectance value than
graptolite for the same CA"' '_ater, Petersen et al. (2013) determined a relationship
between the random -enicctance of graptolites and vitrinites through the intermediate
conversion of Rock-Eval pyrolysis Tmax values, and illustrated that the graptolite
random reflectance (GRo, ran) is higher than vitrinite random reflectance (VRo, ran).
These authors also indicated that the maximum reflectance (Ro, max) increases
gradually with burial depth. Hence, the reflectance can be used to study the burial
history and maturity of Paleozoic successions. Hartkopf-Froder et al. (2015)
summarized the stages of oil and gas generation, and the correlation between vitrinite

reflectance in coal, and optical and thermal maturity parameters including CAl,
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Transmittance Color Index (TCI), Acritarch Colour Alteration Index (AAl), Spore
Colour Index (SCI), Graptolite Reflectance, and Thermal Alteration Index (TAI).

Furthermore, Luo et al. (2018) showed that graptolite random reflectance is a
better thermal maturity indicator than graptolite maximum reflectance and is more
precise due to its smaller standard deviation. These authors also proposed equations to
determine the thermal maturity of the graptolite-bearing sediments based on graptolite
random reflectance, graptolite maximum reflectance, and solid bitumen random
reflectance. Recently, Hao et al. (2019) used the relationshir he. veen vitrinite
reflectance and graptolite reflectance proposed by Luo fca! (£2018), and suggested a
conversion equation of the equivalent vitrinite reflerta.~e, based on Raman
spectroscopy values of the graptolite tubarium struvzture, to assess the thermal maturity
of the Early Paleozoic sequence in southweste: a China. Luo et al. (2020) reviewed
previous studies on graptolite reflecta: ce. and presented a new equation to correlate
random graptolite reflectance to equ. ‘alent vitrinite reflectance.

Studies concerning the the -mal maturity of Ordovician rocks remain scarce for
the Early Paleozoic sequenc' s in .he Central Andean Basin. Kley and Reinhardt (1994)
used reflectance and infra, ~d spectroscopy measurements of the organic matter to
determine the organ.> niacter maturity in Southern Bolivia. They concluded that
maturity varies from very weakly diagenetic in the Subandean Ranges to low-grade
metamorphic in the Eastern Cordillera.

Previous research related to geothermal studies in Northwestern Argentina was
based mainly on CAl. Carlorosi et al. (2013) determined a 1.5- 2 CAI (sensu Epstein et
al., 1977) in conodonts from the Baltoniodus triangularis Zone (Dp1, sensu Bergstrom
et al., 2009) in the Los Colorados area, Cordillera Oriental. Later, Voldman et al. (2017)

assigned a CAl value of 3 to some specimens from the Acodus triangularis, Gothodus
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vetus, and Gothodus andinus biozones (Tr3-FI2). The above CAl value accounts for
burial paleotemperatures ranging from 110-200 °C (sensu Epstein et al., 1977) in the
Chulpios Creek, Santa Victoria area, Cordillera Oriental. Afterward, Toro et al. (2020)
recognized conodonts of the Baltoniodus navis Zone with a CAl of 1.5-2 of the Epstein
et al. (1977) scale in the Huaytiquina area Western Puna. Based on CAl and analysis of
clay minerals, Do Campo et al. (2017) calculated the paleotemperatures for metapelites
and metavolcanic rocks of the Late Cambrian-Ordovician succession in Northwestern
Argentina. They concluded that there is an E-W trend rangir 1. 2m diagenesis/low
anchizone in the eastern flank of the Santa Victoria Ranye, *o nigh anchizone/epizone in
the Puna region, with intermediate values in the weste: > flank of the Santa Victoria
Range.

Graptolites from Northwestern Arcer. - have been studied for more than a
century allowing for regional and inte cor.inental biostratigraphic correlations to be
established (Turner, 1960; Toro 19%. 1997; Brussa et al., 2008; Toro and Vento, 2013;
Toro et al., 2015; Albanesi and Nri~ra, 2016; Toro and Herrera Sanchez, 2019; Herrera
Sanchez et al., 2019) but ha = no. been used as thermal maturity indicators up to now.

This study proviuns for the first time, an early interpretation and discussion
about the thermal poctacpositional evolution for the Central Andean Basin in
Northwestern Argentina (Fig. 1) based on graptolite reflectance, and Rock-Eval
pyrolysis data.

Figure 1. Location map (size: 2-column)

7. GEOLOGICAL FRAMEWORK
The Central Andean Basin (Sempere, 1995) developed in an active margin of

the western Gondwana during the Cambrian-Ordovician. It spreads over Northwestern
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Argentina (NWA) and encompasses parts of Chile, Bolivia, and Peru (Astini, 2003).
NWA includes, from West to East, the geomorphological provinces of Puna, Cordillera
Oriental, Sierras Subandinas, and Sierras de Santa Barbara (Fig. 1a). This study focuses
on the Ordovician strata outcrops in the Puna region and the Ordovician and Early
Silurian deposits exposed in the Cordillera Oriental.

