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ARTICLE INFO ABSTRACT

Editor: S Xie The stable carbon isotopic compositions of carbonate sediments (613Cca,b) have been widely used to reconstruct

the global carbon cycle and as a stratigraphic correlation tool. This work investigates a 8'3Ceqyp, record of marine

Keywords: organic-rich, mixed siliciclastic-carbonate mudstones accumulated from the Tithonian (late Jurassic) to the early

Dlag?“eSIS Valanginian (early Cretaceous) in a retro-arc basin connected to the Proto-Pacific Ocean (Neuquén Basin,

2}?"1’“2‘ Argentina). The high-resolution record of 8'3Ceqy, values of these strata from outcrops at various locations in the
ale

basin differ from those in the coeval pelagic strata of the Tethys. The 8'3C .y, profile in the Puerta Curaco area
shows an overall increasing trend from average values of —7%o (early Tithonian) to approximately 0%o (early
Valanginian). The negative 613Cmb values occur in a ~ 400 m thick TOC-rich succession (TOC > 2%) and are
arranged in 3 large-scale increasing-decreasing cycles. Although absolute values are offset, main trends are
similar in other outcrops and in subsurface wells. The co-occurrence of the highest U/Th (>1.4) and the most
negative 813Ccarb values suggests that the major trends in the 813Ccarb profile might be modulated by oscillations
in oxygen content within the basin probably driven by sea-level changes. Clastic-dominated transgressive
hemicycles have higher TOC and more negative 513Ccarb values while the opposite occurs in carbonate-rich
regressive hemicycles. A trend from “normal” Tithonian surface-water values (avg. +2%o) in the southern
shelf to increasingly negative 5'3Cearp, values towards the basin center indicates a mixing between platform-
derived carbonate material unaffected by diagenesis and carbonate precipitated or altered in a dysoxic/anoxic
basin. The §"3Cear profile in the Tethyan realm does not record this episode of high burial of organic carbon
occurred in the Neuquén basin during the Tithonian and Berriasian but display a slightly decreasing trend be-
tween +2.5 and +1.5%o.

Vaca Muerta
Carbonate isotope

1. Introduction

The potential of marine carbonate isotope stratigraphy relies on the
fact that 13C/'2C ratios of marine carbonates have varied over time,
mainly as the result of partitioning of carbon between organic carbon
and carbonate carbon reservoirs in the lithosphere (Veizer et al., 1980;
Kump and Arthur, 1999). While other factors such as diagenesis and
sediment source are known to affect 5!3Ceqyp, values, their primary use in
the carbonate record has been in the interpretation of the isotopic
composition of the oceans, which provide insight into global carbon
cycle dynamics and can be applied as stratigraphic correlation tools
(Saltzman and Thomas, 2012; Cramer and Jarvis, 2020). The formation
of calcium carbonate and its burial in marine sediments accounts for

approximately 80% of the total carbon removed from the Earth’s sur-
face, from which at least 10% would be due to authigenic carbonate
precipitation (Sun and Turchyn, 2014). This proportion might be larger
in the margins of ocean basins with high primary productivity and high
delivery of organic carbon to marine sediments, as well as during times
of oxygen deficiency (Schrag et al., 2013).

This work presents a case study from the Neuquén Basin, Argentina,
where a high-resolution record of 5'3Ceqrp values has been measured
through the Tithonian (late Jurassic)-early Valanginian (early Creta-
ceous) marine successions of the Vaca Muerta Formation. The original
goal was to produce a 613Ccarb profile of this time interval in an ocean
basin on the southern hemisphere. We will, however, show how local
burial of organic carbon and associated diagenesis result in 613cca,b
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trends that are not reflecting the global carbon cycle. The aims of the
present work are: (a) to compare the Neuquén basin 5'%Cearb profile with
that of the Tethyan region (typically considered representative of a
“global signal”; Cramer and Jarvis, 2020); (b) to delineate the diagenetic
processes that influence the 813Cearb profile; and (c) to explain the co-
occurrence of highly negative 613Ccarb values in the basin with
“normal” Tithonian-Berriasian values on the shelf.

2. Geological setting
2.1. The Neuquén Basin

The Neuquén Basin lies within the eastern side of the Andean
Cordillera, in west-central Argentina, between 32 and 40° south, and
71° and 68° west (Fig. 1A). During the late Jurassic and early Creta-
ceous, the area was part of the western Gondwana and evolved as a
continental margin with active subduction of the proto-Pacific plate
(Fig. 1B). The magmatic arc developed during this period was poorly
evolved, the continental crust was attenuated and very close to sea level,
and extensional basins such as the Neuquén Basin developed in the
retro-arc (Uliana et al., 1995; Ramos and Aleman, 2000; Ramos, 2010).
These retro-arc basins coincided with previous rift systems and were
mainly controlled by thermal sag subsidence (Legarreta and Uliana,
1991; Franzese and Spalletti, 2001; Howell et al., 2005). As a result of
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this dominant extensional regime during Late Jurassic times, most of the
continental margin of Gondwana was flooded by marine transgressions
at the beginning of the Tithonian (Ramos et al., 2020). The Neuquén
Basin contains a rich and diverse fossiliferous assemblage indicative of
open marine waters that are similar to the forms in the Tethys Ocean
(Hallam, 1983; Riccardi, 1991; Hillebrandt et al., 1993; Gasparini et al.,
2015; Parent et al., 2015).

2.2. The Tithonian to early Valanginian mixed siliciclastic-carbonate
system

In the Neuquén Basin, a major flooding episode in the early Titho-
nian (~148 Ma) was followed by a regression with gently inclined and
dominantly NW trending prograding clinoforms continuously filling the
basin up to the early Valanginian (~137 Ma) (Fig. 1A-B). This trans-
gressive and regressive system is the result of a second-order eustatic
cycle (Legarreta and Uliana, 1991, 1996) with local tectonic influence
(Vergani et al., 1995). The system comprises two main stratigraphic
units that correspond to different positions within the prograding cli-
noforms (Fig. 1C). The topset deposits are shallow-water carbonates and
siliciclastics of the Pictin Leuft and Quintuco Formations, while foreset
and bottomset deposits are the organic-rich black shales of the Vaca
Muerta Formation (Leanza, 1973; Mitchum and Uliana, 1985; Legarreta
and Uliana, 1991; Massaferro et al., 2014; Zeller et al., 2015; Paz et al.,
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L. Rodriguez Blanco et al. Palaeogeography, Palaeoclimatology, Palaeoecology 603 (2022) 111208

o"C

cari (%0)

Fm Seq Lithology
Age Depth Mw P

si f

650 - ‘

o Z;: :

o |

=] |

€ <§ f

> |

g % |

S :

Ru !

e |

c |

= é :

@© |

> !

