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ARTICLE INFO ABSTRACT
Keywords: The 50 m-thick Berriasian organic-rich interval (BORI) of the Vaca Muerta Formation (Neuquén Basin,
Mineralogy Argentina) represents one of the most attractive stratigraphic intervals for unconventional hydrocarbon explo-
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ration in the unit. Nevertheless, little is known about the environmental conditions prevailing during the
accumulation of the sediments. To unravel the causes that favored the preservation of the organic matter (OM) in
the BORI, a detailed multiproxy sedimentological approach was conducted. The study included the analyses of
microfacies, palynological content, calpionellid-calcisphere dinocysts, mineralogy, spectral gamma-ray, inor-
ganic geochemistry, Rock-Eval pyrolysis and stable carbon isotopes of whole rock carbonate (Slgccarb), and
associated OM (513C0,g). The BORI presents a late Early to early Late Berriasian age and is subdivided into a
lower and upper interval. The lower interval (25.6 m-thick) is primarily formed by radiolaritic wackestones and
presents higher total organic carbon (TOC) content (4.2 wt% on average), mainly in the form of amorphous OM
(AOM), with variable contribution of phytoclasts. The geochemical analyses (Si, Ni, Cu, Mo, U, V) indicate high
productivity of the water column and overall sea bottom anoxia. Oppositely, the upper interval (24.4 m-thick) is
mostly constituted by peloidal packstones/grainstones and presents a lower TOC content (1.5 wt% on average)
mainly constituted by phytoclasts, with variable contribution of AOM. A decrease of the productivity and an
increase of sea bottom oxygenation is recorded based on the geochemical analyses. The high OM content of the
BORI responds to the combination of high productivity of the water column and sea bottom anoxia in response to
the Berriasian transgression and a worldwide paleoclimatic change towards more humid conditions. The results
of our study position the BORI as an attractive interval for unconventional hydrocarbon production due to its
high TOC, low bulk clay mineral and high biogenic quartz content, granting an adequate geomechanical

behavior.
1. Introduction worldwide attention during the last decade since it is regarded as the
first economical unconventional hydrocarbon play outside the United
The Vaca Muerta Formation (VMFm) is an organic and carbonate- States (Minisini et al., 2020a). The key factors explaining the success of
rich marine shale unit deposited during the Late Jurassic-Early Creta- the VMFm as an unconventional hydrocarbon play are the high total
ceous in the Neuquén Basin, western Argentina. The VMFm has received organic carbon (TOC) content (up to 12 wt%), the wide geographical
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distribution (about 30,000 krnz), the great thickness (up to 700 m), the
broad range of maturity (vitrinite R, 0.8-3%) of the organic matter
(OM), and a clay mineral content lower than 40 wt% that grants
adequate brittleness to conduct appropriate hydraulic fracturing
(Leanza and Hugo, 1977; Askenazi et al., 2013; Stinco and Barredo,
2014; Legarreta and Villar, 2015; Kietzmann et al., 2016; Minisini et al.,
2020a; Brisson et al., 2020; Capelli et al., 2020; Veiga et al., 2020). The
abundant and excellent surface exposures of the unit favored detailed
sedimentological and stratigraphic observations for understanding the
genesis and distribution of the VMFm basinwide (Weaver, 1931; Leanza
and Hugo, 1977; Mitchum and Uliana, 1985; Legarreta and Gulisano,
1989; Scasso et al., 2002, 2005; Spalletti et al., 2014, 2015; Kietzmann
et al., 2014, 2016, 2020, 2021a, 2023; Paz et al., 2022).

Despite the great thickness of the VMFm, only specific stratigraphic
intervals are the main targets for the unconventional hydrocarbon
production of the unit (e.g., Spalletti et al., 2014, 2015; Desjardins et al.,
2016; Dominguez et al., 2016, 2020; Lanusse Noguera et al., 2017; de
Barrio et al., 2018). These intervals are characterized by high TOC
content (2-12 wt%), total porosity (~13%) and hydrocarbon saturation
(~0.4-0.8), and their stratigraphic distribution is the result of paleo-
environmental conditions mostly driven by a combination of eustatism
and tectonism (Kietzmann et al., 2014, 2016; Spalletti et al., 2015;
Dominguez et al., 2016, 2020; Veiga et al., 2018, 2020). One of those
organic-rich intervals in the VMFm is a ~50 m-thick marly succession of
Late Berriasian age, referred in the oil-industry as “segunda cocina”
(second kitchen) (Desjardins et al., 2016; Dominguez et al., 2016, 2020).
This interval is an attractive target in the NW part of the basin, where the
combination of a high TOC content and proper petrophysical and geo-
mechanical features may enable unconventional hydrocarbon produc-
tion (Fantin et al., 2014; Crousse et al., 2015; Lanusse Noguera et al.,
2017; de Barrio et al., 2018). Despite the huge economic importance of
this interval, the paleoenvironmental conditions that favored the accu-
mulation and preservation of the OM in this specific interval have not
been previously studied.

It is generally assumed that the OM of the VMFm is composed mostly
by unstructured material formed through the transformation of algae
(Brisson et al., 2020). The OM was accumulated in a low-energy, distal
setting within a low gradient carbonate ramp, characterized by high
productivity of the water column and overall oxygen-depleted sea bot-
tom conditions which favored the preservation of the OM (Scasso et al.,
2005; Kietzmann et al., 2014; Spalletti et al., 2014; Krim et al., 2017,
2019; Capelli et al., 2018, 2020; Rodriguez Blanco et al., 2018; Brisson
et al., 2020; Minisini et al., 2020b). In addition to the poorly oxygenated
sea bottom, the relatively high sedimentation rate associated with
muddy hyperpycnal flows may have also contributed to a quick over-
burden, thus favoring the preservation of the OM (Otharan et al., 2020;
Minisini et al., 2020b).

Previous mineralogical and geochemical studies have shown that the
composition of the marls and limestones of the VMFm responds to
multiple and independent variables, including the provenance of the
sediment (Scasso et al., 2002; Spalletti et al., 2014, 2015; Krim et al.,
2017, 2019; Milliken et al., 2019; Rodriguez Blanco et al., 2020; Capelli,
2021; Otharan et al., 2022), the productivity of the water column
(Milliken et al., 2019; Capelli et al., 2020; Otharan et al., 2022;
Musacchio et al., 2022), the sea level changes (Kietzmann et al., 2014,
2016; Zeller et al., 2015), the paleoclimate in the hinterlands (Krim
et al.,, 2017, 2019; Capelli et al., 2020; Paz et al., 2022), and the
diagenetic grade reached by the unit in each studied section (Scasso
et al., 2002, 2005; Catalano et al., 2018; Milliken et al., 2019; Capelli
et al., 2020, 2021). Considering the complexity of the sedimentary
environment, the reconstruction of the environmental conditions of
accumulation and preservation of the OM for VMFm is a challenging
aim, only attainable by working with detailed multiproxy analyses.

Paleoenvironmental reconstructions in the VMFm were conducted
on the basis of inorganic geochemical studies (e.g., Scasso et al., 2002,
2005; Spalletti et al., 2014, 2015, 2019; Rodriguez Blanco et al., 2018;
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Gomez Dacal et al., 2018) and detailed sedimentological analyses which
often included the study of trace fossils (e.g., Spalletti et al., 2000; Scasso
et al., 2002, 2005; Kietzmann et al., 2014, 2016; Otharan et al., 2020;
2022; Paz et al., 2021, 2022, 2023). These studies consisted either in
broad paleoenvironmental reconstructions of the entire VMFm (Krim
et al., 2017, 2019; Capelli et al., 2018, 2020; Spalletti et al., 2019) or in
detailed paleoenvironmental analysis of specific Tithonian intervals
(Scasso et al., 2002, 2005; Spalletti et al., 2014, 2015; Ravier et al.,
2020; Paz et al., 2021), but none of them were focused in the study of the
environmental conditions that favored the accumulation and preserva-
tion of the OM in the Berriasian Organic-Rich Interval (BORI) of the
VMFm. Furthermore, no previous studies combining the petrography,
palynology, mineralogy, biostratigraphy and geochemistry of both bulk
rock and OM were conducted in the VMFm.

This paper examines in detail for the first time the petrography,
mineralogy, and inorganic geochemistry of the BORI of the VMFm in
Puerta Curaco section (northern Neuquén Province, Argentina)
including biostratigraphic (calpionellids and calcisphere dinocysts) and
palynofacies analysis together with the determination of the amount,
type, maturation and carbon stable isotope composition of OM. This
detailed multiproxy sedimentological approach was done with a three-
fold objective: 1) characterize the mineralogy and geochemistry of the
BORI and their changes throughout the interval, 2) reconstruct the
paleoenvironmental conditions during the accumulation of the organic-
rich deposits, and 3) discuss how the mineralogical and geochemical
trends may affect the reservoir quality. The results are useful for com-
parison with subsurface successions of hydrocarbon-bearing blocks,
where the BORI of the VMFm is considered as a potential stratigraphic
interval for unconventional hydrocarbon production.

2. Geological setting and tectonic evolution of the Neuquén
Basin

The Neuquén Basin is a prolific hydrocarbon basin located in the
western part of Argentina (Uliana and Legarreta, 1993; Vergani et al.,
1995; Legarreta and Villar, 2015; Veiga et al., 2020). The basin was
originated in response to a rift process that occurred in the western
margin of Gondwana between the Late Triassic and the Early Jurassic.
The extensional regime generated a series of isolated depocenters which
were filled by siliciclastic and volcaniclastic continental deposits
(Gulisano, 1981; Vergani et al., 1995). From the Early Jurassic to the
Late Cretaceous, the basin underwent a post-rift stage and strong ther-
mal subsidence. Multiple paleo-Pacific marine transgressions occurred,
filling the basin with a varied marine and continental succession
(Mitchum and Uliana, 1985; Legarreta and Gulisano, 1989), and a
volcanic-arc complex developed along the western margin of the basin
in response to the proto-Pacific plate subduction (Legarreta and Uliana,
1991). In this framework, the organic-rich deposits of the VMFm were
accumulated during the Tithonian transgression (Mitchum and Uliana,
1985; Legarreta and Gulisano, 1989; Spalletti et al., 2000; Scasso et al.,
2002; Kietzmann et al., 2014). Later, during the Late Cretaceous to
Cenozoic, the compressive regime of the Andean Orogeny resulted in a
fold and thrust belt with an associated foreland basin to the east. The
Neuquén Basin was fully disconnected from the paleo-Pacific Ocean and
sedimentation was mostly constituted by terrestrial deposits (Legarreta
and Gulisano, 1989; Ramos, 1999; Howell et al., 2005).

2.1. Sequence stratigraphy of the Vaca Muerta Formation: origin of the
Berriasian organic-rich interval

Several sequence-stratigraphic schemes mostly based on the recog-
nition of flooding surfaces and stacking patterns were proposed for the
Late Jurassic-Early Cretaceous VMFm (Spalletti et al., 2000; Kietzmann
etal., 2014, 2016; Zeller et al., 2015; Desjardins et al., 2016; Dominguez
et al., 2020). Some of them were achieved by combining subsurface
seismic stratigraphy with outcrop sedimentary facies analyses (Mitchum
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and Uliana, 1985; Legarreta and Gulisano, 1989; Kietzmann et al., 2014,
2016; Zeller et al., 2015; Legarreta and Villar, 2015; Desjardins et al.,
2016; Dominguez et al., 2020; Reijenstein et al., 2020). The Lower
Tithonian and the Upper Berriasian highstands produced two key
organic-rich stratigraphic intervals, formed in response to paleo-Pacific
marine transgressions (Spalletti et al., 2014, 2015; Kietzmann et al.,

2014, 2021a; Desjardins et al., 2016; Dominguez et al., 2016, 2020).