The basement of the studied area is represented by the Vendian-Early
Cambrian Puncoviscana Formation (Turner, 1960), which is composed mainly of a
pelite-greywacke turbidite sequence. It has been affected bv ‘ver ;" low-grade
metamorphism and polyphase deformation during the E i, Cambrian Pampean
Orogeny (Mon and Hongn, 1996; Escayola et al., 201..; Casquet et al., 2018). This unit
is unconformably overlain by Middle-Late Cambrian challow platform quartzites,
sandstones, and red to greenish shales of the I\"2s4n Group. In turn, the above group is
unconformably overlain by the Late Camt rian-Early Ordovician rock succession. This
unconformity is related to the rifting ~hase (“Irtiyica Phase”; Turner and Méndez,
1975), and the eastern movement ¢ “ t'ie Arequipa-Antofalla terrain (AAt) that resulted
in the opening of a VV-shape> maiine basin that widened northward towards Bolivia
(Gohrbandt, 1992; Forsvu .~ ft al., 1993; Bahlburg and Hervé, 1997; Egenhoff, 2007).
Alternatively, this cutacd has been considered as an unconformity resulting from a
relative sea-level fall (Moya, 1998; Buatois et al., 2000; Buatois and Mangano, 2003;
Mangano and Buatois, 2004) or even being a conformable depositional transition (Ruiz
Huidobro, 1975; Fernandez et al., 1982). Recently, Vaucher et al. (2020) recognized an
episode of basin deformation around the Cambrian-Ordovician transition in NWA.
These authors associated this stratigraphic unconformity to the onset of the retro-arc
basin in the Cordillera Oriental, which probably occurred earlier in the

western/southwestern foredeep area near the volcanic arc developed in the Puna region.
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The Late Cambrian-Ordovician sedimentary sequence from the Cordillera
Oriental corresponds to the Santa Victoria Group (Turner, 1964), which includes the
Santa Rosita (Late Cambrian-Tremadocian), and the Acoite (Floian-Early Dapingian)
formations (Astini, 2003; Buatois and Mangano, 2003; Toro et al., 2015; Toro and
Herrera Sanchez, 2019). In the Puna region, the fossiliferous siliciclastic marine
sediments assigned to the Late Cambrian, Tremadocian, and Floian interfingering with
synsedimentary lavas, and subvolcanic intrusives that were grouped into three
complexes based on distinctive facies, namely the Puna Vol~an.c Complex, the Puna
Turbidite Complex, and the Puna Shelf Complex (Zimm.ei,"ann and Bahlburg, 2003;
Zimmermann, 2011). On the other hand, Coira et al (.204) defined the Cochinoca-
Escaya Magmatic-Sedimentary Complex (CEMSC) «. being composed of volcaniclastic
dacites intercalated with medium- to fine-grai”2d sandstones and massive pelites.
CEMSC outcrops in the Cochinoca-E’ cav4, Queta, and Quichagua Ranges, eastern
Puna. It is associated with volcanic w.~eaches, hyaloclastites, cryptodomes, massive
spilitized basaltic levels or padrad “tructures, and micro-gabbros forming layers or
lacolites (Coira, 2008, and r: fereices therein). The best outcrops of this complex are
found in the Mufiayoc sec. o, located in the Quichagua Range, Jujuy Province (Fig. 1b).

The Orduvician succession in NWA was folded by a simple structural style and
was intruded by granite (Mon and Hongn, 1991). The intensity of folding increases
gradually westward, from less deformed sequences such as those of the Cordillera
Oriental to beds affected by intense west-verging folding with east-dipping axial plane
cleavage in the Puna region (Mon and Hongn, 1991). The outcrops of Ordovician beds
depicting tight folds covered unconformably by Silurian and Devonian beds were
included by Mon and Hongn (1991) in the “Ocloyic Belt”, with the age of deformation

attributed traditionally to the “Ocloyic Phase” (Late Ordovician) (Turner and Méndez,
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1975; Turner and Mon, 1979; Mon and Hong, 1991; Mon and Salfity, 1995, between
others). This intra-Ordovician deformation has been documented in several outcrops of
Early Ordovician rocks in the transition between Puna and the Cordillera Oriental as
well as in the Salar del Rincon area, western Puna (Bahlburg, 1990; Bahlburg and
Hervé, 1997; Moya, 1999; Astini, 2003; Hongn and Vaccari, 2008). On the other hand,
Moya (1999, 2003, 2015) discussed the conceptual framework in which the “Ocloyic
Phase” was defined. This author proposed that the Paleozoic deposits were only subject
to block tectonics and later folded together with Cretaceous ~epcsits as a result of the
Andean Orogeny. The lack of evidence of an angular urcu.tormity separating the Late
Ordovician deposits outcropping in the Argentine Coruillera Oriental from the overlying
Early Paleozoic sequences supports the interpretat’orn ~f this author. Besides, K-Ar ages
of fine-grained micas obtained for Ordoviciar ‘ery low-grade metapelites of the
Bolivian Cordillera Oriental do not sk w *ne existence of an orogenic activity during
the Late Ordovician. Therefore, the J~formation was attributed to either a Late
Devonian-Early Carboniferous ave t (Kley and Reinhardt, 1994; Tawackoli et al.,
1996) or to a Late Carbonifc -ous-£arly Permian orogenic episode (Jacobshagen et al.,
2002). Astini (2002) cons,derad that the “Ocloyic Phase” comprises a combination of
eustatic decay due tu the 1apid growth phase of the Gondwanic ice sheet and
subordinate tectonics.

During the Silurian-Devonian times, the different southwestern Gondwana
basins were generally grouped as underfilled shallow marine basins (Starck, 1995 and
references therein). At NWA, and southern Bolivia, approximately 3000 m of
siliciclastic rocks were deposited between the Ludlowian-Frasnian (57 My) (Dalenz-
Farjat et al., 2002). At the beginning of the Carboniferous, another diastrophic event

occurred in NWA. It was probably related to a minor reorganization of the Chilenian
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Terrain edge relative to Gondwana, referred to as the “Chanic Phase” (Starck, 1995).
Ramos et al. (1984) interpreted this phase as a collisional event in plate tectonics terms.
Although this orogeny was not intense in the study area, the diastrophism, and hiatus
represent the onset of a new tectonostratigraphic cycle, and formation of the Tarija
Basin, in the south of Bolivia, and Sierras Subandinas belt at NWA, which is considered
as an intracratonic basin with a low subsidence rate (Starck et al., 2002). It is probable
that a large part of the Cordillera Oriental remained emerged at this time, which would
explain the scarce Siluro-Devonian deposits and also the ere<io, .~ truncation of the
Santa Victoria Group (Starck, 1995). The Carboniferous ucnosits from NWA are
separated from the Devonian succession by a major 'n. nformity related to the “Chanic
Phase” (Starck et al. 1992, 1993 and references there.n), resulting in a hiatus of
approximately 50 My (Starck, 1995).