3 r |
©
£
(0]
=]
=
(0]
(&}
©
>

Berriasian

Tithonian

0 50 100 0 100 200
wt.%CaCOs3 GR (API) U/Th

Fig. 2. Stratigraphic sections. A) PC section, and B) MDC section. Profiles of geochemical proxies are carbonate content (wt%CaCOs), total organic content (%TOC),
gamma ray (GR) total (black) and spectral (potassium [K, light blue], thorium [Th, orange], uranium [U, green]), 8'3C carbonate isotope values (813ccarb), and U/Th
ratio (U/Th). Profiles include both measured data (except for the U/Th ratio) and calculated 3-point average. Highest U/Th values (> 1.4) are highlighted to indicate
the intervals most likely representing truly anoxic conditions. Highlighted in red is the mid-late Tithonian interval considered for proximal-distal analysis in Fig. 4.
Fm: Formation, Seq: Sequence. Abbreviations for grain size are M (mudstone), W (wackestone), P (packstone), si (silt), f (fine sandstone). Sections are modified from
Rodriguez Blanco (2016) and Rodriguez Blanco et al. (2020), which provide further detail on the sedimentology and sequence stratigraphy. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (continued).

2019; Dominguez et al., 2020). Relief estimates between top and base of
clinoforms indicate 200 to 400 m of water depth (Mitchum and Uliana,
1985; Minisini et al., 2020). Within the Vaca Muerta Formation, a
prominent fine-grained carbonate-rich interval is named the Los Catutos
Member (Leanza and Zeiss, 1990), but similar, although younger,

intervals occasionally accumulate on the slopes adjacent to carbonate-
dominated shelves (Rodriguez Blanco et al., 2020).
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2.3. Depositional environment and lithology of the Vaca Muerta
Formation

The black shales of the Vaca Muerta Formation accumulated in an
epeiric sea connected to the proto-Pacific Ocean through gaps in the
magmatic arc (Legarreta and Uliana, 1996; Spalletti et al., 2000;
Fig. 1B). Volcanism in the western arc (calc-alkaline series; Rutman
et al., 2021) was prevalent throughout the Tithonian and Berriasian
(Meissinger and Lo Forte, 2014), evidenced as frequent ash layers
alternated with the organic-rich shales. Lithological and geochemical
heterogeneity both in depositional cycles and along bottomsets/foresets
of the clinoforms suggest variations in depositional paleo-environments
driven by changes in sea level, marine currents, climate, sediment flux,
etc. (Kietzmann et al., 2011; Zeller, 2013; Spalletti et al., 2000, 2019;
Minisini et al., 2020; Otharan et al., 2020; Capelli et al., 2021b).

In central positions of the basin, the deposits of the Vaca Muerta
Formation are organic-rich clastic and calcareous mudstones largely
devoid of bioturbation, with abundant calcite veins, thin ash layers and
calcite concretions (Doyle et al., 2005; Kietzmann et al., 2014; Spalletti
et al., 2014; Paz et al., 2019; Minisini et al., 2020; Otharan, 2020; Rei-
jenstein et al., 2020; Capelli et al., 2021a). Redox sensitive elements and
organic productivity indicators within the basinal successions point to
accumulation in anoxic conditions and low sedimentation rates (Spal-
letti et al., 2014, 2019; Hernandez Bilbao, 2016; Krim et al., 2019;
Capelli et al., 2021b). On the slope, mudstones have lower organic
content, are more carbonate-rich but devoid of concretions, and have
both trace and body fossils of mollusks indicating dysoxic to oxic con-
ditions (Doyle et al., 2005; Kietzmann et al., 2014; Spalletti et al., 2019;
Minisini et al., 2020; Reijenstein et al., 2020).

The lithological variability of the Vaca Muerta Formation is also
observable in vertical profiles, which display a strong rhythmic sedi-
mentation pattern (Scasso et al., 2005; Kietzmann et al., 2011; Leanza
et al., 2020). Cycles at different scales display partitioning in facies and
geochemical proxies between transgressive and regressive portions
(Zeller et al., 2015; Rodriguez Blanco, 2016). Transgressive hemicycles
are laminated clastic or calcareous TOC-rich mudstones with small
concretions, intercalated calcite veins and ash layers. Facies coarsen
(silty mudstone) and thicken and/or carbonate content increases
(mudstone-wackestone) in the regressive hemicycles. In the basin cen-
ter, cycle tops are laminated calcareous mudstones with large concre-
tions (Rodriguez Blanco et al., 2022), whereas in more proximal settings
they are massive silty layers or wackestone-packstone beds.

3. Materials and methods

A 650 m succession in Puerta Curaco (PC section; Fig. 1A) and a 160
m succession in the southern part of the Sierra de la Vaca Muerta (MDC
section; Fig. 1A) were sampled for carbon isotope analysis at 1 m in-
tervals. The PC section in the center of the basin is the more expansive,
covering strata from the early Tithonian to the early Valanginian
(Fig. 2A). The MDC section, in a relatively more proximal setting, only
covers Tithonian strata (Fig. 2B). Shorter sections (~20 m thick) in the
Pictin Leuft Anticline (PLA section; Fig. 1A) and the northern part of the
Sierra de la Vaca Muerta (VM23 section; Fig. 1A) were sampled to
investigate lateral isotope variations for a specific interval of mid-late
Tithonian age.