The Lower Tithonian interval directly overlies the continental Tor-
dillo Fm (Leanza and Hugo, 1977; Mitchum and Uliana, 1985; Legarreta
and Gulisano, 1989) and presents a wide distribution throughout the
basin (Dominguez et al., 2016, 2020, Fig. 1A). It is the result of a large
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Berriasian transgression is restricted to the central part of the basin,
since the accumulation of the BORI deposits were constrained by the
Chihuidos Proto-high (also known as Cerro Arena paleo-high) (Domi-
nguez et al., 2016, 2020; Micucci et al., 2018, Fig. 1A). This interval,
known as “segunda cocina” (second kitchen) in the sequence strati-
graphic framework of the VMFm (Dominguez et al., 2020), have

demonstrated interesting petrophysical and geomechanical features in

marine transgression that deposited up to 60 m of organic-rich mud-

stones considered as the main organic-rich stratigraphic interval for

hydrocarbon production in the VMFm due to its high TOC content (2-12

wt%) and porosity (e.g., Spalletti et al., 2014, 2015; Fantin et al., 2014;
Desjardins et al., 2016; Dominguez et al., 2016, 2020; Lanusse Noguera
et al., 2017). This stratigraphic interval is informally referred as “cocina”
(kitchen) in the sequence stratigraphic framework of the VMFm (Des-

jardins et al., 2016; Dominguez et al., 2020; Minisi

Conversely, the distribution of the organic-rich deposits of the

ni et al., 2020b).
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the Narambuena (Lanusse Noguera et al., 2017), El Trapial (Fantin et al.,
2014; Crousse et al., 2015) and Chihuido de la Sierra Negra (Ponce et al.,
2022) blocks, located approximately 70 km to the east of Puerta Curaco
section (Fig. 1A).

2.2. The Vaca Muerta Formation in Puerta Curaco section

The Puerta Curaco section is located 30 km to the east of Chos Malal
Town, in the north part of the Neuquén Province (Fig. 1A). There, the
VMFm is formed by a 407 m-thick rhythmic succession of marls and
limestones, with commonly interbedded microbial bindstones, calcite

concretions, ash beds, and calcite beef-veins (Kietzmann et al., 2016,

2018a; Capelli et al., 2018, 2021; Rodriguez Blanco et al., 2018, 2022b;
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Fig. 1. A) Sketch map of the Neuquén Basin showing the location of the Puerta Curaco section, the orogenic front, and the two main structures of the basin: the
Huincul Ridge (HR) and the Chihuidos Proto-High (CH). The yellow dashed line outlines the geographic distribution of the Lower Tithonian organic-rich deposits
(thickness >10 m) and the red dashed line the distribution of the Berriasian organic-rich deposits (thickness >10 m) of the VMFm (modified from Dominguez et al.,
2020). 1, 2 and 3 refer to El Trapial, Narambuena and Chihuido de la Sierra Negra oil blocks. B) Simplified litholog, ammonite zones, stratigraphic markers (T1, T3,
T5, B4), and sequence stratigraphy scheme of the VMFm in Puerta Curaco section. The studied interval is marked in yellow and is included in the Composite Sequence
4, characterized by high Total Gamma-Ray and U values. Litholog, Total Gamma Ray, U and Th from Capelli et al. (2018). 1-3) Virgatosphintes andesensis, Pseu-
dolissoceras zitteli, Aulacosphintes proximus ammonite Zones; W.i.) Windhauseniceras internispinosum ammonite Zone; C.a.) Corongoceras alternans ammonite Zone; S.k.)
Substeueroceras koeneni ammonite Zone; A.n.) Argentiniceras noduliferum ammonite Zone; S.d.) Spiticeras damesi ammonite Zone; CS) Composite sequences (see
Kietzmann et al., 2016). Stratigraphic markers (T1, T3, T5, B4) from Desjardins et al. (2016).
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Weger et al., 2019, Fig. 1B) with an age spanning from the Early
Tithonian to the Late Berriasian/Early Valanginian (Leanza and Hugo,
1977; Kietzmann et al., 2018a). The VMFm overlies the Tordillo Fm and
is transitionally covered by the Quintuco Fm. Paleoenvironmental re-
constructions indicate that VMFm sedimentation occurred in an outer
carbonate ramp environment characterized by overall sea bottom
anoxia and high sea water productivity (DOdorico, 2009; Legarreta,
2009; Kietzmann et al., 2016; Capelli et al., 2018). Spectral Gamma Ray
measurements show six intervals with high Total Gamma Ray values, all
of them associated to high values of uranium and TOC (Weger et al.,
2019; Weger and Eberli, 2017; Capelli et al., 2018; Tenaglia et al., 2020,
Fig. 1B).

3. Materials and methods
3.1. Litholog and sampling

A 50 m-thick, bed-to-bed litholog was done in the BORI of the VMFm
in Puerta Curaco section (Fig. 1A). The base of the studied interval is at
254.2 m from the base of the VMFm and its age spans from the late Early
Berriasian to the early Late Berriasian (upper part of A. noduliferum to
lower part of S. damesi ammonite zones; Kietzmann et al., 2018a). It
corresponds to the transgressive systems tract of the Composite
Sequence 4 in Kietzmann et al. (2016), to the interval B4-V1 in Des-
jardins et al. (2016), to the “Seccion Enriquecida Superior” in de Barrio
et al. (2018) and to the OVMS8 in Dominguez et al. (2020).

Thickness was measured using a Jacob’s staff and ninety-seven
samples of mudstone, marl, calcareous marl, and limestone were
collected every 0.5 m to perform petrographic, mineralogical and
geochemical analyses. Field test with a few drops of HCl 10% v/v
showed no to very subtle reaction on mudstones, whereas marls/
calcareous marls and limestones had a strong reaction. X-ray diffraction
semiquantitative analyses indicated calcite content of less than 10 wt%
in mudstones, between 10 and 50 wt% in marls, between 50 and 65 wt%
in calcareous marls, and >65 wt% in limestones. In this contribution,
only mudstones, marls and calcareous marls are analyzed.

3.2. Microfacies and calcareous microfossils

Microfacies were determined under a conventional petrographic
microscope in thin sections stained with alizarin red and potassium
ferricyanide to distinguish calcite from dolomite (Evamy, 1963; Dick-
son, 1965). Sixteen thin sections in the BORI (253-305 m) and five
below the BORI (230-253 m) were studied for biostratigraphic pur-
poses. Calcareous microfossils (calpionellids and calcareous dinoflagel-
late cysts) were searched using a petrographic microscope Leica DM 750
with attached digital camera. Taxonomic determinations were sup-
ported by the Leica Application Suite software for micrometric mea-
surements. Biozonation follow criteria used by Kietzmann et al. (2021a,
2023) in the VMFm. Samples are stored in the Institute of Basic, Applied
and Environmental Geosciences of Buenos Aires (IGeBA), Argentina
under the catalogue numbers: 26.3.16_110, 26.3.16_112, 26.3.16_118,
26.3.16_120, 26.3.16_121, PS 540, 26.3.16_123, PS_546, 26.3.16_127,
PS_558, PS_ 563, PS_570, 27.3.16_134, PS_579.5, PS_580, PS_585,
PS_585.5, PS_592, 27.3.16_139, PS_599, 27.3.16_141.

3.3. Bulk and clay mineralogy

The bulk mineralogy of fifty-two samples of mudstones, marls and
calcareous marls was determined by X-ray diffraction (XRD) using a
Thermo Scientific ARL X-TRA Diffractometer with a CuKa (1.540562 A)
at the Institute of Earth Sciences of the University of Lausanne using a
voltage of 45 kV, a tube current of 40 mA, a count time of 1 s/step and a
step size of 0.02° 26. The bulk mineralogy was analyzed in the range
from 1 to 65° 20 and quantified following the Rietveld Refinement
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Method (Rietveld, 1969), using the BGMN database and the Profex 4.0.2
software (Doebelin and Kleeberg, 2015). The estimated standard de-
viations vary between 0.1 and 1.4 wt% whereas the Goodness of fit of
the refinement between 1.1 and 1.6. To determine the relative brittle-
ness of the BORI, a mineralogical brittleness index was calculated
following the equation proposed by Jarvie et al. (2007):

Brittle Index = Quartz (%) / [Quartz (%) + Carbonate (%) + Clay minerals (%)]

The clay mineralogy of forty-four samples of mudstones, marls and
calcareous marls was determined in the <2 pm and 2-16 pm size frac-
tion in oriented aggregates of decarbonated samples (Kiibler, 1987;
Adatte et al., 1996). Preparations were made on glass slides and
analyzed in a range from 1 to 30° 20. Two measurements were per-
formed: air-dried (AD) and ethylene glycol solvated (EG) and the iden-
tification of the clay minerals was done based on the position of the basal
reflections (Moore and Reynolds, 1997). In order to discriminate be-
tween kaolinite and chlorite, samples characterized by a basal reflection
at 12.4-12.5° 26 were heated (550 °C during 2 h; Moore and Reynolds,
1997). The relative intensity (% in cps) of the main peak of each clay
mineral was determined in the EG sample and used to estimate vertical
variations of the clay mineralogy (Adatte et al., 1996). In this method,
clay minerals are given in relative percent abundance (%) and without
correction factors (Adatte et al., 1996). The Reichweite (ordering type)
of the mixed-layer illite/smectite was calculated after measuring the
A20 in the EG samples (Moore and Reynolds, 1997).

3.4. Spectral gamma-ray

Ninety individual measurements were done every ~0.5 m using a RS
230 GammaRay Spectrometer. Individual measurements lasted 120 s
and results included Total Gamma-Ray (TGR, nSv/h), K (%), Th (ppm)
and U (ppm). Each radioelement is determined with the following
equation:

n; = SigCx + SivCu + SithCrn + nipe

Where n represents the count rate in the energy window, S; the
sensitivity of the spectrometer for the detection of each radioelement (K,
Th, U), C the concentration of the element and njgs the background
count rate (IAEA, 2003).

3.5. Elemental geochemistry

Major and trace elements (ME and TE) concentrations were deter-
mined in fifty-two samples of mudstones, marls and calcareous marls by
X-ray fluorescence (XRF) spectrometry using an XRF Phillips PW2400
spectrometer with Rh-Ka radiation and a power of 2400 W at the
Institute of Earth Sciences of the University of Lausanne. For ME ana-
lyses, samples were calcined and loss on ignition (LOI) was calculated by
gravimetry. ME concentrations were then determined on fused discs
after mixing 1.2 g of calcined sample powder with lithium tetraborate
(LizB407). TE analyses were done in pressed discs, after mixing 12 g of
powdered sample with Hoechst-wax-c. Detection limits are 0.01 wt% for
ME and 1-7 ppm for TE and analytical precision was tested using
certified international standards (BHVO2, TS5-6, and NIMG).

TE concentrations were normalized to aluminum to avoid dilution
phenomena caused by the presence of carbonate (Calvert and Pedersen,
1993; Tribovillard et al., 2006) and enrichment factors (EF) of TE were
calculated to study paleoredox and paleoproductivity conditions (e.g.,
Tribovillard et al., 2006) using the following equation:

Xgr = (X/ADgample(X/ADBG

Where Xgr is the EF of the element, (X/Algample the X/Al ratio of the
sample, and X/Algg the X/Al ratio of the considered background which
was the Average Shale (Wedepohl, 1971). Additionally, the non-detrital
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contribution of silica (Siexcess) Was estimated using the following equa-
tion (Ross and Bustin, 2009; Dong et al., 2018):

Siexcess:Sisample - (Alsump]e*(Si/Al)BG)

Where the (Si/Al)gg is the Si/Al ratio of the considered background,
which was the Average Shale (3.11, Wedepohl, 1971). In this paper, the
values of Siexcess are used to show relative vertical variations throughout
the studied interval and not as absolute values.