In the Tarija Basin, the Carbc aifrrous-Jurassic interval is characterized by
various depositional sequences. The hase of the succession overlies a major regional
unconformity that is locally moAdifi 3 by deep erosion. This unconformity is most
pronounced in the southwes:>rn part of the area where the Silurian-Devonian section in
parts of the Cordillera Oricntul is completely eroded (Starck, 1995: fig. 6). A network of
deeply eroded paleo.v~licys is deposited on this regional unconformity, incising different
levels of the Devonian rocks (Starck et al., 1992, 1993). In the Early Jurassic, a new
event resulted in a widespread unconformity and marked a change in regional stress
fields. In NWA, an important change in the style of subsidence occurred with the Late
Jurassic “Araucanian Phase”, which effectively concluded with the development of the
Tarija Basin. The extension dissected the old epeiric basin into a suite of fault-
controlled half-grabens. Here, the Cretaceous-Paleogene Salta Group developed as a rift

basin fill (Starck, 1995, 2011 and references therein).
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2.1 Argentine Cordillera Oriental

The Cordillera Oriental is a high relief “thick-skinned type” thrust system with
dominant east vergence, in which the Acoite Formation consists of thick, upward-
shallowing beds related to a storm-dominated deltaic system (Astini, 2003; Waisfeld
and Astini, 2003). The Los Colorados area is located approximately 23° 33’ S, and 65°
40’ W in the Jujuy Province (Fig. 1b). The stratigraphy appears to be complete, but
most of the described units are separated by stratigraphic discontinuities, such as
relative fall surfaces, subaerial exposure, transgressive episees, ar coplanar surfaces.
However, these surfaces do not always have an obvious ex.ression from a stratigraphic
perspective (Astini et al., 2004). In this area, the Acrne Formation reaches a maximum
thickness of almost 2300 m (Waisfeld et al., 2003- A_*ini et al., 2004; Toro and Herrera
Sanchez, 2019) (Fig. 2). It is composed maini, of greenish-gray shale and fine-
sandstone, alternating with dark-gray, and olack shale, and siltstone deposited in a
middle to distal shelf setting (Waisic'd et al., 2003) during the Early Ordovician
(Tetragraptus phyllograptoides 1. akzharensis, Baltograptus cf. B. deflexus, and
Didymograptellus bifidus bizoncs). The upper part of the unit, in which the
Azygograptus lapworthi £:27one (Middle Ordovician) has been recently recognized in
the western side o u.~ Curdillera Oriental by Toro and Herrera Sanchez (2019), is a
massive, highly bioturbated sandy facies that developed abruptly, overlying an upward-
thickening mesoscale cycle with tidal influence (Astini, 2003; Waisfeld and Astini,
2003). Few meters above these levels, a short interval composed of purplish shales with
heterolytic intervals and pale red sandstone with abundant cross-bedded strata (Astini,
2003) is assigned to the Alto del Cédndor Formation (43 m thick) (Astini et al., 2004)
(Fig. 2). Carlorosi et al. (2013) assigned a short transgressive interval that produces

conodonts from the Baltoniodus triangularis Zone (Early Dapingian, Dpl) to the Lower
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Member of this unit. The overlain Sepulturas Formation (63.5 m thick) (Fig. 2) has a
largely coarsening upward arrangement with a variety of open-marine fauna (Astini,
2003). Above it, a regionally extended pebbly-sandy mudstone (Moya and Monteros,
1999) truncates the earlier stratigraphy. This diamictite is known as the Zapla Formation
(20 m thick) (Fig. 2) and is relatively well accepted to be of glacial origin, constrained
to the uppermost Ordovician, and hence, correlated with the Late Ordovician ice age
(Astini, 1999, 2002). The Ordovician succession appears to be in paraconformity with
the overlain Silurian deposits (Astini et al., 2004). In the Cordinra Oriental, Early
Silurian graptolites (Stimulograptus sedgwickii, Clinocl’in..~ograptus retroversus, and
Paraclimacograptus innotatus) were recovered from t.> overlying strata corresponding
to the Lipeon Formation (100 m thick) (Fig. 2) (Tcro, 1995), which seem to record an
open-shelf environment formed by postglacia. raiisgression (Astini, 2003). Above this
unit, the Silurian-Early Devonian dep sits of the Arroyo Colorado Formation (Grahn
and Gutiérrez, 2001; Aparicio Gonzc'az et al., 2020), reaching 27.5 m in thickness, are
constituted by purple-gray muddy, rJ mottled massive sandstone with good banding
development that reflects ve: iabie intensities of bioturbation rates (Astini et al., 2004)
(Fig. 2). The Paleozoic sey'te.ace underlies, by an angular unconformity, the Cretaceous
deposits of the Pitguc Suugroup (base of the Salta Group), which represents, in general,
~700 m of a continental sedimentation cycle of red-purple clastic facies. The Pirgua Sg.
starts with fluvial facies interdigitating with alluvial-eolian facies in the Tres Cruces
subbasin (Fig. 1b) (Boll and Hernandez, 1986; Marquillas et al., 2005). It represents the
entire syn-rift state of the basin infilling, intimately related to direct faults, restricted to
distensive grabens, and hemigrabens (Starck, 2011). The pre-rift successions were
eroded from the rift margins as a result of rift flank uplift. The post-rift records two

subgroups: the Balbuena Sg., and the Santa Barbara Sg. The Yacoraite Formation
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(Cretaceous-Paleogene; sensu Marquillas et al., 2005) included in the Balbuena Sg.,
mainly consists of 315 m thick of carbonatic rocks exposed in the Espinazo del Diablo
(Tres Cruces Basin) which is related to the second Cretaceous marine ingression (Astini
etal., 2019).
Figure 2. Stratigraphic column from the Los Colorados area (size: 1.5-column)
2.2 Argentine Puna