In the case of the PLA section in the shelf, the §'3Ceayp, values were
measured only in the fine-grained lithologies (carbonate mudstones and
wackestones) to minimize risk of meteoric alteration due to exposure. In
the other sections from slope and basin settings, where mudstone and
silty-mudstone compositions dominate, samples cover all lithologies
with >10 wt% CaCOs, which was the limit to obtain meaningful 53Cearb
values. However, ash layers, calcite veins and concretions were sampled
separately and are not part of this analysis. Table 1 shows the prove-
nance of the 814 studied samples, of which 179 correspond to the mid-
late Tithonian interval investigated for proximal-distal variations.
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Table 1

Number of samples measured in each studied section: Puerta Curaco (PC), Sierra
de la Vaca Muerta (SaVM-VM23 and SaVM-MDC) and Pictin Leufi Anticline
(PLA). For the proximal-distal analysis in Fig. 3, only time-equivalent intervals
to the Los Catutos Member were considered (mid-late Tithonian: m-1 Tith).

Section Total Samples for proximal-distal analysis (m-1 Tith
samples interval)
PC 591 14 (mid-late Tithonian: 45-57 m)
SaVvM - 21 21 (Los Catutos Member: ~72-90 m)
VM23
SaVM - MDC 149 91 (Los Catutos Member: ~97-163 m)
PLA 53 53 (mid-late Tithonian: ~448-475 m)

Outcrop samples were pulverized, and carbonate isotopes were
measured via dissolution of whole-rock powder in phosphoric acid
(Swart et al., 1991) and the CO4 produced in this process was analyzed
on a Finnigan MAT 251. Each run included 25 samples, with 3 standards
at the beginning and 2 standards at the end. Data were corrected for any
fractionation in the reference gas during the run and reported relative to
the Vienna Pee Dee Belemnite (VPDB) scale. Errors on these measure-
ments are <0.1%o based on replicate analysis.

Samples of all sections had been previously analyzed for carbonate
content (wt%CaCO3) and total organic content (TOC). In addition, sec-
tions PC and MDC had spectral Gamma Ray (GR) measurements at 1 m
intervals, coinciding with each of the sites sampled for geochemical
analyses. Sections had been previously studied for sedimentary facies
and placed within a sequence-stratigraphic framework [further detail is
in Zeller, 2013 for PLA, and Rodriguez Blanco, 2016 and Rodriguez
Blanco et al., 2020 for PLA, MDC, VM23 and PC]. Ages were constrained
by nearby biostratigraphic sections from the literature (Aguirre Urreta
and Vennari, 2013; Aguirre Urreta et al., 2014).

PC and MDC that are the most complete sections in terms of thickness
and measured proxies, are described in more detail (see Results 4.1) and
investigated for vertical trends in 5!3Cearp values (see Results 4.2).
Specific intervals of mid-late Tithonian age (highlighted in red in
Fig. 2A-B) were also analyzed for proximal-distal variations in §'3Ceqr
values (see Results 4.3). The other two shorter sections, PLA and VM23,
are only briefly described (see Results 4.1) and investigated for lateral
variations in 8'3Cearp, values along the proximal-distal transect of mid-
late Tithonian age (see Results 4.3).

4. Results
4.1. The sedimentary succession in the studied outcrop locations

Given the strong cyclic character of the analyzed successions (see
Section 2.3), this part of the work describes each logged section in terms
of basic transgressive-regressive cycles. These high-frequency cycles
display facies partitioning and differences in wt%CaCO3 and TOC be-
tween transgressive and regressive hemicycles. Facies and geochemical
trends (wt%CaCOs3 and TOC) in cycle sets and sequences replicate those
of the high-frequency cycles.

4.1.1. Puerta Curaco (PC section)

The sedimentary succession in the Puerta Curaco area (Fig. 2A)
covers the entire Vaca Muerta Formation and the lower part of the
Quintuco Formation, in a shallowing upward trend that is the result of
the progradation of the system from the early Tithonian to the early
Valanginian. In the basal 300 m of the PC section, the lithology is an
alternation between fissile mudstones with high organic content (avg.
2-6% TOC), either clastic (wt%CaCO3 < 15%) or calcareous (wt%
CaCOs 15-50) in composition, and silty-mudstones or mudstone-
wackestones towards cycle tops. The basal fissile mudstones dominate
most of the stratigraphic cycles. Pyrite is abundant in the fissile mud-
stones, and lamination results from variations in content of detrital
material, organic matter, and/or coccolithic aggregates. Bioclasts are
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mostly pelagic (e.g., ammonites, radiolarians, fish scales). These
organic-rich facies are associated with stratigraphically aligned con-
cretions of variable sizes (few cm to >1 m), calcite veins, and thin ash
layers, which can be either calcite cemented or replaced with clays. This
part of the section represents the more distal setting and consists of se-
quences 1 to 5.

From 300 to 520 m, the succession is a cyclic alternation between
fissile organic-rich mudstone in transgressive portions and highly
continuous ~0.3 m thick skeletal or peloidal wackestone/packstone
beds (wt%CaCO3 > 60) in regressive portions. The carbonate beds are
massive or slightly laminated, commonly bioturbated, with silt-size
quartz and carbonate grains, and have 1-2% TOC and occasional py-
rite. Common bioclasts include ammonites, radiolarians, micro-crinoids,
bivalves and sponge spicules. An exception occurs in the 420-480 m
interval, where some carbonate beds are completely replaced by crys-
talline dolomite. The carbonate-rich intervals occur in the regressive
part of sequences 6 to 8 and are interpreted as distal periplatform de-
posits shed from the carbonate-dominated shelves located along the
eastern side of the basin. Above 520 m the system becomes increasingly
siliciclastic, alternating greenish mudstones, siltstones and cross-
stratified fine sandstones of the Quintuco Formation deposited on a
shallow shelf.

4.1.2. Sierra de la Vaca Muerta (MDC and VMZ23 sections)

In the southern part of the Sierra de la Vaca Muerta (MDC section)
the sedimentary succession starts with a clastic-dominated, relatively
coarse-grained interval that consists of organic-rich mudstones grading
to siltstones and massive sandstones (Fig. 2B). These sediments were
shed from a clastic-dominated mixed-shelf in the south of the basin.