3.6. Total organic carbon, organic matter type and maturation

Fifty samples of mudstones, marls and calcareous marls were
analyzed by Rock-Eval pyrolysis to determine the TOC content, the type
of OM and its maturation (Espitalié et al., 1985). Measurements were
done over crushed samples using a Rock-Eval 6 instrument (Behar et al.,
2001) at the Institute of Earth Sciences of the University of Lausanne and
using the IFP160000 as international standard. Results included TOC
(wt%), hydrogen index (HI, mg HC/g TOC, HC for hydrocarbons), ox-
ygen index (OI, mg CO,/g TOC) and temperature of maximum HC yield
(Tmax, °C). HL, OI and Tp,ax values were only considered in those samples
(n = 28) with TOC >0.3 wt% and pyrolytic hydrocarbons (S3) >0.2 mg
HC/g TOC (e.g., Fantasia et al., 2018). Additionally, TOC content was
determined in thirteen samples using a LECO C230CH Carbon Analyzer
(GeoLab Sur, Argentina). The analytical precision is < 0.1 wt% for TOC,
10 mg HC/g TOC for HI, 10 mg CO,/g TOC for OI, and 1.5 °C for Tpax.

Rock-Eval data was used to calculate the original TOC content
(TOC,) using the empirical formula developed for the VMFm by Brisson
et al. (2020):

TOC, = (TOC,, - [S1*0.08333] — [TOC,*HI,*0.0008333]) / (1-
[HI,*0.0008333])

Where TOC, and HI,, are the present values of TOC and HI respec-
tively, which are obtained from the Rock-Eval analyses. The HI, corre-
sponds to the original HI of the VMFm, estimated in 680 mg HC/g TOC
(Brisson et al., 2020). The TOC, was only calculated in samples with S,
> 0.2 mg HC/g TOC (n = 28).

3.7. Carbon and oxygen stable isotopes

The carbon and oxygen stable isotope composition of the carbonate
(6*3Cearb and 8'%0carp respectively) were determined in aliquots of forty-
one powdered whole-rock samples of marls/calcareous marls (CaCO3
>10 wt%) following Révész and Landwehr (2002) and using a Thermo
Fisher Scientific (Bremen, Germany) Gas Bench II carbonate preparation
device connected to a Delta Plus XL isotope ratio mass spectrometer at
the Institute of Earth Surface Dynamics of the University of Lausanne
(UNIL). Analytical precision (1 standard deviation, SD) was determined
by replicated analyzes of the laboratory standards NBS-19 and Carrara
marble and was not greater than +0.05 %o for 8'3Cearb and +0.1 %o for
618Ocarb~

The organic carbon stable isotope composition (613C0rg) was deter-
mined in forty-three decarbonated (treatment with 10% HCI) samples of
mudstones, marls and calcareous marls at the Institute of Earth Surface
Dynamics of the University of Lausanne by flash combustion on an
elemental analyzer (Carlo Erba 1108 EA) interface to an isotope ratio
mass spectrometer (Thermo Fisher Scientific Delta V Plus) via a Conflo
III interface under continuous helium flow (Spangenberg et al., 2006).
The carbon and oxygen isotope composition were reported in the delta
(8) notation as variations of the molar ratio (R) of the heavy to light
isotopes (e.g., 13¢/12C) relative to an international standard: § = (Rsample
— Rstandard)/Rstandard- For carbon and oxygen, the standard is Vienna Pee
Dee Belemnite limestone (VPDB), and values are given as per mil (%o) vs.
VPDB. The repeatability and intermediate precision of the EA/IRMS
analyses were determined by the SD of separately replicated analyses of

Marine and Petroleum Geology 163 (2024) 106760

international reference materials and UNIL-inhouse standards (see de-
tails in Spangenberg and Zufferey, 2019), and was better than 0.1%o.

3.8. Palynological analyses

Twenty-six samples were processed for palynology using standard
techniques of maceration in HF and HCI (Volkheimer and Melendi,
1976). The residues were sieved with a 10 pm filter and a first slide for
OM analysis was mounted in glycerin jelly. All the samples are stored in
the palaeopalynological collection of the Unit of Paleopalynology,
Argentinean Institute of Snow Research, Glaciology and Environmental
Sciences (IANIGLA) Mendoza, Argentina, under the catalogue numbers
MPLP: PS1 (541-11426), PS2 (544-11576), PS3 (546-11577), PS4
(552-11427), PS5 (555-11578), PS6 (557-11,579), PS7 (560-11,580),
PS8 (562-11428), PS9(563-11429), PS10 (569-11581), PS13
(573-11582), PS14 (575,5-11431), PS15 (135-11588), PS16 (579,
5-11432), PS17(580-11433), PS18(580,5-11434), PS19 (583-11583),
PS20 (585-11435), PS21(585,5-11436), PS22 (587,5-11584), PS23
(137-11589), PS24 (592-11585), PS25 (594,5-11586), PS26 (595,
5-11437), PS27 (139-11590), PS28(600,5-11438). Transmitted light
microscopy was used to examine the organic particles on permanent
strew slides. The relative percentage of OM components is based on
counting at least 500 particles per slide using transmitted light micro-
scopy. Palynofacies were categorized following Tyson (1995) and Batten
(1996) into structured (palynomorphs, translucent and opaque phyto-
clasts) and structureless OM, commonly referred to as amorphous
organic matter (AOM).

4. Results

On the basis of lithology, mineralogy and geochemistry the BORI was
subdivided into two intervals: the Lower Interval (LI, 254.2-279.8 m
from the base of the VMFm) and the Upper Interval (UI, 279.8-304.2 m).

4.1. Lithology and petrography

The studied section is constituted by a rhythmic alternation of
mudstones, marls, calcareous marls and limestones (Fig. 2A and B), with
interbedded calcite concretions, ash beds, calcite beef veins, and mi-
crobial bindstones. Ammonite fragments are common throughout the
entire section. Ash beds are thin and continuous layers, argilized
(Fig. 2C) or carbonatized during diagenesis. The argilized beds are
white/yellow in color, thinner, softer, and more abundant throughout
the section than the grey, hard, carbonatized beds. Occasionally, car-
bonatized ash beds may present load casts at their base. Calcite beef-
veins are very common through the entire BORI. They average 3 cm
in thickness and frequently show a bituminous layer in the middle of the
vein (Fig. 2D).

The lowermost 2 m of the LI are characterized by microbial bind-
stones with an average thickness of 8 cm (Fig. 2E). Bindstones are
constituted by millimetric laminae of organic-rich micrite intercalated
with fine-grained micrite, with variable contribution of radiolarians,
foraminifers, calcispheres and intraclasts (Kietzmann et al., 2018a,
Fig. 4A and B). In occasions, bindstones present vertical fractures filled
with calcite. In the lowermost 10 m of the LI, argilized ash beds and
calcite concretions are very common. Above, the rest of the LI is mostly
constituted of well-laminated, black to dark-grey marls and calcareous
marls (average thickness 32 cm) which contain silt-sized detrital parti-
cles, mostly composed by quartz and feldspar, within an
argillaceous-organic-rich matrix (Fig. 4C). Dark-grey, tabular, massive
limestones (average bed-thickness 15 cm) are present throughout the
entire L1, although they are less abundant than marls. The limestones are
mostly radiolaritic wackestones (Fig. 4D and E) and, to a lesser extent,
peloidal/intraclastic packstones/grainstones (Kietzmann et al., 2018a,
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Fig. 2. Lithology of the BORI of the Vaca Muerta Fm in the Puerta Curaco section. A) General view of the studied section showing the rhythmic alternation of black,
well-laminated marls and grey, well-laminated limestones. A close up view is shown in B. B) Detail of A showing the rhythmic succession of black marls (green
arrows) with grey limestones (purple arrows), with occasional thin, reddish argilized ash beds (red arrow) and rounded calcite concretions (white arrow). C) Typical
lithological arrangement for the BORI showing black, well-laminated marls (green arrows) and limestones (purple arrow) with interbedded thin whitish/reddish
argilized ash beds. D) Fibrous calcite beef-vein characterized by a bituminous layer in the middle. E) Microbial bindstone constituted by the alternation of massive
pure micrite with millimetric laminae of pure micrite and micrite with organic matter. F) Fully-bioturbated (Thalassinoides) limestones and calcite concretions

preserved at the top of the BORI. Th = Thalassinoides.

Fig. 4F and G). Radiolarians (Spumellaria > Nasellaria) reach up to 80%
of the total volume in the radiolaritic wakestones, and their tests are
replaced by Fe-rich calcite and by green, sheet-like chlorite crystals
(Fig. 4B and E).

The lowermost 3 m of the UI are dark marls and thin ash beds with
rare diffuse ripple lamination (Fig. 3). Above, the rest of the UI mostly
consists of dark, laminated calcareous marls, marls and limestones,
similar to those described in the LI, although richer in calcite. Marls and
limestones from this interval are mostly intraclastic/peloidal pack-
stones/grainstones and, to a lesser extent, radiolaritic wackstones. The
packstones/grainstones are constituted by highly deformed micritic
peloids/intraclasts, with variable amount of radiolarians, bivalves, for-
aminifers and spicules, within an organic and detritus-rich matrix
(Kietzmann et al., 2018a). The top of the UI is characterized by a 7
m-thick succession of calcareous marls and limestones, occasionally
showing dense bioturbation (e.g., Thalassinoides; Fig. 2F). Marls are
mostly constituted by fine-grained micrite, with variable contribution of
detrital silt-sized particles of quartz and feldspar. Intraclasts oriented
with it longest axis parallel to lamination and piritized calcispheres are

minor components, whereas patches of microbioturbation in the form of
small tubes are occasionally found (Fig. 4H).

4.2. Microfossil associations

Microfossil associations are moderately preserved, showing low
abundance and diversity. Calpionellids comprise the upper Calpionella
Zone (Elliptica Subzone) and the Calpionellopsis Zone, with Simplex and
Oblonga Subzones, indicating a late Early to Late Berriasian age (Figs. 3
and 5). The Elliptica Subzone is characterized by Tintinnopsella carpathica
(Murgeanu and Filipescu), Calpionella alpina Lorenz, and Calpionella
elliptica Cadisch. The Calpionellopsis Zone include Tintinnopsella car-
pathica, Calpionella elliptica, Tintinnopsella subacuta (Colom), Calpionella
minuta Housa, Calpionellopsis simplex (Colom) and Calpionellopsis oblonga
(Cadisch).

Calcareous dinoflagellate cysts are distributed in two zones: The
Stomiosphaera wanneri Zone (Early to early Late Berriasian), and Colo-
misphaera vogleri-Colomisphaera conferta Zone (Late Berriasian). The
Stomiosphaera wanneri Zone contains Stomiosphaera wanneri Borza,
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Fig. 3. Litholog of the BORI of the Vaca Muerta Formation in the Puerta Curaco section showing the distribution of species and zones of calpionellids and calcareous
dinoflagellates. References: Md = mudstone, M = marl, CM = calcareous marl, L. = limestone, B = bindstone, A = ash bed.
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500:1m