The Puna morpho-structural province is a plateau with average highs above
3500 m. The Early Paleozoic is represented by sedimentary ~epc<its and associated
volcanism. It is widely accepted that the region compriszs cvo submeridional belts,
corresponding to the western and eastern, which were c~veloped from a Cambrian rift
margin to a Floian back-arc until a Darriwilian turkiu. 2 sequence in a foreland basin
system (Astini, 2003, 2008 and references the. :ir}.

In the Huaytiquina section lc -ate s in the western belt of the Argentine Puna
(Fig. 1b), the oldest deposits (900 m *hick) correspond to the Aguada de la Perdiz
Formation (Puna Volcanic Comnle . <ensu Zimmermann, 2011) which is composed of
volcanic andesitic breaches, ndesitic lava flows, and riolitic-andesitic pyrocalstics
(Monteros et al., 1996) (.2 3a). More recently, Toro and Herrera Sanchez (2019) and
Toro et al. (2020) recngiuzed the presence of the Azygograptus lapworthi (Dpl) and
“Isograptus victoriae” (Dp2) biozones, in the middle part of this section, by the
occurrence of key graptolites, and conodonts in deposits corresponding to the
“Coquena” Formation (Puna Turbidite Complex sensu Zimmermann, 2011) (1450 m
thick) (Fig. 3a). This unit is unconformably overlain by the Balbuena Sg. (Yacoraite
Formation), which, in turn, is unconformably covered by Cenozoic red sandstones with
intercalated shales (Monteros et al., 1996). The paleogeographic analysis of the Salta

Group (Salfity and Marquillas, 1994) shows that during the start of the accumulation in
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the western Puna, a positive structure -Alto de Huaytiquina- was located to the west of
the Sey subbasin. For this reason, the syn-rift deposits of the Pirgua Sg. were not
accumulated. That structure was overflooded in the post-rift stage, allowing the
Balbuena, and Santa Barbara subgroups to accumulate on the Paleozoic basement and
extend towards the Chilenian Terrain (Marquillas and Matthews, 1996). The
stratigraphic framework in the area ends with the Cenozoic volcanic and Quaternary
deposits (Monteros et al., 1996).

In the Mufiayoc section, eastern Puna (Fig. 1b), Torn a4 Herrera Sanchez
(2019) and Lo Valvo et al. (2020: fig. 2) recognized fov. y.aprolite biozones (T.
akzharensis, B. cf. B. deflexus, D. bifidus, and A. lanwc “thi) in deposits corresponding
to the CEMSC (sensu Coira et al., 2004). The stratigi>nhic sequence reaching 153 m
thick overlies the peperites representative o* . » C.rdovician submarine volcanism
(Coira et al., 2004) (Fig. 3b). At the tc 2 o this section, an angular unconformity
separates the CEMSC from deposits ~f the Balbuena Sg. (Starck, 2011: fig. 2).

A high-resolution correlat.nr, of the mentioned localities from the Puna region
with the classical localities T om «he western flank of the Argentine Cordillera Oriental
was recently proposed has>d on graptolite-conodont biostratigraphic analysis (Toro and
Herrera Sanchez, 2029; 11errera Sanchez et al., 2019; Toro et al., 2020).

Figure 3. Stratigraphic sections from the Argentine Puna (size: 1.5-column)

8. SAMPLING AND METHODS
3.1 Samples
A total of 14 samples were collected from Northwestern Argentina, with seven
samples from the Los Colorados area (Fig. 1b), the Cordillera Oriental, corresponding

to the Acoite, and Lipedn formations (Fig. 2). Another seven samples were collected
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from the Huaytiquina and Mufayoc areas (Fig. 1b) in the Puna highland and were
previously assigned to the "Coquena" Formation (Fig. 3a) and the CEMSC (Fig. 3b),
respectively. For identifying the graptolite taxa listed in Figure 4, the reviewed
taxonomy presented in the Treatise of Invertebrate Paleontology (Maletz et al., 2018a-
b) was used. The biostratigraphic discussions are based on the Ordovician graptolite
framework successively proposed by Toro (1994, 1997), Toro and Maletz (2007), Toro
and Vento (2013), Toro et al. (2015), Toro and Herrera Sanchez (2019), and recently
summarized by Herrera Sanchez et al. (2019) and Toro et al (2C?0). The proposal of
Bergstrom et al. (2009) for referring to the graptolite ag:s, “egional correlations, and
global stages was followed.
Figure 4. Table with the provenance and taxonan. ' of the graptolite samples (size:
2-co'uy.n
3.2 Rock-Eval analysis

For the Rock-Eval pyrolysi.'TOC analysis, the Rock-Eval 7S instrument was
used to determine the parameter< si*o'vn in Table 1. The analysis was performed using
the Basic/Bulk-Rock methc: (fui cycle of pyrolysis and oxidation). The standard used
was IFP 160000. Approx.m2iely 60 mg of sample powder were placed inside crucibles.
The samples were py - aiy<ed to measure the contained hydrocarbons as well as CO, and
CO via a flame ionization detector (FID), and IR cells, respectively. The pyrolysis
temperature was initiated at 300 °C isothermal for 3 minutes and increased gradually at
a rate of 25 °C/min until 650 °C. For determining the oxidized mineral carbon, and
residual carbon, the oxidation oven temperature was 300 °C isothermal for 30 s, and
increased gradually by 25 °C/min until 850 °C, and held for 5 min at 850 °C.