Between 40 and 95 m, the basinal facies consist of organic-rich (TOC
> 2% and locally up to 10%) fissile mudstones with abundant concre-
tions, and ash layer commonly replaced with clays. These facies are very
similar to those described for the lower part of the PC section (0-300 m),
and also represent the more distal environment.

Above 95 m (Fig. 2B), the succession transitions into the limestones
of the Los Catutos Member of mid-late Tithonian age. Stratigraphic cy-
cles in this interval have a very thin (or absent) transgressive portion
that is a fissile and organic-rich calcareous mudstone, and a regressive
portion that consists of highly continuous and thick (up to 1.2 m),
massive or slightly laminated carbonate beds. These skeletal or peloidal
wackestone/packstone beds (mean 85 wt%CaCO3) are commonly bio-
turbated and with ~1% TOC. Skeletal fragments are abundant and
include ammonites, radiolarians, micro-crinoids, bivalves and sponge
spicules. Silt-size quartz is common, and pyrite is locally abundant. The
presence of large-scale sedimentary features as slump scars, slides, and
small channels down cutting into the Los Catutos Member point to a
slope position near the shelf break.

In the northern part of the Sierra de la Vaca Muerta (VM23 section),
the mid-late Tithonian Los Catutos Member is reduced in thickness to
approximately 20 m and consists of a cyclic alternation of relatively
thick (up to 1.5 m) organic-rich fissile mudstones in transgressive por-
tions and ~ 0.3 m thick slightly laminated skeletal or peloidal wacke-
stone beds (mean 65 wt%CaCOs3) towards cycle tops. These carbonate
beds are rarely bioturbated, have TOC values between 1 and 3% and
their skeletal content, although similar to the MDC section, is not as
abundant. The sedimentary succession in VM23 is very similar to the
carbonate-rich intervals that occur in the PC section between 300 and
520 m, and is also interpreted as a distal periplatform deposit.

4.1.3. Pictin Leufti Anticline (PLA section)

The studied mid-late Tithonian interval in the Pictin Leufdi Anticline
is a ~ 20 m thick pure carbonate package that forms part of the Pictin
Leuft Formation. The sedimentary facies are mudstone-wackestones in
transgressive hemicycles and bivalve-oyster floatstones and cross-
bedded oolitic grainstones towards cycle tops (mean 86 wt%CaCOs3).
This interval represents the most proximal setting among the studied
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sections and corresponds to a tidally dominated shelf environment.
4.2. Cycle partitioning and vertical trends in 813C.arp values

The high-frequency cycles described in Section 4.1, which exhibit
partitioning in facies, carbonate content and TOC between transgressive
and regressive portions, also show partitioning in 5'3Cearp values. Fig. 3
displays cross plots of carbonate content vs. TOC and 5'3Cearb, and
613Ccarb vs. TOC for a reduced dataset of mid-late Tithonian age in each
of the studied locations. Samples from transgressive hemicycles are in
blue, and samples from regressive hemicycles are in yellow (for most of
the regressive) and red (for cycle tops). Transgressive portions of cycles
tend to have higher TOC and lower 8'3Cc,y, values while regressive
portions, and especially cycle tops, have both higher wt% CaCO3 and
613Ccarb values (Fig. 3). As with the sedimentary facies, cycle sets and
sequences also display higher 8'3Cc.y, values towards tops, while the
more negative 613Ccarb values tend to be associated with transgressive
portions (Fig. 2).

In a larger scale, the profile of 5'3Cearp values in Puerta Curaco
(Fig. 2A) shows an overall increasing trend from the early Tithonian to
the early Valanginian. The first 420 m of PC section (sequences 1 to 7)
exhibit negative 5'3Cearb values between —8 and — 1%o on average,
which are arranged in 3 large-scale increasing-decreasing cycles. Vari-
ations in 613Cmb values are larger in the increasing parts of the afore-
mentioned cycles (from base to top 4.8, 2.9 and 2%o), and smaller in the
corresponding decreasing portions (2.2, 1 and 0.7%o). Minimum 5'3Cearb
values occur at the inflection points between cycles. The oldest mini-
mum is in the early to middle Tithonian (sequence 1 and early trans-
gressive portion of sequence 2), the second is near the Tithonian-
Berriasian boundary (transgressive portion of sequence 4), and the
third is near the Berriasian-Valanginian boundary (maximum flooding
and early regressive portion of sequence 6). Around 450 m, a change in
5'3Cearp values between —2 and 0% takes place, although partially
masked by poor exposure and with locally occurring very high 8'3Cear,
values (+4 to +6%o) in dolomitized beds. Above 490 m, the 613erb
values are fairly constant between 0 and +1%o.

The high-resolution profile of §'3Cearp, values in the MDC section
(Fig. 2B) only covers strata from Tithonian age (Sequences 1 and 2). The
lower part of the MDC section (0-40 m) has very few 613Cmrb mea-
surements due to the very low carbonate content of that part of the
succession (wt% CaCOs < 10). Between 40 and 80 m approximately, the
profile exhibits very negative 513Ccarb values (—5.8%o on average) fol-
lowed by a significant increasing change up to an average value of
+0.8%o. This inflection point in the 613Ccarb profile corresponds to the
transgressive portion of sequence 2. Upwards in the section, the 8'3Cearp,
values in the Los Catutos Member remain constant around +0.8%o.

4.3. Lateral changes in 813Carp values along the mid-late Tithonian
interval

This section seeks to analyze the measured 8'3Cearp values in
different parts of the basin for a selected time interval of mid-late
Tithonian age (Fig. 4). With that purpose, we will focus on the
average values of two intervals already described when analyzing ver-
tical trends in PC and MDC sections (red-colored in Fig. 2A-B), and in the
interval values of the shorter sections VM23 and PLA. The studied
transect, from south to north, thus covers shelf, slope and basin settings
(Figs.1B and 4).