Fig. 4. Main microfacies of the BORI of the Vaca Muerta Formation in the Puerta Curaco section (uncrossed nicols). A) Microbial bindstone characterized by the
alternation of millimetric bands of nearly pure micrite (black arrows) and organic-rich micrite (red arrows), carbonate peloids (purple arrow) and radiolarian tests
(yellow arrows) (PS 123). B) Detail of A showing the alternation of pure micrite laminae with organic-rich micrite (purple arrow) and carbonate-replaced radiolarian
(yellow arrow) occasionally exhibiting green, sheet-like chlorite crystals (green arrow) intergrown within calcite (PS 123). C) Mudstone characterized by silt-sized
detrital particles of feldspar and quartz (orange arrows) and sand-sized intraclasts (white arrows) within an organic-rich matrix (PS 558). D) Radiolaritic wackestone
composed of carbonate-replaced Spumellaria (yellow arrows) and to a lesser extent by rounded and deformed carbonatic peloids (purple arrows) and intraclasts (PS
127). E) Detail of D showing the complete replacement of silica by Fe-rich calcite and sheet-like chlorite crystals (green arrow) in radiolaria (PS 127). F) Intraclastic/
peloidal packstone mainly composed by moderately compacted carbonatic intraclasts (purple arrows) with a relatively low contribution of radiolarians (yellow
arrows) and silt-sized quartz and feldspar, within an organic-rich micritic matrix (PS 563). G) Detail of F showing the moderately compacted sand-sized carbonate
peloids (yellow dashed outlines) with its longest axis oriented parallel to lamination, with variable contribution of sand intraclasts (red dashed outlines) and other
detrital particles within an organic-rich, micritic matrix (PS 563). H) Bioturbated mudstone mainly composed of silt-sized quartz and feldspar (orange arrows) within
a micritic matrix. Microbioturbation is present in the form of tubes and patches disrupting the original lamination of the rock (PS 141).
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Fig. 5. Calpionellids and calcareous dinoflagellate cysts from the BORI of the VMFm in the Puerta Curaco section (uncrossed nicols). A) Calpionella alpina Lorenz,
sample 112, Elliptica Subzone. B) Calpionella elliptica Cadisch, sample 110, Elliptica Subzone. C) Calpionella minuta Housa, sample 141, Oblonga Subzone. D) Cal-
pionellopsis oblonga (Cadisch), sample 585, Oblonga Subzone. E) Calpionellopsis simplex (Colom), sample 599, Oblonga Subzone. F) Tintinnopsella carpathica (Murgeanu
and Filipescu), sample 118, Elliptica Subzone. G) Tintinnopsella longa (Colom), sample 112, Elliptica Subzone. H) Tintinnopsella subacuta (Colom), sample 585, Simplex
Subzone. I) Cadosina fusca Wanner, sample 580, Wanneri Zone. J) Colomisphaera conferta Rehanek, sample 599, Vogleri-Conferta Zone. K) Colomisphaera fortis
Rehének, sample 599, Vogleri-Conferta Zone. L) Colomisphaera vogleri (Borza), sample 599, Vogleri-Conferta Zone. M) Crustocadosina semiradiata (Wanner), sample
141, Vogleri-Conferta Zone. N) Stomiosphaera moluccana Wanner, sample 585.5, Wanneri Zone. O) Stomiosphaera wanneri Borza, samle 120, Wanneri Zone. P) Sto-

miosphaerina proxima Rehanek, sample 585, Wanneri Zone.

Stomiosphaerina proxima Rehanek, Colomisphaera fortis Rehanek, Crus-
tocadosina semiradiata (Wanner), Stomiosphaera moluccana Wanner, and
Cadosina fusca Wanner (Figs. 3 and 5). The Colomisphaera vogleri and
Colomisphaera conferta are two separate zones, which could not be
differentiated in this paper. This interval contains Stomiosphaera wanneri
Borza, Stomiosphaerina proxima Rehanek, Colomisphaera fortis Rehanek,
Crustocadosina semiradiata (Wanner), Colomisphaera vogleri (Borza) and
Colomisphaera conferta Rehanek.

4.3. Spectral gamma-ray

The Total Gamma-Ray (TGR) values vary between 51 and 128 nSv/h
(95 + 19 nSv/h; Table 1 in Supplementary Material) throughout the
entire BORI. TGR values are high and stable throughout the LI,
commonly oscillating between 100 and 120 nSv/h (Fig. 6). In the Ul
TGR values are lower and oscillate between 60 and 100 nSv/h (Fig. 6).
The K content varies between 0.7 and 2.3 wt% (1.3 + 0.3 wt%). In the
LI, the K values are relatively stable and close to 1 wt%, whereas in the
UI are higher, generally between 1 and 2 wt%. Th values oscillate

between 4.8 and 13.9 (8.1 + 1.9 ppm) and no meaningful change is
observed between the LI and UL Four ~ 5-10 m thick cycles (C1-C4)
with increasing K and Th values are identified (Fig. 6). U values oscillate
between 4.8 and 16.5 (10.2 & 3.1 ppm) and they follow the same trend
of the TGR values. U values are usually above 10 ppm in the LI and
below 10 ppm in the UI (Fig. 6).

The Th/U ratio varies between 0.4 and 1.7 (0.9 £ 0.3) and is char-
acterized by relatively low values in the LI (Th/U ~0.5) and higher
values in the UI (Th/U ~1-1.5), clearly associated to the decrease of the
U content towards the top of the BORI. The Th/U ratio also displays the
same C1-C4 cycles described for the Th (Fig. 6). The (Th/K)*1000 ratio
varies between 0.4 and 1.1 (0.6 + 0.1) and shows relatively high values
in the LI changing to lower and stable values in the UL The C1, C2 and
C3 cycles are also evident (Fig. 6).

4.4. Bulk and clay mineralogy

The bulk mineralogy of the mudstones, marls and calcareous marls is
constituted of quartz (9-57 wt%), calcite (2-65 wt%), plagioclase (4-25
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Fig. 6. Total and spectral gamma-ray values, Th/U and Th/K*1000 ratios of the BORI of the Vaca Muerta Formation in the Puerta Curaco section. The solid black line

of each curve represents the moving average (3) and C1-C4 high-frequency cycles.

wt%), clay minerals (8-48 wt%), gypsum (0-11 wt%), fluorapatite (0-2
wt%) and pyrite (0-2 wt%). Additionally, dolomite is present in six
samples, and its content oscillates between 1 and 4 wt% (Table 2 in
Supplementary Material).

The highest values (30-50 wt%) of quartz are recorded in the LI and
in the basal 3 m of the Ul Above, throughout the rest of the UI, quartz
content is low, stable, and close to 10 wt% (Fig. 7). Calcite displays the
opposite trend and is negatively correlated with quartz (R? = 0.61, n =
52). In the LI and in the basal 3 m of the UlI, calcite values are relatively
low (20-40 wt%), whereas in the rest of the Ul vary between 40 and 60
wt%. Plagioclase content is highly variable throughout the entire BORI,
but no substantial changes are identified between both intervals. The
lowermost 3 m of the UI are characterized by high plagioclase content
(up to 25 wt%; Fig. 7). The bulk clay mineral content is relatively stable
and close to 20 wt% in the LI Similarly to plagioclase, a 3 m-thick clay-
rich interval is developed at the base of the UI Above, throughout the
rest of the Ul, the average bulk clay mineral content oscillates between
25 and 35 wt% (Fig. 7). Neither quartz/plagioclase R? = 0.08,n =52)
nor quartz/bulk clay mineral ®%= 0.02, n = 52) correlations are found,
whereas a moderate positive plagioclase/clay mineral (R? = 0.38, n =
52) correlation is noticed. Gypsum is commonly present in the LI,
whereas throughout the rest of the BORI its content is almost negligible.
Pyrite is close to 1 wt% in the lowermost 15 m of the LI, whereas
throughout the rest of the BORI its content is negligible. Fluorapatite is
relatively high (0-2 wt%) in the lowermost 20 m of the LI and lower
(0-1 wt%) throughout the rest of the BORI (Fig. 7).

The brittleness index varies between 0.21 and 0.64 (0.44 + 0.10) in
the LI and between 0.10 and 0.52 (0.21 4 0.11) in the UL

The clay mineralogy of both <2 pm and 2-16 pm size fractions
consist of mixed-layer illite/smectite (I/S), illite, chlorite and kaolinite
(Fig. 7, Table 3 in Supplementary Material). In both fractions the I/S
presents an ordering type R3, where the abundance of illite layers within
the I/S is higher than 90 % (Moore and Reynolds, 1997). No expandable
layers are present in chlorite.

In the <2 pm fraction, I/S is the main clay mineral in all the samples.
Its relative abundance varies between 30 and 100% (59% on average),
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with the highest value recorded in the lowermost sample (254.7 m), and
relatively stable values close to 60% throughout the rest of the section.
Chlorite is present in almost all the samples, varying between 0 and 70%
(20% on average), and with no clear trend throughout the interval
(Fig. 7). Illite is only absent in the lowermost 2 m of the BORYI, its content
varies between 0 and 51% (21% on average) and no clear trend is
observed throughout the interval. Kaolinite is only identified in one
sample (PS 552, 261 m) with a relative abundance of 28%.

In the 2-16 pm fraction I/S and chlorite are the main clay minerals in
all the samples (Fig. 7). I/S is between 11 and 63% (34% on average) and
chlorite is between 8 and 83% (39% on average). The LI is characterized
by relatively high I/S and low chlorite contents, whereas the opposite is
observed in the UI (Fig. 7). Illite is present in low concentrations
(3-33%, 14% on average) in almost all the samples. Kaolinite (0-55%,
13% on average) is present in the LI and in the lowermost 3 m of the Ul,
whereas it is absent throughout the rest of the UI (Fig. 7).

In both size fractions the relative intensity of 002 peak of chlorite is
lower (~50%) in the LI, than in the UI (~75%) as shown in Fig. 7.

4.5. Elemental geochemistry

ME and TE (Fig. 8) were grouped based on their geochemical affinity
into four groups: siliciclastic, carbonate, organic and sulfide (e.g., Algeo
and Maynard, 2004; Tribovillard et al., 2006; Calvert and Pedersen,
2007).

Siliciclastic group: Al, K, Si, Na and Mg integrate this group and they
are usually the major constituents of the clayey, silty and siliciclastic
particles of the rock (Calvert and Pedersen, 2007). Al content varies
between 1.48 and 9.05 wt% (4.49 £ 1.59 wt%; Table 4 in Supplemen-
tary Material), no clear trend is recorded throughout the BORI, and
values are lower than the Al content of the AS (Fig. 8A). Si values vary
between 8.51 and 28.52 wt% (18.45 + 5.33 wt%). They show a low and
positive correlation with Al (R% = 0.19, n = 43) and display a general
decreasing trend from the base towards the top of the interval (Fig. 8A).
The Si/Al ratio displays the same trend than Si absolute values, being
higher than that of the AS in the LI, slightly higher in the basal 10 m of
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Fig. 7. Bulk and clay mineralogy of the BORI of the Vaca Muerta Formation in the Puerta Curaco section. References: rel. int. = relative intensity.