3.3 Microscopy
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Samples were prepared under the standard method (ISO 7404-2, 2009). The
graptolite random reflectance (%GRo) was determined under plane-polarized light
using a Zeiss Axio Imager A2m reflected light microscope equipped with a photometer,
following ISO 7404-5 (2009) and ASTM D7708-14 (2014) methods. The equivalent
vitrinite reflectance (%VRo-eq) was calculated from the mean random graptolite
reflectance using the equation established by Petersen et al. (2013) (%VRo-eq=
[GR0*0.73] +0.16). The paleotemperature “Peak Temperature” (Tpeak) was calculated
under “normal” geothermal gradient conditions (Tpeak= [In\/kv eq+1.68]/0.0124), and
hydrothermal conditions (Tpeak-hy= [InVRo-eq+ 1.19]’u.C/82) following Barker and
Pawlewicz (1994), and Hartkopf-Froder et al. (2015). Craptolites were identified by
their granular or non-granular texture (Goodarzi, 195-: Goodarzi and Norford, 1987)
and morphology (Teichmiiller, 1978).

All the measurements of the "*oc'.-Eval analysis, graptolite Ro, vitrinite Ro-eq,
and calculated paleotemperatures arc shown in Tables 1 and 2. The Tpeak values shown
in Table 2 are associated with CAl /= ues taken from the literature (Carlorosi et al.,
2013; Toro et al., 2020).

3.4 Basin Modelino

To test the 1 >suns about the burial and thermal history of the Central Andean
Basin, based on the graptolite reflectance data for Northwestern Argentina, the
PetroMod 1D Express Basin Modeling (from IES GmbH, Schlumberger) was used. For
this modeling, the geodynamical approaches explained in the geological framework of
this work were considered. The PetroMod software runs numerical simulations
involving parameters from each stratigraphic interval such as thickness, lithology, and
age, defined depositional and erosional events, and fixing paleowater depth (PWD),

seawater interface temperature (SWI), and heat flow (HF) values. Variations in sea
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water depth over time could be assumed to be irrelevant because thermal evolution is
mainly affected by sediment thickness rather than the depth of the water; SWI is ~21.44
°C. The HF trend was estimated from the typical values associated with different types
of sedimentary basins summarized by Allen and Allen (2005: fig. 9.39). Besides, the
regional assumptions of Ege et al. (2007), and Moretti et al. (1996) for the Cenozoic
and current values were considered. The specific heat flows used are: Ordovician retro-
arc basin (477 My), 70 mW/m?; collisional event-“Chanic Phase” (359 My), 70 mW/m?;
Cretaceous rift event (130 My), 90 mW/m?; post-rift event (&0 1,'y), 65 mW/m?; Early
Oligocene exhumation (30 My), 55mW/m?; at present-c'ay 0 My), 65 mW/m?. The
thickness of the Pirgua, and Balbuena Sg. (Yacoraite Fcrmation) were taken from the

Tres Cruces section (Rubiolo et al., 2003; Marquil‘as ~t al., 2005).

9. RESULTS AND DISCUSSION
4.1 Rock-Eval pyrolysis, and Tu*al Organic Carbon (TOC)

Rock-Eval/pyrolysis ard " '©C data for the sections are shown in Table 1. TOC
content was very low, rangi," 1 from 0.15 to 0.50 wt% in the suite from the Cordillera
Oriental, and from 0.09 to 1 ©0 wt% in the suite from Puna. The S1 values were less
than 1.0 mg HC/g rock, except for sample LC-10+12 m (1.88). The S2 values were also
very low (<0.36 mg HC/g rock), except for sample LC-10+12 m (1.30). As a result of
the very low S2 values, the Tmax values are unreliable and should be discarded. The
same applies to the calculated parameters, such as HI, Ol, and PI. Rock-Eval pyrolysis
data will not be discussed further. The level of thermal maturity was determined by
measuring the graptolite reflectance, as will be discussed later.

It is interesting to note that the large difference in thermal maturity between

samples retrieved from the LC and MU groups masks their differences in TOC. With an
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average of 0.74 wt% the TOC of the samples from MU is nearly three times larger than
the TOC of samples in the LC group whose TOC is on average 0.28 wt%. This might
reflect a higher amount of deposited organic matter or/and its better preservation in the
depositional setting where samples of MU were deposited compared to samples
collected in LC.
Table 1. Rock-Eval pyrolysis results
4.2 Age and optical characteristics of the graptolites

The graptolite-bearing samples were collected from thice outcropping sections
in which the Tetragraptus akzharensis, Baltograptus cf o Jeniexus, Didymograptellus
bifidus, Azygograptus lapworthi, and “lsograptus virto.iae” biozones were developed
(Figs. 2-3), indicating an Early Floian (FI1) to Ear'y v*apingian (Dp2) age. Besides, the
samples that originated from the Lipedn Forn.: rica were assigned to the Stimulograptus
sedgwickii Biozone, which indicates ¢ * A~ronian (Early Silurian) age (Toro, 1995) (Fig.
2). The recognized graptolite taxa aic listed in Figure 4, which also includes the
provenance of the samples.