The distribution of the measured 613Ccarb values for the mid-late
Tithonian interval in the four studied sections appears in Fig. 5. In the
shelf (PLA section), >90% of the measured 613Cmrb values (n = 53) are
between +1 and + 3%.. In the proximal periplatform setting (MDC
section), the time-equivalent interval (n = 91) shows 8'3Cearp values
between —3 and + 2%.. Approximately 70% of those measurements
have positive values between 0 and + 2%o, while the remaining 30%
varies mostly between —2 and 0%.. In the distal periplatform setting
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refers to the position of the sample within the sequence-stratigraphic cycles. Part of the isotope data and wt%CaCO3 of PLA come from Afsar (2010). Notice that PLA

lacks TOC measurements.

(VM23 section), 90% of the measured §'3C .y, values (n = 21) vary
between —2 and 0%. In the center of the basin (PC section), the time-
equivalent interval (n = 14) exhibits 85% of the Slaccarb values in the
—4 to —1%o range. This basinward decrease in 5'3Cearp values is coupled
with a decrease in wt%CaCO3 and a relative increase in TOC (Fig. 3).

5. Discussion
5.1. Comparison with Tethyan 513Cmrb values

The Neuquén basin in Argentina contains a continuous marine suc-
cession of mudstones with a 8'3Ceay, record of the Late Jurassic to the
Early Cretaceous. The 5'3Cearp values from this Southern Ocean basin
potentially provide insight into global carbon cycle dynamics when
compared to the values from the equatorial realm. In epicontinental
settings, however, local controls on 613Ccarb values must be considered.
It is often assumed that a) the magnitude of variation in 513C arp, values is
amplified in epicontinental settings compared to pelagic settings, espe-
cially when that magnitude is globally low as in the Tithonian to Val-
anginian time interval, and b) that is “exceptionally difficult to attribute
the entirety of the 813C3arb excursion to diagenetic or local carbon
cycling effects” (Cramer and Jarvis, 2020; and references therein). The
613Cmrb profile of the PC section in the Neuquén Basin, however, is
radically different from the Tethyan profile (Fig. 6).

For the Tithonian to Valanginian interval, the Tethyan profile shows
a slightly decreasing trend with values between ~ + 2.5 and + 1%o
(Fig. 6). Minor events in the middle and late Berriasian (MBeE and LBeE,
respectively), and a major increase up to +3 and + 4%. in the upper
Valaginian (Weissert event) would be the result of global perturbations

in the carbon cycle (Lini et al., 1992; Follmi et al., 1994; Erba et al.,
2004; Bodin et al., 2009; Cramer and Jarvis, 2020). In contrast, the
profile from the PC section in the Neuquén Basin displays much more
negative 8'3Cearp, values with 3 large-scale increasing-decreasing cycles
(0-420 m), and an overall increasing trend (Fig. 6). The most negative
613Ccarb values will be discussed in Section 5.2. The increasing trend
above the 3rd large-scale cycle might be due to the more humid con-
ditions proposed for the Valanginian (Follmi, 2012).

Although 613Ccarb values in the PC section are more negative than in
the Tethyan profile, thus suggesting a strong diagenetic overprint of the
Neuquén strata, we cannot rule out that some of the variations in the PC
section might reflect processes that are global in nature. For example,
the position of more positive 8'3Cearp values in the middle Berriasian is
fairly close to the Middle Berriasian event, and the slight negative shift
of 8'3Ccar, values at the top of the Berriasian coincide with the Late
Berriasian event in the Tethys, although the values are still much more
negative (Fig. 6). The chronology of the PC profile is, however,
approximate based on chronostratigraphic interpretations from other
authors (see explanation in caption of Fig. 6), which produces some
uncertainty for correlating the PC section to those outside of the Neu-
quén basin. But even if the curve would shift a bit in age, the local
imprint on the §'3Cearp, values of the PC section is so dominant that the
global signal of carbon cycling in this time interval cannot be extracted.

A most interesting aspect of the Tithonian and early Berriasian time
is that deposition of organic-rich mudstones occurred in several semi-
restricted basins of the world (seaways and epicontinental seas; see
Follmi, 2012 and references therein). Like the Neuquén basin, these
basins were susceptible to become density-stratified and develop dys-to
anaerobic conditions in deeper waters. High burial rates of organic
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carbon in the world oceans typically produce positive excursions in the
rock record, which have been explained by a relative increase in the
13¢/12¢ ratio of marine waters, as 12C was preferentially removed via
organic matter burial (Scholle and Arthur, 1980; Jenkyns and Clayton,
1997). Even though several major source-rocks are Tithonian-early
Berriasian in age, the Tethyan 8'3Cearp record (Fig. 6) does not reflect
this phase of removal of organic carbon from the global ocean. Follmi
(2012) interpreted this lack of record to be the result of a generally arid
climate coupled with low biogeochemical weathering rates and nutrient
fluxes. These conditions would have precluded major organic carbon
production and preservation in the world oceans during the Tithonian
and early Berriasian, unless associated with local preservation factors
such as in well-stratified seas. Follmi (2012) also speculates that even if
the local deposition of organic matter would have been sufficiently
important as to increase the §'3Ce,y, values, compensatory effects such
as increased marine carbonate deposition or reduced organic burial in
continental sediments would have played a role in buffering the global
record.

5.2. The basinal negative 513 Cearp values

A significant difference in 513Carp values exists between the basinal
organic-rich mudstones and the shelf carbonates (Fig. 5). Since the
surface water of the Neuquén Basin was open marine and connected to
the Proto Pacific Ocean (Legarreta and Uliana, 1996; Gasparini et al.,
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1997), it is possible that the 613Ccarb values measured in the PLA section
are reflective of global ocean 613CDIC values and are consistent with the
Tethyan 613Cmrb values (Weissert and Erba, 2004; Katz et al., 2005;
Grabowski et al., 2019). On the other hand, those found in the basinal
sites (VM23 and PC sections) are considerably more negative reflecting
processes occurring in the deeper waters of the Neuquén basin.