the UI (280-290 m) and lower in the rest of the UI (290-305 m). The
calculated Siexcess Values vary between 0 and 13.79 wt%. Siexcess display
a decreasing trend towards the top of the BORI, indicating no Si
enrichment in the upper part of the UI (290-305 m). K content varies
between 0.27 and 2.15 wt% (1.05 + 0.44 wt%) and exhibits a very good
and positive correlation with Al (R2 = 0.95, n = 43). Absolute values
display a subtle increasing trend throughout the BORI, with values
generally between 0.5 and 1.25 wt% in the LI, higher and close to 1.7 wt
% in the lowermost 5 m of the UI (280-285 m), close to 0.7 wt% in the
middle part of the UI (285-290 m) and close to 1.25 wt% in the upper
part of the UI (290-305 m). The K/Al ratio displays an increasing trend
throughout the interval although values are always lower than those of
the AS (Fig. 8A). Na values vary between 0.28 and 1.50 wt% (0.75 +
0.27 wt%) and show good positive correlation with Al R? = 0.68,n =
43). Absolute values do not show any vertical trend throughout the
BORI, whereas the Na/Al ratio exhibits a general decreasing trend from
the base to the top (Fig. 8A). In the LI and in the basal 10 m of the UL, the
Na/Al ratio is higher than that of the AS, whereas in the upper part of the
Ul the Na/Al ratio is very close to that of the AS. Mg content varies
between 0.29 and 0.98 wt% (0.55 + 0.16 wt%) and exhibits a moderate
and positive correlation with Al (R? = 0.38, n = 43). This correlation is
considerably higher R?%= 0.63, n = 40) when samples with dolomite are
excluded from the analysis (samples: PS 563-569-580). Absolute values
are relatively low and stable (~0.4-0.6 wt%) throughout the BORI
although two intervals with higher values (>0.6 wt%) are identified in
the UL: 280-285 m and 293-303 m (Fig. 8A). The Mg/Al ratio is rela-
tively constant and lower than that of the AS except for two intervals
with small amounts of dolomite, where the ratio is similar or slightly
higher than that of the AS (Fig. 8A). Fe content varies between 0.91 and
4.05 wt% (2.16 + 0.63 wt%) and displays a good and positive correla-
tion with Al (R% = 0.56, n = 43). Fe absolute values are relatively low
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(~1-2 wt%) in the LI and in the basal 10 m of the Ul, and relatively
higher (~2-3 wt%) in the rest of the UL The Fe/Al ratio is always higher
than that of the AS and displays two subtle increasing cycles in the LI.
Above, in the Ul, the Fe/Al ratio is stable and close to 0.45 (Fig. 8A).
Carbonate group: Ca, Mn and Sr integrate this group, since these
elements are major constituents of the carbonate fraction (e.g., calcite,
dolomite) of the rocks. Ca values vary between 1.42 and 27.77 wt%
(14.82 + 6.67 wt%; Table 4 in Supplementary Material) and display a
very good and negative correlation with Si (R? = 0.92, n = 43). Absolute
values display three increasing cycles: one in the LI (255-277 m) and
two in the UI (277-290 m and 290-305 m). The Ca/Al ratio displays two
increasing/decreasing cycles: one in the LI (255-280 m) and the other in
the lower part of the UI (280-290 m), whereas in the rest of the UI the
Ca/Al ratio is relatively stable and close to 4 (Fig. 8B). The Ca/Al ratio is
always higher than that of the AS. Sr content varies between 161.0 and
390.4 ppm (261.9 + 50.4 ppm) and displays a rough and positive cor-
relation with Ca (R® = 0.40, n = 43). Absolute values are relatively low
(~225 ppm) in the lowermost 5 m of the LI and higher (~270 ppm) and
stable throughout the rest of the section. The Sr/Al ratio is characterized
by relatively high values in the lowermost 5 m of the LI (255-260 m).
Above, it displays a general increasing trend throughout the rest of the
LI, followed by a quick drop in the basal 5 m of the UI (280-285 m).
Above, the Sr/Al ratio displays a general decreasing trend throughout
the rest of the UL The Sr/Al ratio is always higher than that of the AS.
The Sr/Ca ratio is relatively low (~0.002) and stable throughout the
whole section, except in the basal UI (279-284 m), where values are
considerably higher (~0.009). Mn content varies between 0.01 and
0.08 wt% (0.04 + 0.02 wt%) and shows a good and positive correlation
with Ca (R® = 0.50, n = 43). Absolute values are relatively low
(~0.01-0.02 wt%) in the LI and in the lower part of the UI, whereas they
are considerably higher (~0.04-0.07 wt%) throughout the rest of the UI
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(Fig. 8B). The Mn/Al ratio displays the same trend than the Sr/Al ratio
and values can be lower or higher than those of the AS (Fig. 8B). The
Mn/Ca ratio displays the same trend than Sr/Ca with values always
lower than those of the AS (Fig. 8B).

Organic and sulfide groups: Mo, U, V, Zn, Ni, Cu and P integrate this
group (Table 5 in Supplementary Material). These elements are associ-
ated since they are frequently enriched in sediments with high amounts
of OM, deposited under anoxic conditions, or both (e.g., Wignall and
Myers, 1988; Algeo and Maynard, 2004; Tribovillard et al., 2006;
Follmi, 1996).

Mo content varies between 3.4 and 160.1 ppm (56.5 + 49.9 ppm)
and shows a positive correlation with the TOC content (R? = 0.62, n =
43). Absolute values display a general decreasing trend, with the highest
values (Mo ~40-160 ppm) in the LI and in the lowermost 4 m of the UL,
and lower values (Mo < 10 ppm) in the rest of the UL The enrichment
factor (EF) of Mo varies between 2 and 212 and follows the same vertical
trend than that of absolute values (Fig. 8C). U content varies between
4.0 and 19.4 ppm (11.3 + 4.6 ppm) and presents a good and positive
correlation with TOC (R? = 0.58, n = 43). Absolute values are relatively
high and stable (~10-20 ppm) in the LI and in the lowermost 5 m of the
Ul, with a sharp decrease (~5-10 ppm) in the rest of the Ul The EF U
varies between 2 and 20 and displays a general increasing trend from
255 to 275 m and a decreasing trend between 275 and 285 m. Above and
throughout the rest of the UI, the EF U is relatively low and stable, be-
tween 2 and 4. V absolute values vary between 52.7 and 624.4 ppm
(267.2 £ 179.9 ppm) and present a very good and positive correlation
with the TOC (R? = 0.85, n = 43). V absolute values display the same
vertical trend than that of Mo, with high values (~200-600 ppm) in the
LI and in the lowermost 5 m of the UI, and low values (~50-100 ppm) in
the rest of the UI (Fig. 8C). The higher EF V values are recorded in the
lower part of the LI (255-275 m), then they decrease in the lowermost 5
m of the UI and are close to 1 in the rest of the UI (Fig. 8C).

The absolute content of P varies between 0.06 and 0.30 wt% (0.15 &
0.06 wt%; Table 4 in Supplementary Material). No correlation with the
TOC content (R2 = 0.06, n = 43) and a rough and positive correlation
with Al (R? 0.43, n = 40) are observed when three outliers are
excluded of the analyses. P absolute values display two increasing/
decreasing cycles: the first one is developed in the LI and in the
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lowermost 5 m of the UI and the second one in the rest of the UI
(Fig. 8C). The P/Al ratio displays a similar trend than P absolute values
and the P/Al ratio is always higher than that of the AS (Fig. 8C). Ni
absolute values vary between 21.9 and 159.8 ppm (77.2 £+ 38.0 ppm)
and present a good positive correlation with the TOC content (R? = 0.69,
n = 43). The highest values (Ni ~80-120 ppm) are recorded in the LI
(Fig. 8C). Above, in the lowermost 5 m of the Ul, values are lower and
oscillate between 80 and 40 ppm. In the rest of the UL, absolute values
are even lower and vary between 20 and 50 ppm. The EF Ni values vary
between <1 and 11 and increase throughout the lower and middle part
of the LI (255-274 m). Above, the EF Ni decreases towards 1 in the upper
part of the LI and in the lower part of the UI (274-285 m). The EF Ni is
stable, close to 1 or slightly lower throughout the rest of the UI (Fig. 8C).
Cu values vary between 23.6 and 105 ppm (58.7 + 18.56 ppm) with a
rough positive correlation with TOC (R? = 0.19, n = 43), a good positive
correlation with Al (R? = 0.46, n = 43) and no clear vertical trend
(Fig. 8C). The EF Cu varies between 1 and 5 and with relatively high
values in the LI and relatively low values in the UI (Fig. 8C). Zn absolute
values oscillate between 5.7 and 667.5 ppm (110.4 + 140 ppm) and
present a low, positive correlation with TOC (R? = 0.13, n = 43). Ab-
solute values are variable throughout the entire BORI, although the
highest values (>200 ppm) are generally in the lower and middle part of
LI (255-270 m). Above, in the rest of LI and in the UlI, absolute values are
generally lower than 100 ppm, although they may peak up to 347 ppm.
The EF Zn varies between <1 and 16 and follows a similar trend than
that described for the absolute values.

4.6. Rock-Eval pyrolysis and carbon and oxygen isotopic composition

The TOC content varies between 0.01 and 6.76 wt% (2.94 + 1.69 wt
%) whereas the calculated original TOC content (TOC,) varies between
3 and 14 wt% (8 + 3 wt%; Table 6 in Supplementary Material). The TOC
content displays a clear decreasing trend from 255 to 300 m, followed by
a subtle increase between 300 and 305 m (Fig. 9). Tmax values are
generally higher than 470 °C (514 + 17 °C), whereas HI varies between
7 and 31 mg HC/g TOC and OI between 16 and 125 mg CO»/g TOC
(Table 6 in Supplementary Material). The low HI values precluded
determination of the kerogen types (Capelli et al., 2021).
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Fig. 9. TOC, 53Cearbs 613Cmg and palynological analyses of the BORI of the Vaca Muerta Formation at Puerta Curaco section. In the 513co,g curve, two samples
(PS563 at 268 m and PS580 at 283.5 m), with low 613Corg values (—29.6 and —29.3%o respectively), are out of scale. The solid and black line in each track is the 3-
point moving average and the red squares in the TOC track show the TOC determined by LECO analyzer. AOM = amorphous organic matter.
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The §'3C yyp, values range from —2.9 to —0.2%o (—1.7 £ 0.8%o) in the
BORI. In the LI and the lowermost 5 m of the Ul 613Cmb values oscillate
between —2 and —3%o, whereas in the rest of the UI they are higher and
display a general increasing trend towards the top (from ~ —2 to
—0.5%0). The 5'80ayp, values range between —9.9 and —7.4%o (—8.4 +
0.5%o0) and are not significantly correlated with the 613Cmrb values (R? =
0.12, n = 41). In the LI, §'80c4p, values are relatively low and vary be-
tween —9 and —8.5%o, whereas in the UI values are relatively higher and
between —8.5 and —7.5%o. The E‘SISCQrg values range from —29.6 to
—25.8%0 (—27.7 + 0.7%0). The base of the LI is characterized by rela-
tively high values (~—27%o) followed by a general decreasing trend
towards the top of the interval, where values are close to —28%o (Fig. 9).
The 613C0rg values of the UI develop a general increasing trend, with
lower values at the base (—28%o) and higher values towards the top
(~—27%o; Fig. 9; Table 6 in Supplementary Material).

4.7. Palynology

Visual observations suggest that three groups of dispersed OM are
important in nearly all the samples: phytoclasts, AOM and paly-
nomorphs (Fig. 9; Table 7 in Supplementary Material). Phytoclasts are
the most abundant type of OM in the BORI. They are present as small
(5-20 pm in diameter), equidimensional, mostly opaque, fragments with
angular, and sometimes corroded edges (Fig. 10B and C). Translucent
phytoclasts are less abundant and they only represent the 0.1-3% of the
total phytoclasts content, whereas large blade-shaped individuals are
rare. The content of phytoclasts varies between 9.8 and 81% (51 +
19.2%) and the highest values are generally recorded in the Ul, espe-
cially from 285 m onwards (Fig. 9), where phytoclasts can reach up to
100 pm in diameter. The AOM is the second most abundant type of OM
throughout the interval. It is mainly of granular type, finely divided and
appears in aggregate masses (Fig. 10A and C). Its content fluctuates
between 18.8 and 88.4% (47.4 + 19.4%), and the highest values are
recorded in the LI and in the lowermost 5 m of the UI (Fig. 9). Paly-
nomorphs (Fig. 10D-H) are represented by continental pollen grains
(Classopollis, Callialasporites) and by marine components (small acri-
tarchs of 10-12 pm in diameter, dinocysts, tasmanitids, and prasino-
phycean algae). Among dinocysts, specimens of the Berriasian taxon
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Cribroperidinium reticulatum were recognized (Fig. 10D). The relative
abundance of the palynomorphs within the BORI is low and varies be-
tween 0 and 5.4% (1.6 & 1.4%) and they are essentially present in the UL
(Fig. 9), mainly constituted by small acritarchs (Fig. 10G and H).

5. Discussion
5.1. Diagenetic overprint in the mineralogy and geochemistry of the BORI

The primary mineralogy and geochemistry of the BORI of the VMFm
in Puerta Curaco section has been affected by early and late diagenetic
processes. The latter took place in deep-burial conditions, with esti-
mated temperatures between 150 and 200 °C (Catalano et al., 2018;
Weger et al., 2019; Capelli et al., 2021), in agreement with the regional
maturity trend calculated for the VMFm (Brisson et al., 2020; Spacapan
et al., 2021). The high diagenetic grade reached by the VMFm in the
Puerta Curaco section is evidenced in the Ty, values (>470 °C)
measured from Rock-Eval pyrolysis, which indicate that OM is over-
mature (dry gas window stage), thus inhibiting determination of the
kerogen type (e.g., Espitalié et al., 1985; Tissot and Welte, 1984; Peters
and Cassa, 1994). Additionally, this resulted in relatively low values of
TOC (3 wt% on average), compared to the calculated TOC, (8 wt% on
average), because a considerable part of the original OM was trans-
formed to hydrocarbons or released to the system as CO2 during burial.