The graptolite frag.~ents were identified based on morphological features such
as the tubarium structure \~ir's, 5a-d), common canal, thecae, and thecal branching (Fig.
6¢; Figs. 7e-f). The strucwre corresponds to fine bright and dark lamellar layers on the
fusellar tissue (Figs. 5e-f). The graptolites from the Puna region, which are preserved in
shales (Mufayoc section; sensu Martinez et al., 1999) and calcareous sandstones
(Huaytiquina section; sensu Toro et al., 2020) are non-granular (Figs. 5a-f; Figs. 6a-f;
Fig. 7a). On the other hand, the zooclast fragments from the Los Colorados section,
Cordillera Oriental, were poorly preserved and fragmented, and were encountered

mostly normal to the bedding plane, and had a pitted texture (Figs. 7b-d).
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The lower reflectance and weaker anisotropy of graptolites from the Cordillera
Oriental region (Table 2) indicate their low maturity. On the other hand, the graptolite
fragments from the Mufiayoc, and Huaytiquina sections in Puna are high-reflecting,
pointing to considerably higher maturity.
Table 2. Graptolite, and equivalent vitrinite reflectance, Tpeak

Figures 5, 6, and 7. Graptolites under reflected light (size: 2-column each one)

4.3 Graptolite reflectance and thermal maturity of Paleozoic rocks from
Northwestern Argentina

Graptolite random reflectance measurements fruii. tne Los Colorados section

range from 0.63%-1.11% (Table 2) with correspondiny \/Ro-eq between 0.62% to
0.97% (Table 2), indicating that the organic matter is ~etween the early to the peak
stages of the oil window, corresponding to the “atagenetic stage (sensu Abad, 2007).
The reflectance histograms of the six -amles analyzed from the above section are
displayed in Figure 8 (a-f). The calcu'ated Tpeak values in the range of 97 °C-133 °C
reflect the maximum burial depth € srerienced by the graptolites in this section and
agree with the temperature ¢timated from the 1.5-2 CAI of conodonts from the Lower
Member of the Alto del Cinr'or Formation (Carlorosi et al., 2013), which is
approximately 100 - uiie sample (LC-10+12 m) did not contain any measurable
graptolite fragments. The eastern basin, which coincides with the present-day Cordillera
Oriental, did not experience synsedimentary magmatic activity, so the thermal
parameters measured in this work could indicate the maximum depth of burial. The
three higher Tpeak values (119, 122, and 133 °C) corresponding to the graptolites in
samples LC-17, LC-21, and LC-24+40m could reflect some influence of hydrothermal
activity.

Figure 8. Histograms (size: 2-columns)
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On the other hand, the graptolite random reflectance in the Argentine Puna
region is 6.15% in the Huaytiquina section and varies between 5.57%-6.62% in the
Mufiayoc area (Table 2). The equivalent vitrinite reflectance in the Argentine Puna
ranges from 4.23%-4.99% (Table 2), and Tpeak varies from 252 °C to 265 °C,
indicating post-mature organic matter (dry gas stage) and consistent with an epizone
metapellitic zone (sensu Abad, 2007). Furthermore, graptolite fragments having
considerably higher reflectance, from 8.8-10.1%, were measured (Table 2),
corresponding to VRo-eq of 6.5-7.5%, and temperatures abre 210 °C. These
graptolites exhibited strain anisotropy, although the fuseiia layer structure was still
visible when the analyzer was inserted (Fig. 5f). These *ery high %Ro values of
graptolites affected by tectonic activity were not usceu *0 model the level of thermal
maturity in the Puna region.

The common occurrence of ¥ 2ol iite in the slates of the Cochinoca-Escaya
Range in the Puna region, coupled w ‘th the substitution of chlorite by interstratified
lower-temperature phases in mest ¢ f “hese rocks, and the occurrence of jarosite in a
metadacite indicate the pres:nce uf hydrothermal fluids with high H*/cation ratios.
These fluids can produce .~ir.-type alteration at temperatures between 100 'C and ~300
°C (Do Campo et ai., 2u1/). Besides, the Ordovician rocks in this study are related to
mineralized quartz veins, gold-bearing “saddle reefs” with As, Fe, Cu, Pb, Zn, Sb
sulfides, and sulfosalts of silver in the Cochinoca-Escaya, and Rinconada ranges (Craig
et al., 1995; Coira et al., 2001). Likewise, Coira et al. (2004) recognized concentrations
of pyrite crystals with the development of pressure forms filled with neoformed
phyllosilicates, probably the product of hydrothermal alteration, in the pelitic facies of

the CEMSC.
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For these reasons, the data presented in this work provides an estimate of the
temperature of the hydrothermal fluids, which ranges from 336 °C to 358 °C in the Puna
region (Table 2). Such values are close to the maximum temperatures estimated by Do
Campo et al. (2017), which explains the highest measured random reflectance values
measured on three graptolite tubaria collected at the Puna region (%GR0~10-11%). The
above temperatures are so high that they are beyond dry gas (methane) generation or
retention. The strain anisotropy exhibited by the graptolites in this region (Figs. 5e-f) is
characteristic of organic matter found in orogenic belts that have experienced tectonic
deformation such as thrusting and folding (Goodarzi an7 i~~riord, 1985). The “Ocloyic
Phase” and Central Andes uplift had a considerable imy 2ct on the very high reflectance
and strain anisotropy attained by the graptolites co'lecraed from the Argentine Puna.
Besides, in the present-day Puna region, the achovits assigned to Tremadocian-
Dapingian ages contain abundant inte: ~al7.ed volcaniclastics rocks (Bahlburg, 1990;
Zimmermann and Balhburg, 2003; 2'mmermann, 2011), which points to intense
magmatic activity during depositio.» fMon and Salfity, 1995). The very high thermal
maturity of the graptolites ii> the >una region could be explained by combined effect of
higher geothermal gradiei.:< 7ssociated with the synsedimentary volcanism,
hydrothermal fluius, ~s well as tectonism, i.e., during the Ocloyic Orogeny, and Central
Andes uplift.