Several processes can account for the negative 8'3Carp values of bulk
samples found in the Vaca Muerta Formation (Wendler, 2013; Ahm and
Husson, 2022), including (i) alteration by meteoric fluids, (ii) variations
in the origin of carbonate material, and (iii) diagenetic alteration and
authigenic precipitation.

i. Exposure to meteoric waters

The typical influence of meteoric diagenesis on both the 613Ccarb and
§'80carp values of a carbonate sequence is for the values to become more
negative, according to models proposed by Allan and Matthews (1982)
and Lohmann (1988). In these models, the meteoric fluids have more
negative 5180 arb and 8'3Ceqp values, with such signals being derived
from the local rainfall and the oxidation of local organic materials. In the
case of the data we investigated, the site most likely to have been
influenced by meteoric fluids is PLA, which is located on the southern
shelf and therefore potentially affected by glacio-eustatic sea level
changes. In contrast, sites MDC and VM23 are situated on the slope with
site PC located in the basin and were never exposed (Minisini et al.,
2020). While the alsocarb values in PLA (—2 to —8 %o, Fig. 4) could be
interpreted as having been influenced by meteoric fluids, such an
interpretation is contrary to the 8'3Cearp values being similar to esti-
mates of the §'3Cyy, values of carbonates formed in equilibrium with

the global ocean during the Late Jurassic (Saltzman and Thomas, 2012;
Cramer and Jarvis, 2020). The similarity of the values suggests that the
813Ccarb values have not been altered. As processes involving meteoric
fluids would have lowered both the §'80car, and §'3Cear, values, it fol-
lows that meteoric diagenesis is unlikely to have caused lower 613Cmrb
values not only in the PLA section, but also in the other sections which
would have been less susceptible to meteoric influence by virtue of their
positions relative to the shelf margin. While it is possible that the rocks
were altered by meteoric fluids in a significantly later period, there is no
petrographic evidence of this and calcite veins have very elevated
clumped isotopic temperatures suggesting a hydrothermal origin
(Weger et al., 2019). Thus, the low 5'80.rp values in all sections are
likely to have resulted from recrystallization during burial in a closed
system under the influence of a geothermal gradient. Such processes
would have not influenced the original 613Ccarb values.

ii. Compositional changes between platform and pelagic-derived
carbonate

The difference in the §'3Ceayp, values of biogenic carbonate formed on
the carbonate platform compared to that of pelagic carbonate might
have played a role in explaining some of the difference observed be-
tween the shallow proximal site (PLA) and the deeper basinal site (PC).
Platform carbonates such as the Great Bahama Bank (Swart and Eberli,
2005; Christ et al., 2012) generally have more positive 613Ccarb values
when compared to pelagic material and therefore at least a portion of
the lower values in the deeper PC sections might have been influenced
by this mechanism.
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iii. Anoxic remineralization of organic carbon and consequent pre-
cipitation of authigenic carbonate

In the absence of oxygen, sulfate and other electron acceptors can be
used to remineralize organic matter, and consequently increase the
alkalinity of the pore waters. The bicarbonate produced in such pro-
cesses will have more negative 5'3Ceary values than those in the dis-
solved inorganic carbon (DIC) of the surface waters (Fig. 7) and
therefore affect the 613Ccarb values of any authigenic carbonate formed.
In the presence of Fe, the concomitant precipitation of sulfide minerals
such as pyrite increases pH, which in turn leads to carbonate supersat-
uration and precipitation of early diagenetic carbonates with even more
negative 5'3Ceqrp, values (Sun and Turchyn, 2014). All the key aspects
involved in this process (sulfate reduction, organic matter accumulation,
pyrite precipitation) occur in the Vaca Muerta Formation. Hence, the
negative 5'3Ceary, values in the Neuquén basin are interpreted to be
mostly the result from the precipitation of authigenic carbonate driven
by bacterially mediated decomposition of organic matter in sulfate-
reducing conditions (Raiswell, 1976). Since most of the organic-rich
succession is typically associated with abundant ash layers (Fig. 2), an
additional source of isotopically negative carbon might be volcanic
gases including CO5 and CH4. Anaerobic oxidation of the methane has
been implicated in the formation of carbonate cemented ash layers
(Rutman et al., 2021). However, with the exception of the interval be-
tween 100 and 150 m in the PC section, where there is a local increase in
the amount of calcite-cemented ash beds, there is no clear relation be-
tween vertical changes in the abundance of ash layers and the changes in
813Cearp values (Fig. 2),

5.2.1. Extensive sulfate reduction in the basin setting

In the basin setting (0-300 m in PC section, Fig. 2A), abundant
concretions (~85 wt%CaCO3) with negative 8'3Cearp values (McNeill
etal., 2016) occur associated with the laminated organic-rich mudstones
(Rodriguez Blanco et al., 2022). The laminated mudstones bend around
the concretions indicating that the cementation process took place at
shallow depth before significant compaction. The 5'3Cearp values of the
concretions support the early diagenetic origin of the carbonate, pri-
marily through bacterial oxidation of organic matter and reduction of
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seawater sulfate (Raiswell, 1976; Coleman and Raiswell, 1981). In
addition, the 613’Ccarb values measured in the matrix of Tithonian
wackestone-packstones in the central part of the basin (Pampa Tril, ~25
km north from PC section; Lanz et al., 2021) vary between —1 and -8%o,
suggesting similar early diagenetic reactions to those forming the con-
cretions. These 613cca,b values coincide with those measured in calcite
cemented ash layers (Rutman et al., 2021), and with our measurements
from both laminated organic-rich mudstones and wackestone-
packstones (Fig. 2).

The laminated organic-rich mudstones in basinal and distal peri-
platform settings (the first 520 m of the PC section and the 40-97 m
interval in MDC section, Fig. 2), are typically devoid of bioturbation,
have >2% and locally up to >6% of TOC, and framboidal pyrite is
commonly present. These facies also show high values of V, Mo and U/
Th, indicative of more reducing conditions (Spalletti et al., 2014, 2019;
Krim et al., 2017, 2019; Capelli et al., 2018, 2021b), and high (Ni + Cu)/
Al values indicative of greater bioproductivity (Spalletti et al., 2019;
Brisson et al., 2020; Capelli et al., 2021b). Furthermore, euxinic condi-
tions have been interpreted during the initial flooding of the basin in the
early Tithonian, based on marked enrichments in redox-sensitive and/or
sulfide-forming trace metals (Legarreta and Villar, 2015; Krim et al.,
2017, 2019; Capelli et al., 2018). This evidence supports a model of
highly productive surface waters, high flux of organic matter to the sea
bottom, relatively low sediment supply, and the development of anoxic
bottom waters during the deposition of the Vaca Muerta Formation
(Fig. 7). The accumulation of ash beds in the basin might have
contributed to the development of anoxia by hindering oxygen circu-
lation to the underlying sediments (Capelli et al., 2021a; Rutman et al.,
2021).