The main diagenetic processes affecting the primary mineralogy of
the BORI of VMFm are: 1) precipitation of carbonates, 2) precipitation of
quartz, 3) transformation of K-feldspars and zeolites to albite, and 4)
transformation of clay minerals (Capelli et al., 2018, 2021; Catalano
et al., 2018; Rodriguez Blanco et al., 2018). Calcite is the main mineral
in the marls and mudstones of the BORI (34 wt% on average) and is
present in multiple forms including fine-grained micrite, peloids, pri-
mary bioclasts, or as fillings and replacements in radiolarians (Fig. 4A-E
and G). The general increasing trend of the 5'3Cearb, values observed
throughout the BORI, opposite to the decreasing trend of the TOC con-
tent (Fig. 9), suggests that an important amount of calcite, especially in
the LI, was formed during diagenesis through the oxidation of organic C
(e.g., Scasso et al., 2002; Catalano et al., 2018; Rodriguez Blanco et al.,
2018, 2022a; Ravier et al., 2020; Lanz et al., 2021). A broad, negative

Fig. 10. Palynomorphs and palynofacies assemblages from the BORI of the Vaca Muerta Formation in Puerta Curaco section. A) Granular AOM in the center and
equidimensional opaque phytoclasts PS2: M34/0. B) Very large blade-shaped opaque phytoclast (200 pm) PS28: G41/2. C) General view of granular AOM and
equidimensional and blade-shaped phytoclasts PS10: D40/3. D) Cribroperidinium reticulatum Quattrocchio and Volkheimer, PS23: B46/3(dinocyst). E) Tasmanites sp.
PS26: K40/0 (prasinophycean algae). F) Classopollis sp. PS23: J39/0 (pollen grain). G-H) Small acritarchs. G) Micrhystridium sp. PS26: T32/0. H) Mecsekia sp. PS26:

PSW31/4. Scale bar = 10 pm.

14



LA. Capelli et al.

correlation between 8'3C.,yp, and TOC content was observed throughout
the entire BORI (R? = 0.3, n = 41), where higher TOC values are asso-
ciated with relatively low §'3Ceqrp, values. Conversely, compared to the
LI, the higher 5'3Ceary, values of the UI must be related to a greater
contribution of primary carbonate (Scasso et al., 2002; Rodriguez Blanco
et al,, 2018). Ca for calcite precipitation was mostly provided by
dissolution of calcareous skeletons and, to a lesser extent, by the albi-
tization of plagioclase. Low amounts (1-4 wt%) of dolomite were found
in only six samples of marls and mudstones of the BORI (Fig. 7). This is
queer because in less-diagenized sections of the VMFm (oil window
zone) dolomite content may reach up to 40 wt% (Gonzdlez et al., 2016;
Rosemblat et al., 2016). The very low content of dolomite in the over-
mature rocks of the BORI may indicate dedolomitization between the oil
and the dry gas zones. Those samples lacking dolomite present an
average Mg/Al ratio of 0.13 (n = 48), whereas the sample with the
highest dolomite content (4 wt%, PS 563; Fig. 8A) presents the highest
Mg/Al ratio (0.32) from the entire BORL This suggests that the Mg/Al
ratio can be used as a proxy to track the presence of dolomite in marls
and mudstones of the VMFm.

The lack of correlation between Si and Al (R®> = 0.19, n = 43) in-
dicates that a considerable part of Si in the marls and mudstones of the
VMFm presents a non-detrital, biogenic origin (e.g., Ross and Bustin,
2009; Dong et al., 2018). The significative source of additional Si in
these rocks are the radiolarian skeletons present in the radiolaria-rich
facies, whose tests were replaced by calcite during the early diagenesis
(Fig. 4E). The dissolved Si later precipitated as fine-grained, euhedral
crystals of quartz in the matrix (Scasso et al., 2002; Catalano et al., 2018;
Milliken et al., 2019; Capelli, 2021).

Transformation of K-feldspar and zeolites to albite (e.g., Land and
Milliken, 1981; Boles, 1982; Utada, 2001) also occurred during deep
burial of the marls and mudstones in Puerta Curaco section. The XRD
analyses revealed only plagioclase feldspar, suggesting that detrital,
original K-feldspar was transformed to albite, releasing K' to porewaters
(e.g., Hower et al., 1976; Land and Milliken, 1981; Boles, 1982). In this
reaction, the Na™ needed for albitization is available from porewaters
through the transformation of smectite to illite (e.g., Hower et al., 1976;
Boles and Franks, 1979; Boles, 1982). In addition, a meaningful amount
of albite may have been formed through the transformation of Na-rich
zeolites, like analcime (e.g., Iijima, 1988; Utada, 2001). This is sup-
ported by the fact that analcime is frequently present in the marls and
mudstones of the VMFm in sections submitted to a lower diagenetic
grade than that of Puerta Curaco section (Capelli, 2021). The complete
absence of zeolites in the overmature rocks of Puerta Curaco section
suggests that transformation of Na-zeolites to albite occurred well before
the rocks attained their maximum burial temperatures.

The clay mineralogy of the BORI in Puerta Curaco section is mostly
constituted by high-ordered mixed-layer I/S and chlorite, a classic clay
mineral association of deeply-buried successions (e.g., Dunoyer de
Segonzac, 1970; de Barrio et al., 2018; Hower et al., 1976; Chamley,
1989). The high-ordering (R3 type) of the I/S in the marls and mud-
stones of the VMFm is a consequence of the illitization of smectite
(Capelli et al., 2020). This is confirmed by the predominance of smectite
in less-diagenized sections of the VMFm elsewhere (Scasso et al., 2002,
2005; Krim et al., 2017, 2019; Capelli, 2021). In addition, the excellent
correlation between Al and K (R% = 0.95, n = 43) indicates that the main
clay mineral in the BORI is I/S. The relative intensity of the 002 peak
suggests that two types of chlorites are present: an Al-Mg-rich chlorite
(sudoite) and a Fe-rich chlorite. Sudoite is observed in the radiolarian
tests of the marls and mudstones (Fig. 4B and E) and was also docu-
mented in overmature marls and mudstones of the VMFm in the Chacay
Melehue section, 48 kms to the west of Puerta Curaco, and in carbon-
atized ash beds of both, the Chacay Melehue and Puerta Curaco sections
(Capelli et al., 2020, 2021; Kietzmann et al., 2021a). According to these
authors, the origin of sudoite in the carbonatized ash beds is related to in
situ precipitation from Al-, Mg-, and Si-rich porewaters during late
diagenetic stages. The same process is proposed for the sudoite in marls
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and mudstones of the BORI. Here, sudoite is more abundant in marls of
the LI, which contain kaolinite in the 2-16 pm size fraction, but not in
the <2 pm size fraction (Fig. 7). This indicates that at least some of the
sudoite present in the marls may have been formed throughout the
transformation of former kaolinite during burial (e.g., Hillier et al.,
2006; Beaufort et al., 2015). This transformation would have been
totally accomplished in the more reactive, smaller, clay particles less
than 2 pm in diameter, but not in the larger particles between 2 and 16
pm. Further studies are needed to confirm this. On the other hand, the
Fe-rich chlorites, more abundant in the UI, were probably formed
through the transformation of Fe-rich clay precursors in the original
sediments, like odinite and berthierine (e.g., Ehrenberg, 1993; Baker
et al., 2000). The increment of the absolute values of Fe reported in the
UI (2.29 wt% on average) compared to those in the LI (2.04 wt% on
average) is in agreement with the increment of Fe-rich chlorite reported
in the UI of the BORI (Figs. 7 and 8A).

5.2. Paleoenvironment: oxygenation, productivity, and organic matter
accumulation

The paleoenvironmental reconstructions for the whole VMFm in
Puerta Curaco section indicate that sedimentation took place in a basinal
to outer carbonate ramp environment characterized by overall sea bot-
tom anoxia and high sea water productivity (DOdorico, 2009; Kietz-
mann et al., 2016; Capelli et al., 2018; Catalano et al., 2018). Most of the
sedimentation occurred from suspension of the water column and from
occasional reworking of shallow-water sediments by storm-generated
turbidity flows (Kietzmann et al., 2016).

The study of the redox sensitive trace elements (RSTE) in mudstones
has been widely used to reconstruct the past ocean oxygenation and
productivity of the water column (e.g., Wignall and Myers, 1988; Algeo
and Maynard, 2004; Tribovillard et al., 2006; McArthur, 2019). The
analyses of the RSTE to infer the paleoredox conditions of accumulation
of the VMFm was also applied in other stratigraphic intervals elsewhere
(e.g., Spalletti et al., 2014, 2019; Krim et al., 2017, 2019; Capelli et al.,
2018, 2020; Musacchio et al., 2022) and may contribute to a better
understanding of the depositional environment of the BORI. Mo, U, and
V have low solubility under reducing conditions and sediments depos-
ited in anoxic-sea bottom environments are frequently enriched in them
(e.g., Tribovillard et al., 2006). On the other hand, Ni, Cu, and Zn are
frequently sourced to the sediments in association with OM, and thus,
they are usually used as paleoproductivity proxies (Algeo and Maynard,
2004; Tribovillard et al., 2006). Siexcess iS also associated with high
productivity of the sea water (e.g., Ross and Bustin, 2009; Dong et al.,
2018). In addition to the study of the RSTE, the quantity and quality of
the OM is also used to reconstruct the paleoenvironmental conditions
since they are the result of the combined influence of the biomass pro-
ductivity, biochemical degradation, and of the OM depositional pro-
cesses (e.g., Mendonca Fihlo et al., 2012).

The marls and mudstones of the LI of BORI are characterized by the
highest concentration of TOC together with high absolute values and
enrichment factors of Mo, U, V, Ni, and Cu (Fig. 8C and 11A). The
enrichment in Mo, U, and V combined with the good correlation
observed between the RSTE and the TOC content, suggests overall
anoxic, and probably euxinic, sea bottom conditions during the accu-
mulation of the LI sediments (e.g., Tribovillard et al., 2006). Anoxic sea
bottom conditions are well documented in the diagrams (Fig. 11B and C)
of Algeo and Tribovillard (2009) and Piper and Calvert (2009). The Mo
vs U EF diagram suggests that at least some contribution of Mo is related
with the particulate shuttle effect (Algeo and Tribovillard, 2009,
Fig. 11B). This effect has also been proposed as an effective mechanism
of Mo enrichment in the lowermost organic-rich stratigraphic level
(“cocina”) of the VMFm (Krim et al., 2019; Spalletti et al., 2019; Capelli
et al., 2020). In spite of the particulate shuttle effect, the high enrich-
ment of V reported in the LI suggests that the sea bottom was indeed a
reducing environment. This is in agreement with the very high TOC
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Fig. 11. A) Enrichment factors (EFs) of the redox sensitive trace elements of the LI and UI of the BORI in the Puerta Curaco section compared against the average
shale composition. B) Mo vs U EFs diagram from Algeo and Tribovillard (2009). C) V/Mo vs Mo (ppm) diagram of Piper and Calvert (2009).

content, preservation of fine, delicate lamination in the sediments, and
abundant AOM content (Figs. 9 and 10A), the latter being the result of
preservation of autochthonous planktonic OM in reducing sea bottoms
(Summerhayes, 1987; Tyson, 1989) like those developed in the distal
carbonate ramps of VMFm (Fig. 12A). P values are relatively low
throughout the entire studied interval (<0.3 wt%), although the P/Al
ratio shows higher values than the AS throughout the entire BORI
(Fig. 8C). In deep marine environments, P is mainly sourced to the sea
bottom by dead phytoplankton. Afterwards, under anoxic conditions, P
is generally released back into the water column, enhancing produc-
tivity (Tribovillard et al., 2006). Therefore, the relatively low values of P
in the marls and mudstones of the VMFm may reflect strong anoxic
conditions in the sea bottom. Nevertheless, some of the primary P was
retained in the sediments as authigenic fluorapatite (Fig. 7) suggesting
very high initial concentrations of P (e.g., Tribovillard et al., 2006)
associated to a high productivity in the water column. Ni and Cu
enrichment in the LI of the BORI together with the accumulation of
radiolarian-rich facies and the documented Sigxcess (Fig. 11A and 12A)
also point to high productivity. Therefore, the high productivity of the
sea water may have been one of the main causes for the overall anoxic
sea bottom conditions reported in the LI of the BORI, because the
accumulation of dead biomass contributed to the full consumption of
oxygen (e.g., Pedersen and Calvert, 1990; Tribovillard et al., 2006,
Fig. 12A).