The 1.5-2 CAI value of conodonts from the Huaytiquina section (Toro et al.,
2020), which correspond to ~100 °C of the Epstein et al. (1977) table, does not coincide
with the paleotemperature obtained from the reflectance measurements (i.e., sample
RH-A, Table 2) that indicate temperatures greater than 300 °C. This is most likely due
to the thermal effect of hydrothermal fluids on the graptolite organic matter, which is

more sensitive to temperatures than fluorapatite, especially in overmatured sediments
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(Goodarzi and Norford, 1985). The temperatures of 300 °C are in agreement with those
estimated by the CAl values of 4-5 of the conodonts in the Salar del Rincén area in
southern Puna (Do Campo et al., 2017). However, the correlation between graptolite
reflectance and CAl values greater than 4-5 is not clear (Goodarzi and Norford, 1985;
Goodarzi et al., 1992; Luo et al., 2020) and should be treated with caution.

As a consequence of the hydrothermal effect associated with volcanism
(Astini, 2003; Zimmermann and Bahlburg, 2003; Coira et al., 2004; Zimmermann,
2011; Do Campo et al., 2017 and references therein), the gr=nto.te reflectance, and
accordingly the equivalent vitrinite reflectance do not iruic~te the maximum depth of
burial of the “Coquena” Formation, and CEMSC strata ‘n the Argentine Puna region
north of 24° S latitude.

4.4 Thermal maturity modeling: prelirn, ary comments

Several thermal models were aried out with PetroMod to test the thermal
conditions for the Central Andean b.<in only at the Los Colorados section, Cordillera
Oriental, because other studied sec.in.1s from the Puna region are probably altered by
hydrothermal fluids and volzanic intrusives. The thermal evolution of the basin was
reconstructed under five u.¥ferent conditions (Fig. 9): a) considering a complete
Cretaceous and Cenc~oiw succession overlying the Paleozoic sequence taken as
reference the thickness of the Tres Cruces section (>3500 m); b) considering that during
358-130 My, after the “Chanic Phase”, a thickness of ~3000 m were deposited in Los
Colorados area as occurred in the Sierras Subandinas belt (sensu Starck, 1995); ¢)
considering that is probably that the Argentine Cordillera Oriental was emerged
between 358-130 My, and ~900 m were eroded after the “Chanic Phase”; d) considering
that ~265 m were eroded since 38 My until now as a product of the Central Andes

uplift; ) considering ¢, and d in the same input data.
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As shown in Figure 9a, vitrinite reflectance at the middle part of the Acoite
Formation (at ~8500 m depth) considering a complete Cretaceous and Cenozoic
succession overlying the Paleozoic sequence is about 4.55%. This high trending in VRo
also occurs when a thickness of ~3000 m deposited between 358-130 My was
considered. In this case, vitrinite reflectance measurement is 4.55% at ~7500 m depth
(Fig. 9b). In both models, reflectance values exceed the obtained VRo-eq in this work
(Table 2). On the other hand, in the alternative where ~900 m were eroded between 358-
130 My, vitrinite reflectance is 1.10% at ~2200 m depth (Fir Y.} Meanwhile, when a
thickness of ~265 m was eroded during the Central Anczs couift in the latest 38 My,
VRo at the middle part of the Acoite Formation is ahowu* 1.40% at ~2200 m depth (Fig.
9d). The latest alternative is considering options ¢ an d in the same input data. In this
case, vitrinite reflectance is 0.97% at ~220C n. de,sth (Fig. 9¢). This approach
considering erosion episodes at the Lz e Paleozoic and Early Cenozoic seems to fit with
the geothermal parameters (VRo-eq, measured in this work (Table 2), which ranges
between 0.80%-1.00% at the middi~ vart of the Acoite Formation, and could explain the
evolution of the Los Coloracns section. This model agrees with the hypothesis that part
of the Argentine Cordilleic Criental remains emerged between the Late Devonian and
Early Cretaceous, w: i1 explain the scarce Siluro-Devonian strata (Starck, 1995). The
deposits eroded at this time (~900 m) would probably be part of the Cinco Picachos
Supersequence (Zapla, Lipedn, Bariti=Arroyo Colorado, and Porongal formations) that
reaches more than 2000 m thick in the Cinco Picachos Range along the boundary
between the Cordillera Oriental, and Sierras Subandinas belt (sensu Starck, 1995). On
the other hand, also it is probably that the Los Colorados area was an emerged zone
since 38 My when the Cordillera Oriental started to uplift as a consequence of the

development of the Central Andes (sensu Coutand et al., 2001), producing the erosion
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of ~265 m of the Yacoraite Formation until now. However, more studies about
geothermal parameters and stratigraphy for Northwestern Argentina are necessary to
corroborate these preliminary models, and propose new approaches for the Puna region.

Figure 9. Thermal maturity modeling (size: 2-column)

10.  CONCLUSIONS

Graptolite reflectance can be used to determine the level of maturity of organic
matter, but other factors such as hydrothermal fluid activity maymatism, and tectonism
can alter the results and the interpretations.

The VRo-eq values calculated from the mean ,andom reflectance of the
graptolites from the Los Colorados section, Cordil’er.. Oriental, range from 0.62%-
0.97% with corresponding Tpeaks of 97°C ~n’ 123°C. These values place the organic
matter in the oil window (early to mic tle *,art) and reflect the shallow burial depth of
the graptolite-bearing interval in this area of the Central Andean Basin.

The high graptolite reflact »n e values from the Puna region between 5.57%-
6.62% and corresponding V!20-ey between 4.23%-4.99% place the organic matter in the
post-mature stage (even be:0ad dry methane gas generation/presentation). Such a high
maturity could be the result of the combined effects of hydrothermal fluids, higher
geothermal gradient associated with volcaniclastics, and deformation from tectonics
events. The latter resulted in the high strain anisotropy of the graptolites.