In contrast, in the periplatform setting alternating periods of anoxia-
dysoxia might have occurred. In distal periplatform settings (VM23
section, Fig. 4; 300-520 m in PC section, Fig. 2) the laminated organic-
rich mudstones alternate with bioturbated wackestone-packstone beds,
but in proximal periplatform settings (97-160 m in MDC section,
Figs. 2B and 3), the carbonate beds are much thicker and dominate most
of the transgressive-regressive cycles. In these near-slope environments,
the occurrence of limestones with both trace and body fossils of mol-
lusks, together with higher P concentrations and a relative decrease in
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Fig. 7. Proposed model to explain the basinal highly negative values. Organic matter (green) sink through the water column and undergo remineralization, either
during sinking or when reaching the sea bottom. Whether the degradation of the organic matter takes place in the presence of oxygen (above) or sulfate (below), the
result will be isotopically negative alkalinity. The HCO3 thus generated will combine with Ca?* from the seawater to produce isotopically negative carbonates.
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



L. Rodriguez Blanco et al.

the abundance of redox proxies (Mo, V, U) indicate that dysoxic (and
even mildly oxic) conditions alternated with the anoxic periods (Doyle
et al.,, 2005; Krim et al., 2017; Spalletti et al., 2019; Capelli et al.,
2021b). These alternating periods of anoxia-dysoxia point to modifica-
tions in the position of the chemocline and/or mixing with oxygenated
waters (Fig. 7), which might be driven by changes in relative sea-level,
climate, and/or sea-water circulation patterns.

5.3. The origin of stratigraphic changes in §">Cqrp values

The overall increasing trend in the 613Ccarb values of the PC section
mirrors the shallowing upward trend of the system, from basinal to
periplatform deposits (Fig. 2). A significant environmental change to-
wards more oxygenated conditions, a humid climate and higher sedi-
mentation rates is interpreted for the facies of the Quintuco Formation
based on important reductions in TOC and redox proxies, presence of
kaolinite, and increments in detrital sedimentation (Capelli et al.,
2021b). This climatic change does not have a clear expression in the
Slgccarb record of the PC section, which transitions more or less
smoothly towards positive values, from approximately —1.5%o in the
upper part of the Vaca Muerta Formation to ~0.5%o in the Quintuco
Formation (Fig. 2).

Within the overall increasing trend of 613Ccarb values, the 3 large-
scale increasing-decreasing 5!3Cearp, cycles between 0 and ~ 520 m in
PC section (Fig. 2) represent variations that took place under generally
oxygen-deficient conditions. However, facies and geochemical proxies
of this interval (Section 5.2.2) indicate alternated periods of anoxia and
dysoxia (Jones and Manning, 1994). In the same location as the PC
section, Capelli et al. (2018) measured high concentrations in V, Ni, Fe,
Cu, Zn and S that tend to peak in the intervals with the highest GR and
U/Th. In the PC section, these intervals (highlighted as U/Th > 1.4) tend
to coincide with the inflection points (minimum values) between the
large-scale increasing-decreasing cycles in 8'3Ceqp values and with
transgressive or maximum flooding positions in the sequences. This
suggests that the most negative 5'°Ce,y, values might represent lowest
oxygen levels, highest availability of deposited organic matter for ura-
nium fixation (Adams and Weaver, 1958; Jones and Manning, 1994;
Zhao et al., 2016), highest precipitation of authigenic carbonate incor-
porating U in its structure (Zhao et al., 2016) and/or very low sedi-
mentation rates (Algeo and Maynard, 2004).

The major trends in 8'3Cearp values, represented by the large-scale
increasing-decreasing cycles in PC section, tend to be preserved in the
relatively proximal setting of MDC section, at least for sequences 1 and 2
(Fig. 2). A similar increasing trend in the first large-scale cycle in 8*>Cearp
values also occurs in MDC. The minimum 8'3Ceay, values, although
lower in the basin (avg. -8 to —6%o in PC section) than in the relatively
more proximal setting (avg. -6 to —4%o. in MDC section), coincide in both
sites with the most organic-rich interval, the highest amount of ash
layers, a relative increase in the occurrence of concretional levels within
the fissile clastic mudstones, U-driven peaks in the GR profile (highest
U/Th), and a transgressive position in the sequence. A similar trend is
registered in subsurface wells on the Neuquén embayment (Hernandez
Bilbao, 2016), which represent an analogous near-slope setting
(Fig. 1A). The highest 5'3Cearp values also occur in intervals with rela-
tively higher carbonate content, such as those described in the subsur-
face by Hernandez Bilbao (2016) or the Los Catutos Member in outcrops
(Scasso et al., 2005). In addition, the major trend of the first large-scale
cycle in 5'3Cearp values is also preserved in other basinal settings both in
subsurface wells ~90 km southeast of the PC section (Morettini et al.,
2015) and outcrops ~25 km north of the PC section (Weger et al., 2022).
These basinal successions also display comparable trends to those of the
PC section in the 2nd and 3rd increasing-decreasing cycles as well
(Morettini et al., 2015; Weger et al., 2022).