The Ul is characterized by a reduction of the absolute values of RSTE
and TOC, suggesting a change towards more oxygenated conditions at
the sea bottom and in the pore waters immediately below, consistently

with the presence of bioturbated marls and limestones (Fig. 2F, 4H and
11B and C). A sharp reduction of the paleoproductivity proxies is also
observed in the UI (Fig. 11A), in agreement with the reduction of
radiolarian-rich facies and AOM content, suggesting a link between
productivity and oxygenation of the sea bottom. The reduction of the
productivity in the water column during the accumulation of the UI led
to less OM accumulation and less oxygen consumption at the sea bottom
(Fig. 12B).

The high TOC and RSTE contents at the LI of the BORI occurred in a
general transgressive pattern (Dominguez et al., 2020), suggesting that
high productivity, and associated anoxic conditions at the sea bottom,
are related to the Berriasian marine transgression (Fig. 12A). A marine
transgression may enhance marine OM accumulation in basinal settings
by two processes: 1) an increase of the stratification of the water column
and 2) a reduction of the clastic input due to landward migration of the
shoreface (e.g., Wignall, 1991; Arthur and Sageman, 2005). The deep-
ening of the water column decreases bottom-water ventilation, enhances
anoxia in the sea bottom and favors the preservation of OM (Arthur and
Sageman, 2005). The stratification of the water column of the Neuquén
Basin during transgressive systems tracts of the VMFm is also supported
by the presence of microbial bindstones (Legarreta and Uliana, 1991,
Fig. 2E and 4A) presumably formed under conditions of high OM supply
and low sediment input (Kietzmann et al., 2016). Interestingly, the
lowermost analyzed marl (254.74 m) gave a relatively high 613Corg value
(—25.8%0) compared to the other BORI samples. This 13¢ enrichment is
not associated with a high input of terrestrial OM (Fig. 9) and might be a
consequence of isotopic fractionation by cyanobacteria (e.g., Carpenter
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Fig. 12. Paleoenvironmental reconstruction of the Lower and Upper Interval of the BORI indicating the main mineralogical and geochemical features of the rock. A)
Paleoenvironmental reconstruction of the Lower Interval (transgressive systems tract) characterized by a sea level rise, anoxic/euxinic conditions in the sea bottom
and high productivity in the water column. This resulted in the increased accumulation of mostly marine OM, which resulted in high values of Total Gamma Ray,
TOC, Siexcess, and relatively low values of 5'%Cearp. B) Paleoenvironmental reconstruction of the Upper Interval (regressive systems tract) characterized by a relative
sea level fall, suboxic conditions in the sea bottom and relatively low productivity in the water column. This resulted in relatively low content of OM, increase in the
input of terrestrial OM, low values of TGR, TOC, lack of Sieycess, and relatively high values of 8'3Ceqyp. For further explanations see the text.

et al., 1997; Saelen et al., 2000) in a general context of sea water
stratification during the early times of the marine transgression. Addi-
tional geochemical studies are needed to confirm this.

As in the basal LI of the BORI, many organic-rich intervals of the
VMFm are located within transgressive systems tracts (Kietzmann et al.,
2016; Dominguez et al., 2020; Rodriguez Blanco et al., 2022a). None-
theless, not all the transgressive systems tracts of the VMFm are char-
acterized by high TOC content (Kietzmann et al., 2016; Capelli et al.,
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2020; Rodriguez Blanco et al., 2020; Dominguez et al., 2020), suggesting
other factors, besides marine transgressions, intervene in the formation
of OM-rich intervals of the unit. The productivity proxies (Ni, Cu, Siex-
cess), indicate an increased availability of nutrients in the sea water
during the accumulation of the LI. Two sources of nutrients are generally
proposed to explain increasing productivity: an external source due to a
change towards more humid conditions in the continent (e.g., Hallock
and Schlager, 1986; Follmi, 1995) or an internal source due to the input
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of deoxygenated and phosphate-rich water (e.g., Arthur and Sageman,
2005). A change towards more humid conditions in the Berriasian has
been proposed (Capelli et al., 2020; Capelli, 2021) on the basis of
geochemical and clay mineral analyses of the VMFm. The fact that
kaolinite is present in the 2-16 pm size fraction of the LI may be
indicative of a more humid climate in the hinterlands during the early
Late Berriasian. This climatic change seems to be a global process, since
a change towards more humid conditions in the middle to upper Ber-
riasian have been proposed for the Tethyan, Atlantic Ocean and Russian
platforms realms (Hallam, 1984; Schnyder et al., 2005, 2006; Morales
et al., 2013, 2016). The early Late Berriasian age of the BORI of the
VMFm is therefore consistent with a worldwide paleoclimatic change
towards more humid conditions. The paleoclimatic change enhanced
nutrient supply to the sea, triggering outstanding productivity in the
water column of the Neuquén Basin.

The good correlation between the RSTE, the TOC content and the
microfacies analyses in the BORI suggests that these proxies may be
reliable indicators of past ocean oxygenation and productivity in deeply
buried successions of the VMFm.

5.3. Linking sequence stratigraphy and cyclicity with the mineralogy and
geochemistry of the BORI

Previous sequence stratigraphic studies of the VMFm have shown
specific lithological patterns associated with the different systems tracts
represented in the unit (Spalletti et al., 2000; Kietzmann et al., 2014,
2016; Zeller et al., 2015; Rodriguez Blanco et al., 2020, 2022a). In both,
composite sequences (CSs) and high-frequency sequences (HFSs),
transgressive systems tracts (TSTs) are mostly constituted of marls and
mudstones with high TOC content, whereas regressive system tracts
(RSTs) are generally constituted of marls, calcareous marls, and lime-
stones with relatively low TOC content (Kietzmann et al., 2014, 2016;
Zeller et al., 2015). A similar trend is recorded in the BORI of Puerta
Curaco section, where the LI is less calcareous and richer in TOC and the
opposite is observed in the UI suggesting that these mineralogical and
geochemical trends are related with sea level changes. Considering the
reported trends, thickness, and stratigraphic position of the analyzed
section, the LI and Ul are likely the TST and RST of HFS 11, at the base of
CS 4, in the sequence stratigraphic scheme proposed in Kietzmann et al.
(2016). Based on preliminary cyclostratigraphic data (Kohan Martinez,
2022) and the biostratigraphic data presented in this work, the average
sedimentation rate for the BORI is 14 m/Ma. Nevertheless, the estimated
sedimentation rate in the TST is ~10 m/Ma, while in the RST is ~30
m/Ma. These sedimentation rates are consistent with those previously
proposed by the authors for basinal and distal outer ramp facies (e.g.,
Kietzmann et al., 2014, 2016, 2021b).

The petrography and geochemistry of the LI reveals that the TST is
characterized by a high content of quartz, mostly of non-detrital origin,
high TGR values, high Mo, U, V, Ni and Cu enrichment, relatively low
613ccarb values (—3 to —2%o), high TOC and AOM of marine origin. The
high TOC content of the LI responds not only to high productivity in the
water column and overall anoxic conditions at the sea bottom, but also
to the relative low sedimentation rate which prevented high OM dilution
(e.g., Gautier et al., 1984; Stein, 1986). This is in agreement with the
relatively low clay mineral and phytoclast content which indicates
minor detrital input (Figs. 9, 11A and 12A).

On the other hand, the UI represents a RST characterized by an in-
crease of calcite and clay minerals, lower TGR values, low Mo, U, V, Ni
and Cu enrichment, higher 613Ccarb values (—1 to 0%o), low TOC and
higher content of terrestrial phytoclasts, in agreement with the higher
sedimentation rate estimated for the RST (Figs. 9, 11A and 12B). The
increase of clay minerals in the UI is not only supported by the XRD
analyses, but also by the increment on the absolute content of Al and K
(Figs. 7 and 8A). The increment of calcite in the Ul is clearly evidenced
by the increase on the average content of Ca (17.34 wt%) and Mn (0.05
wt%) in the UI compared to respective average values of 12.42 wt% and
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0.03 wt% in the LI (Fig. 8B). The increase of calcite, clay minerals, and
phytoclasts may be associated with a general decrease of the accom-
modation space in the basin, resulting in a general progradation of the
carbonate ramp with peloidal-rich facies (Kietzmann et al., 2016). The
increase of clay minerals indicates that both, carbonate and clays were
exported together, probably in the form of mixed micrite/clay peloids
(e.g., Wagreich and Koukal, 2019, Fig. 4G). The general increase of the
phytoclast content in the UI suggests an increment of terrestrial input
and confronts previous studies that proposed a uniform marine origin
for the OM of the VMFm, with negligible contribution of terrestrial OM
and stratigraphic variations basinwide (e.g., Brisson et al., 2020). Our
palynological analyses indicate abundant large, blade-shaped, opaque
phytoclasts, supporting a transitional/terrestrial provenance (Steffen
and Gorin, 1993; Gotz et al., 2005, Fig. 10B and C), for the OM of the
BORI, especially in the UI (Fig. 9). Opaque phytoclasts transported to
distal marine settings by storms or turbidity currents may have been
either derived from the oxidation of translucent woody material
reworked from estuarine and deltaic environments (Tyson, 1993; Erce-
govac and Kostic, 2006; Carvalho et al., 2006; Otharan et al., 2022), or
by the oxidation of terrestrial OM after deposition (e.g., Tyson, 1993;
Ercegovac and Kostic, 2006). The abundance of peloids and intraclasts
in the marls of the UI contrast with the radiolarian abundance in the
wackestones of the LI, supporting deposition in a shallower marine
environment for the UI (Kietzmann et al., 2014, 2016, 2020; Catalano
et al., 2018; Minisini et al., 2020b; Rodriguez Blanco et al., 2022a). In
addition, the 613Ccarb values of the UI are higher than those reported in
the LI and closer to the “normal” isotopic composition of calcite
precipitated in the Berriasian marine waters (Weissert and Erba, 2004;
Katz et al., 2005; Gomez Dacal et al., 2018). This suggests that calcite of
the UI was mostly sourced in the form of primary carbonatic components
(e.g., bioclasts, micritic peloids, intraclasts) with less diagenetic
contribution (Scasso et al., 2002; Catalano et al., 2018; Rodriguez
Blanco et al., 2018). Peloids were probably first sedimented near the
coast and later resuspended and exported to distal settings by storms and
their associated basinward currents and flows (e.g., Huggett et al., 2015;
Kietzmann et al., 2016). A basinwide increment in the terrestrial input
during the late Berriasian would explain the increment of phytoclasts
and Fe-rich chlorite in the UI of the BORI, which took place in the
context of the progressive transition from a carbonate ramp (VMFm) to a
shallow marine, mixed siliciclastic/carbonate environment (Quintuco
Fm) (Kietzmann et al., 2016, 2018a; Capelli et al., 2018, 2020).