The results presented in this work are in agreement with the trend proposed by
Do Campo et al. (2017), which reflects higher temperatures (high anchizone/epizone) in
the Puna region than those obtained for the Cordillera Oriental (catagenesis/low
anchizone). It is also coincident with the proposed location of the Ocloyic deformation

belt.
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Modeling considering erosion episodes at Late Paleozoic and Early Cenozoic
seems to fit with the geothermal parameters (VRo-eq) measured in this work, which
ranges between 0.80%-1.00% at the middle part of the Acoite Formation, and could
explain the evolution of the Los Colorados section. However, more studies about
geothermal parameters and stratigraphy are necessary to corroborate these preliminary

models, and propose new approaches for the Puna region.
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FIGURE CAPTIONS
Figure 1. a) Location map of the geomorphological provinces comprised in the Central
Andean Basin. b) Geological map of the studied area showing sampling localities with

conodont and graptolite biostratigraphic control (Modified from Gonzélez et al., 2003).
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Figure 2. Stratigraphic section from the Los Colorados area, Cordillera Oriental
(Modified from Astini et al., 2004) showing the position of the samples. GB: Graptolite
biozone.

Figure 3. Stratigraphic sections from the Argentine Puna showing the position of the
samples. a) Huaytiquina area, western Puna (Modified from Monteros et al., 1996). b)
Mufayoc area, eastern Puna (Modified from Martinez et al., 1999). GB: Graptolite
biozone.

Figure 4. Summary table with the provenance and taxonom’ o\ *he graptolite samples.
Figure 5. Photomicrographs of polished fragments of grapnnte from the Puna region
(Munayoc section) under reflected plane-polarized lini.: (a) MU-12; (b) MU-12; (c)
MU 9+1 m; (d) MU-11; (e) MU-11; (f) M//U-15. The scale bar is 10 micrometers.
Figure 6. Photomicrographs of polished fragi.-=nts of graptolite from the Puna region
(Munayoc section) under reflected ple e-rolarized light. (a) MU-11; (b) MU-11; (c)
MU 9+1 m; (d) MU-6; () MU-15; 2 MU-15. The scale bar is 10 micrometers.
Figure 7. Photomicrographs of nol st.ed fragments of graptolite from the Puna
(Huaytiquina section) and C-rdinera Oriental (Los Colorados section) regions under
reflected plane-polarized \.2b.. (a) RH-A; (b) LC-17; (c) LC-17; (d) LC-24+40m; (e)
LC-14; (f) LC-17. 1.2 scale bar is 10 micrometers.

Figure 8. Histograms of the %GRo measurements of the six samples from the Los
Colorados section. (a) Sample LC-12; (b) Sample LC-14; (c) Sample LC-17; (d)
Sample LC-21; (e) Sample LC-24+40m; (f) Sample LC-FL.

Figure 9. Thermal maturity modeling of vitrinite reflectance for the Los Colorados
section, Cordillera Oriental Argentina using PetroMod 1D Express software. Red stars
represent the middle part of the Acoite Formation where the LC-17, LC-21, and LC-

24+40m graptolite samples come from.
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Table 1. Rock-Eval pyrolysis results

SAMPLES | TOC (%) | Tmax (°C) s1 S2 HI [ PI [ Ol
CORDILLERA ORIENTAL
LC-FL 0.22 287 0.66 0.36 161 [ 0.65 | 88
LC-10+12m | 0.50 291 1.88 1.30 258 | 0.59 | 63
LC-12 0.23 410 0.51 0.15 65 | 0.77 | 150
LC-14 0.40 294 0.99 0.73 185 | 0.57 | 119
LC-17 0.25 414 0.36 C.1s 43 | 0.77 | 160
LC-21 0.15 333 0.12 0.13 17 | 0.82 | 187
LC-24+40m | 0.23 352 0.43 0.08 33 | 0.85 | 155
PUNA
MU-6 0.68 290 L.2? 0.04 6 [ 08531
MU-9+1m 0.90 338 | 011 0.03 3 |0.80 |57
MU-11 0.81 2833 0.57 0.17 20 | 0.77 | 21
MU-12 0.63 260 0.43 0.05 8 | 090 | 49
MU-14 0.72 290 0.96 0.29 40 | 077 | 16
MU-15 0.67 148 0.31 0.04 6 | 0.89 | 26
RH-A £ 0% 394 0.14 0.02 26 | 0.86 | 500

S1=mg HC/g rock; 2= mg HC/g rock; HI= S2/TOC*100; Ol= S3/TOC*100;

Pl= S1/(S1+52)
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Table 2. Graptolite and equivalent vitrinite reflectance, Tpeak and Tpeak-hy

SAMPLES | GRo (%) | Ani GRo (%)* | VRo-eq (%) | Tpeak (°C) | Tpeak-hy (°C)
CORDILLERA ORIENTAL
LC-FL 0.78 - 0.73 110 -
LC-10+12m - - - - -
LC-12 0.70 - 0.67 103 -
LC-14 0.63 - 0.62 97 -
LC-17 1.11 - 0.97 133 -
LC-21 0.94 - 0.84 122 -
LC-24+40m 0.90 - 0.81 119 -
PUNA
MU-6 5.90 10.12 4.47 | 256 344
MU-9+1m 6.00 8.78 4.54 | 257 346
MU-11 5.57 8.80 423 | 252 336
MU-12 6.10 9.44 461 259 348
MU-14 6.62 10.06 4.29 265 358
MU-15 5.57 9.58 49, 252 337
RH-A 6.15 ND 4.6 259 349

ND= Not Determined
Ani GRo= Graptolite reflectance in samples vsn- strong anisotropy
*These values were not used for VRo-eq de:ei.»i:ation and modelling purposes
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