Based on the evidence above, we propose that the large-scale cycles
in 8'3Cearp, values might reflect variations in oxygen conditions of the
basinal waters, with the least-oxygen (anoxic to euxinic) episodes
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recording minimum 5'3Cearp values due to enhanced precipitation of
authigenic carbonate. The minimum spikes in 5'%Cearp values are
immediately followed by positive excursions that tend to coincide with
large-scale transgressive to maximum flooding periods, thus suggesting
sequence-stratigraphic control on the carbonate isotope variations.
Although absolute 613Cmrb values change laterally (Section 4.3), the fact
that the major trends are preserved in successions of the Vaca Muerta
Formation in different sites of the basin suggests that the large-scale
trends in 613Ccarb values might be driven by changes in the 613CDIC of
the bottom waters, thus producing synchronous major variations in
slope and basin settings. Deposition in these settings probably took place
most of the times in the oxygen deficient layer, given the facies and
geochemical character of the laminated organic-rich mudstones. Evi-
dence of periodic modifications in the position of the chemocline or
mixing with more-oxygenated waters is given by the presence of bio-
turbation at cycle tops (Fig. 7). The changes in the oxygenation state of
the basin might have been modulated by relative sea-level variations,
with the transgressive portions of cycles recording the expansion of
anoxic conditions towards basin margins, enhanced organic matter
accumulation and increased chances of organic carbon recrystallization,
thus yielding isotopically lighter authigenic carbonate (Figs. 3 and 7).
Conversely, the regressive portions of the cycles would be recording a
change towards dysoxic conditions, decreased organic matter accumu-
lation and recrystallization, and yielding isotopically heavier authigenic
carbonate (Figs. 3 and 7).

5.4. Proximal-distal variations in the 613Cm,b values

The lateral change of the 8'3Cearp values such as seen in Fig. 5
(Section 4.3) can be best explained as a mixing signal between relative
positive carbonate material exported from platforms and reflecting
carbonate precipitated in approximate isotopic equilibrium with
oceanic dissolved inorganic carbon, and authigenic carbonates formed
on the sea floor (Fig. 7). As the platform gradually prograded into the
basin or a reduction in the precipitation of authigenic carbonate
occurred, the signal changed towards more positive values which were
more reflective of the shallow water carbonate and perhaps reflective of
the oceanic signal. This is similar to the mixing mechanism proposed for
the Bahamas and other carbonate platforms (Swart and Eberli, 2005;
Swart, 2008), with the exception that in this case one end member is
mainly authigenic. However, in the case of the Neuquén Basin the
basinal endmember would have been altered as it sank into the anoxic
bottom water, and would have been dissolved-reprecipitated on the sea
floor or within the pore space (Catalano et al., 2018; Milliken et al.,
2019), producing carbonate material with isotopically negative 5'3Cearb
values. Evidence of this mixing process was provided by Lanz et al.
(2021) in a basinal site ~25 km north of the PC section. These authors
analyzed wackestone-packstone beds from the lower ~100 m of the
Vaca Muerta Formation, and found micrite with 8'3Ceay, values both
between 0 and + 2% (which they interpreted as precipitated in tropical
warm shallow-water conditions) and between —8 and 0%o (which they
interpreted as precipitated near the sediment-water interface or during
early diagenesis in reducing conditions and affected by organic matter
alteration). These two endmembers (surface-derived vs. altered by
organic-matter remineralization) are combined in our bulk rock mea-
surements producing the observed mixing trend in 613ccarb values
(Fig. 5).

The process of carbonate-mud export from carbonate shelves
(shedding) is known to produce more significant effects near platforms
and during highstands when carbonate production on the shelf is high
(Schlager et al., 1994). Evidence for highstand shedding in the Vaca
Muerta Formation is provided by 1) a basinward decrease in carbonate
and skeletal content, and 2) an upward increase in carbonate and skel-
etal content within cycles, cycle sets and sequences (Rodriguez Blanco,
2016; Rodriguez Blanco et al., 2020; Figs. 3-4). Although productivity is
probably a first-order control on TOC, the highstand shedding process



L. Rodriguez Blanco et al.

results in dilution of organic matter and lower TOC values in periplat-
form settings. In this environment, the highstand shedding process also
results in heavier 613ccarb values, which are more influenced by shelf-
derived carbonate material with surface-water isotopic compositions.

6. Conclusions

The 8'3C oy, values of the Vaca Muerta Formation show that two
major processes acting in different parts of the system combine to con-
trol the measured 5'3Ceqrp, values: 1) organic-matter alteration in poor-
ly-oxygenated to anoxic basinal bottom waters with concomitant
dissolution of biogenic carbonate and precipitation of authigenic car-
bonate (more negative values), and 2) shedding of platform-derived
carbonate mud to the basin (more positive values). The relative influ-
ence of these processes controls the resultant §'3Cearp values both in
space and time. Positive shallow-water values on one end and negative
organic-rich-influenced basinal values on the other result in mixed sig-
natures along a proximal-distal trend. The carbonate-platform shedding
process is recorded in two types of behavior that depend on the relative
distance to the carbonate source: a basinward reduction in carbonate
and skeletal contents, and a variable degree of organic-matter dilution.
The higher sediment production on platforms during highstands and the
concomitant increase of shedding are expressed in sequence-
stratigraphic cycles as more carbonate-rich tops and more positive
8'3Carp values that are more influenced by surface water values than by
alteration of the organic matter.

Large-scale variations of basinal 8'3C.yp values might reflect
changes in the accumulation of organic matter and the resultant isotopic
composition of the water from which carbonates precipitate. Negative
spikes followed by positive excursions record moments of lowest oxygen
levels and/or highest availability of deposited organic matter for ura-
nium fixation and/or highest precipitation of authigenic carbonate
incorporating U in its structure and/or very low sedimentation rates.
Isotopic variations are controlled by the sequence-stratigraphic frame-
work, as minimum spikes immediately followed by positive excursions
correspond to large-scale transgressive to maximum flooding periods.
Although with different absolute values, major trends in 513Cearp values
are similar in basinal and periplatform settings suggesting that changes
in the 613CDIC values of the bottom waters, probably controlled by
relative sea level, might have produced synchronous major variations in
different sites of the basin. Hence, carbonate isotope (5'3Cearb) stratig-
raphy might be a useful tool to refine correlations within the Vaca
Muerta Formation. The 613Ccarb values of the Neuquén Basin are more
negative than in the Tethyan Tithonian-Berriasian profile, indicating the
influence of local processes on the 613Ccarb signal and the near complete
obliteration of the global carbon cycling during this time period. This
strong local control implies that caution should be taken when relating
5'3Cearb profiles from epicontinental seas to the global carbon cycle in
deep time.
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