The content of plagioclase is relatively constant throughout the
entire BORI, averaging 11 and 10 wt% in the LI and UI respectively
(Fig. 7), in good agreement with the absolute content of Na (Fig. 8A).
The decrease of the Na/Al ratio in the UI results from the relative in-
crease on the clay mineral content. The lowermost 3 m of the Ul presents
the highest values of plagioclase (25 wt%; Fig. 7) and is highlighted by
the Sr/Ca ratio, which is markedly higher than in the rest of the BORI
(Fig. 8B). Therefore the Sr in the marls and mudstones is not only
associated with carbonates, as in the rest of the BORI, but it is also
related to the abundance of feldspar (e.g., Lerouge et al., 2010). As
plagioclase is common in the argilized ash beds of the VMFm (Rutman
et al., 2021) the high content of Sr in this interval, macroscopically
characterized by the abundance of ash beds (Fig. 3), is related to the
plagioclase from millimetric volcanic ash beds into the marls and
mudstones of the BORI. Therefore, the mineralogy of the marls and
mudstones of the BORI is not only a consequence of the productivity of
the water column and sea level changes, but it also reflects periods of
enhanced volcanic input. Considering this, the Sr/Ca ratio can be used as
a proxy to track the presence of volcanism in marls and mudstones of the
VMFm.

Four ~ 5-10 m thick cycles, are recognized in the BORI on the basis
of the Th/K, Th/U ratios, TOC content and, to a lesser extent, on the
relative abundance of AOM and phytoclasts (Figs. 6 and 9). These higher
frequency cycles are nested in the same stratigraphic interval than the
LI-UI cycle and they are better expressed in the LI (Fig. 6). They are
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characterized by a gradual increase of the Th/U and Th/K ratios, and a
gradual decrease of the TOC content with a relative increase of AOM,
towards the top of each cycle. On the basis of their thickness and the
average sedimentation rate of the VMFm (Kietzmann et al., 2014, 2015)
an approximated duration of 240-500 kyr can be calculated for each
high-frequency cycle, that lies within the Milankovitch frequency band.
According to the astronomical time scale built for the
Tithonian-Berriasian of the Neuquén Basin (Kietzmann et al., 2018b),
the studied interval contains seven low frequency eccentricity cycles (E)
of the Earth’s orbit, which would be consistent with the cyclical varia-
tions observed in our data. The high Th/K ratio may reflect more humid
climates in the hinterlands, where an increase of weathering resulted in
the formation of clay minerals with high Th/K ratio (e.g., Schnyder
et al., 2006; Hesselbo et al., 2009). The more humid climatic episodes
corresponding to C1-C3 cycles of the LI together with the presence of
kaolinite in the 2-16 pm size fraction of the LI support a more humid
climate during the deposition of the LI. This high-frequency, cyclic pa-
leoclimatic changes towards more humid conditions can be interpreted
in the same way as the LI-UI cycle, with more humid climates and higher
runoffs in the hinterlands leading to an increase of available nutrients
into the sea and proliferation of productivity in the water column (e.g.,
Follmi, 1995).

5.4. Insights in the characterization of the BORI as a sweet spot

The 50-m thick BORI has the typical thickness of the organic-rich
stratigraphic intervals of the VMFm and may be regarded as an attrac-
tive interval for unconventional hydrocarbon production in the northern
blocks of the basin (Fantin et al., 2014; Desjardins et al., 2016; Lanusse
Noguera et al., 2017; Dominguez et al., 2020; Ponce et al., 2022). In
these unconventional hydrocarbon prospects, the study of the miner-
alogy and geochemistry is crucial since they have direct influence in the
petrophysics and geomechanics of the reservoirs (e.g., Jarvie et al.,
2007; Peltonen et al., 2009; Wilson et al., 2016; Milliken and Olson,
2017; Dong et al., 2018; Liu et al., 2020; Ortiz et al., 2020). Considering
this, at least four aspects should be taken into consideration when
analyzing the BORI as a possible stratigraphic interval for unconven-
tional hydrocarbon production in the VMFm: 1) the TOC distribution, 2)
the bulk mineralogy, 3) the type of quartz, and 4) the clay mineralogy,
since these features may enhance or reduce the production of hydro-
carbons (e.g., Milliken and Olson, 2017; Yi-Kai et al., 2017; Dong et al.,
2018; Liu et al., 2020; Ortiz et al., 2020).

The markedly higher TOC content in the LI (4.2 wt% on average)
compared to the UI (1.5 wt% on average; Fig. 12) makes the LI more
attractive than the UI for hydrocarbon production. Additionally, the
porosity in the VMFm is mainly organic porosity (Crousse et al., 2015;
Ortiz et al., 2020; Spacapan et al., 2021) and higher contents of OM will
result in higher porosities.

A bulk mineralogy with higher content of quartz, calcite, and feld-
spar enhances the brittleness of unconventional hydrocarbon reservoirs
and favors reservoir stimulation by hydraulic fracturing. The opposite is
true for high clay mineral and OM content (Jarvie et al., 2007; Rickman
et al., 2008; Wang and Gale, 2009; Rybacki et al., 2016; Dong et al.,
2018; Liuetal., 2020; Varela et al., 2020). The average bulk clay mineral
content is generally lower than 40 wt% in the VMFm. This value is
usually set as a cut off value when assessing reservoir’s fracability
(Varela et al., 2020). Both intervals of the BORI are well below the cut
off, but the average content of “brittle” minerals is slightly higher in the
LI (quartz + calcite + feldspar = 76 wt%, Brittle index = 0.44 + 0.10)
than in the UI (quartz + calcite + feldspar = 73 wt%, Brittle index =
0.20 £ 0.11). The opposite is true for the bulk clay mineral content,
which averages 21 wt% in the LI and 26 wt% in the UI (Fig. 12). In
addition, the average content of quartz is markedly higher in the LI (37
wt%) than in the UI (18 wt%), also indicating than the LI is more brittle
than the Ul and so, that the LI will be better for reservoir’s stimulation by
hydraulic fracturing.
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The type of quartz is also important for the reservoir’s geomechanics,
since in mudstones biogenic quartz is usually pervasively distributed in
the rock as authigenic microcrystals, whereas detrital quartz is usually
distributed as isolated grains (Milliken and Olson, 2017; Dong et al.,
2018; Liu et al., 2020). The pervasive distribution of quartz increase
reservoir’s brittleness by favoring the development of a rigid network (e.
g., Dong et al., 2018). The Sigxcess in the LI of the BORI (Fig. 8A and 12A)
is sourced by the radiolarians in the radiolarian-bearing mudstones and
marls, a common lithology in the VMFm (Scasso et al., 2002; Kietzmann
et al.,, 2014, 2016; Catalano et al., 2018; Capelli et al., 2018, 2020;
Milliken et al., 2019) associated with high-productivity stages of the
water column (see section 5.2). The early filling of the radiolarian tests
with calcite as well as the replacement of their silica skeletons by calcite
and chlorite during diagenesis, led to the massive precipitation of
euhedral microcrystals of quartz in the matrix. This process has been
well documented in the studied section of Puerta Curaco (Catalano et al.,
2018) and in the nearby El Trapial block (Milliken et al., 2019, Fig. 1)
and extended to the entire basin in both outcrop and subsurface blocks
(e.g., Kietzmann et al., 2020). Another potential source of Si that may
have led to the precipitation of quartz in the matrix is the transformation
of smectite to illite (e.g., Hower et al., 1976). In the BORI, I/S contri-
bution to the <2 pm size fraction is subtly higher in the LI than in the UI
and this trend is even more evident in the 2-16 pm size fraction (Fig. 7).
The higher content of I/S in the LI may have contributed to the higher
amounts of quartz reported in the LI, and so to enhance reservoir’s
brittleness.

The predominance of I/S, formed by smectite transformation
through burial, may have favored the generation of hydrocarbons,
especially in the LI of the BORI where the I/S is more abundant (Fig. 7).
Smectite was the main clay mineral present in the rocks when the OM
was immature. Compared to other clay minerals like chlorite or illite,
smectite has a larger specific surface, which results in higher quantities
of adsorbed OM in both the external surface and the interlayer space (e.
8., Theng, 1979; Hillier, 1995; Cai et al., 2022; Zhao et al., 2023). During
burial, OM is cracked to produce hydrocarbons, leading to the formation
of organic pores (Yi-Kai et al., 2017). Therefore, compared to other clay
minerals like illite or chlorite, a relatively high initial content of smectite
will favor the adsorption of OM, which during burial should favor the
development of organic porosity in the VMFm. Furthermore, the size of
the organic pores in the VMFm correlates positively with the thermal
maturity of the OM and sections submitted to a high diagenetic grade,
like the studied section, have larger organic pores (Kietzmann et al.,
2020). In addition, the transformation of smectite to I/S releases inter-
layered water, which may result in the formation of intercrystalline
pores, thus increasing the secondary porosity in both matrix and OM
(Yi-Kai et al., 2017). Therefore, the presence of primary smectite in the
BORI may favor unconventional hydrocarbon production in two ways:
1) by increasing the quantities of adsorbed OM resulting in higher TOC
values and more organic pores and 2) by the formation of intercrystal-
line pores due to the release of interlayered water during the trans-
formation of smectite to I/S.

Summarizing, the TOC content, bulk mineralogy, type of quartz, and
clay mineralogy of the BORI in general, and especially in the LI, result
truly attractive for future unconventional hydrocarbon production of
this organic-rich stratigraphic interval in the VMFm.

6. Conclusions

The multiproxy analysis (petrography, mineralogy and geochem-
istry) of the BORI allowed an unprecedented, comprehensive analysis of
its paleoenvironmental and sequence stratigraphic framework. This
study confirms, refines and clarifies previous assumptions and estab-
lishes new criteria applicable for other organic-rich intervals of the
VMFm in the Neuquén Basin.

The BORI is 50 m-thick in the Puerta Curaco section and presents a
late Early to early Late Berriasian age, comprising the upper Calpionella
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and lower Calpionellopsis calpionellids Zones and the Stomiosphaera
wanneri calcisphere Zone. The OM thermal maturity reached the dry gas
window stage, in agreement with the high-grade diagenetic mineralogy
of the marls and mudstones, mostly constituted by high-ordered 1/S,
chlorite, illite, albite, calcite and quartz. The combination of the
mineralogical and ME analyses allowed to use the Sr/Ca and Mg/Al
ratios as proxies to track the presence of diluted volcanic material and
dolomite in relatively homogenous fine-grained successions of the
VMFm.

The LI of the BORI is mostly characterized by radiolarian-rich marls,
higher TOC and quartz content. The paleoenvironmental reconstruction
suggests high productivity in the water column and overall anoxic
conditions at the sea bottom, which favored the accumulation and
preservation of OM. The relatively low 613Cmb values of the calcite
indicate a significative diagenetic contribution from aqueous CO,
formed after oxidation of the OM. The UI is mostly composed of car-
bonate and clay peloidal facies, with lower TOC and higher calcite
content, whereas the geochemical analyses indicated low productivity in
the water column and a more oxygenated sea bottom. The relatively
higher 5'3Cearp values suggest less diagenetic contribution of COy from
OM oxidation.

The palynofacies study revealed an unexpected significant terrestrial
contribution for the VMFm, which is normally assumed to exclusively
have marine OM. This palynofacies conformation is related to the pro-
gressive progradation of the shallow marine environment of the Quin-
tuco Fm.

The overall anoxic conditions of the sea bottom during the accu-
mulation of the LI were reached by the combined effects of sea water
stratification caused by the Berriasian transgression and the high pro-
ductivity of the water column. The latter is attributed to the worldwide
paleoclimate change towards more humid conditions reported in the
early Late Berriasian, which should have increased continental runoff
and nutrient supply to the ocean, triggering productivity of the water
column in the Neuquén Basin. In addition, higher frequency, humid/arid
cycles (~5-10 m thick) recorded in the Th/K ratio may reflect 240-500
kyr cycles related with the Earth orbital’s eccentricity cycles.

The combination of the prevailing environmental conditions during
sedimentation and the diagenetic history makes the BORI of the VMFm a
highly attractive target for unconventional hydrocarbon production.
This is especially remarkable in the LI, richer in OM and with abundant
brittle minerals and Siexcess that enhance reservoir’s fracability.
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